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INTRODUCTION 

European research on the application of ionizing radiation for 
the treatment of liquid and solid waste had made such rapid progress 
that in 1975 the European Society of Nuclear methods in Agriculture 
(ESNA) decided to include a working group on 'Waste Irradiation1 

within the Society. The objectives of this working group are to ex
change ideas, experiences, and techniques with the aim of promoting 
the advancement of agricultural science and to optimize the 
application of nuclear techniques in pollution control. Meetings 
are informal with plenty time permitted for discussions. 

The second separate meeting of this working group on 'Waste 
Irradiation1 was held at Uppsala from August 31 to September 2. It was 
attended by about 30 scientists and delegates from research 
institutes, universities, industries,and governments from in and out
side Europe. During the meeting a total of 11 papers were presented. 
In the final session a summary of the previous sessions was given, 
followed by discussions on future prospects and recommendations for 
research and development in the area of waste irradiation. 

The full text of all papers are published in this volume. Some 
resetting has been done to the extent considered necessary for the 
readers understanding. The views expressed and the general style 
adopted remain however, the responsibility of the authors. Papers 
have been printed by direct photocopying of the manuscripts. 

The meeting was organized in close and very pleasant cooperation 
with the Swedish University of Agricultural Sciences. 
Professor Lars Fredriksson and his coworkers v/ere so kind to serve as 
our hosts. We are grateful to our Swedish friends for offering us this 
chance to meet and for providing us the excellent facilities. 

We hope that the ideas and experimental results reported here will 
help the people involved in research, industries, municipalities, and 
agriculture to optimize the applications of nuclear techniques in 
pollution control. 

A.F. Groneman, 
Editor and Chairman of 
ESNA working group 
'Waste Irradiation', 
P.O. Box 48, 
Wageningen. 
THE NETHERLANDS. 



SEWAGE SLUDGES DISINFECTION 

D. ALEXANDRE 

C.E.A. - Service de Chimie AppIiquee 

Centre d'Etudes Nude's! res de CADARACHE. 

Pr.P. GEVAUDAN 

Laboratoire d'Hygiene 

Faculte de Medecine de MARSEILLE 

Abstract 

SEWAGE SLUDGES DISINFECTION. 
There is an hygienic risk in using biological sewage sludges for 

agriculture. Systematic analyses carried out on sludge samples obtained from 
purification plants in the Eastern and Southern part of France, show the almost 
uniform presence of pathogenic microorganisms. Some of them survive more than 
9 months after soil application. Conventional process for disinfection: 
liming and heat are not suitable for agricultural use. On the other hand, 
irradiation involves no modification in structure and composition of sludges. 
Radiation doses required for disinfection vary according to microorganisms. 
If some of them are eliminated with rather light doses (200 krad) myco
bacteria, viruses and eggs of worms resist to more important doses. Sectiity 
dose is estimated around 1000 krad. 

I. INTRODUCTION 

Interest of sewage sludges application in agriculture is very fully 
proved. Concentration in organic matters and in mineral fertilizers go to 

I make an interesting improvement. 
Spreading on cultivated areas consitutes an elegant way for disposal 

of a product ordinarely considered as an encumbering waste, generating varied 
nuisances. 

Independantly of chemical toxicity problems due to heavy metals, it is 
necessary to consider elimination of any microbial risk. Sludges include, or 
are liable to include some pathogenic microorganisms, dissemination of which, 
in the soil and on vegetation and crops could originate propagation of 
diseases for cattle and for people. 

Systematic survey of sludges samples, obtained from purification plants 
in East and South part of France, have been performed during 1976. 71 samples 
spread over one year were obtained from following towns: Aix-en-Provence, 
Marignane-, Vitrolles, Ginasservis, Manosque and Pertuis. 42 others have been 
obtained during two campaigns in february, march and april, and in july-
august from plants of Eulmont, Dombasles, Fleville, Nancy, Charmes, Epinal 
and Saint Die. Plants characteristics are reported in table I. 

The results of sludges analysis are collected in tables II and III. 
All the samples contain from 10^ to 10^ pyocianic bacillus. Samples from 

3 plants contain Salmonella, Mycobacteria are detected in 30 to 60* of samples 
from all the plants at counts varying from 10^ to 105. 
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TABLE 1. Caracterisation des prelevements de boues 

71 orelevements reoartis sur 1 an 

Locality Nombre d'hab. Caractfirisation des boues 

AIX-EN-PROVENCE 60 000 

MARIGNANE 33 000 

VITROLLES 13 000 

GINASSERVIS 800 

LMANOSQUE 20 000' 

PERTUIS 10 000 

boues secondaires moyenne charge 

boues secondaires moyenne charge 

boues secondaires faible charge 

aeration prolonged sans 
d^cantation primaire 

boues secondaires moyenne charge 

boues secondaires moyenne charge 

2- 42 orSlevements r£r:arti3 en 2 camaacr.es 

EUL'ION? 

DOMBASLE 

FLEVILLE 

NANCY 

CHARMES 

EPINAL 

SAINT DIE 

700 

5 000 

1 200 

32 000 

6 000 

20 000 

10 000 

aeration prolongee sans decan-
tation primaire 

aeration prolonged 

aeration- prolongee 

boues p r ima i re s + boues seccndaires 

boues primaires 

boues prima i r e s + boues seccr.caires 

boues primaires 

TABLE; 2. Recherche de* onanism** pathoqenes d*ns le» beiue* de at . i t lons d'Cnuratlon 
Group* I. 

Lieu He 
prMevement 

MX m PCE 

miiaimr. 

vmruis 

niwssams 

iwnsouc 

rnmjis 

Nb do 
p r e l o v . 

1] 

23 

9 

12 

13 

1} 

C. 

1 Ocinnt. 
pnnltir." 

100 

100 

100 

100 

100 

100 

Co l l 

rtvn 
bo* f s 

3.5.lo' 

s.io" 

8,4.10* 

! , 9 . l o ' 

1.2.109 

5.7.10* 

O.ryocyanlqt ie 

I f-.li.int. 
p w i u i r * 

100 

100 

100 

100 

too 

100 

14VT 

5 . .0 4 

7.105 

5 , * . i n 5 

1,3.10* 

8 . 9 . I 0 3 

1.5. I03 

S.ilmonel l es 

\ r-ovint. 
no3 l t i l > 

0 

14 

11 

0 . 

0 

0 

hoi^s 

0 

3.102 

8 , 5 . I 0 2 

0 

0 

0 

Mycob. 

4 -l-.li.tnt. 
r r w l t l l j 

37,5 

50 

17,5 

45 

30 

« 

c t f l r t e * 

M'/T 
So*ios 

5 . I 0 3 

1. I0 3 

2.10* 

5.4.103 

5 .5 . I0 3 

8,5.103 

Oeuf* d ' A s c a r l s 

1 i-cfwnt. 
n o M t l f s 

0 

37.5 

0 

27 

7.5 

0 

I4V-7 

0 

3 . .0 1 

0 

5 . I 0 2 

1.103 

0 
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TABLE; 3. Racharcha daa ar<janifm«i pathoqanai dan* laa l>ou«s da scaeloni depurat ion 
Gcaupa 2. 

Prtlavunuiic 

aswrs 

EPEIAL 

sr ore 

MMCY 

tuucwr 

COSASLE 

fLT/nXE 

ib de. 
p.sUv. 

£ . 

% *cnnnc. 
p O U U t s 

100 

100 

100 

100 

too 

100 

too 

Col l 

bOUSS 

6 . 7 . 1 0 3 

1 . 2 . 1 0 1 1 

l , 1 . 1 0 1 0 

1 . 3 . 1 0 ' 

1 . 1 . 1 0 ' 

1 , 7 . 1 0 ' 

2 . 6 . 1 0 1 

B . P y o c y t n l q u * 

I 4vma/ie.( Nb/q 
p o s l c l l s | bouts 

100 

100 

100 

100 

100 

100 

100 

2 . . 0 4 

7 . S . 1 0 * 

2 .3 .10* 

1 ,4 .10* 

2 , 4 . 1 0 ' 

2.10* 

l . l . i o ' 

SsLno 

pOSlt l tS 

0 

16,5 

0 

0 

0 

0 

0 

n a l l s s 

:to/9 
bout* 

0 

3 . J . 1 0 2 

0 

0 

0 

0 

0 

.M'/cobacttrlal 

\ acnanc. 
p O S l t l f j 

33 

66 

33 

66 

66 

33 

13 

Nb/<j 
bouas 

t.;o* 

5 . 1 0 3 

6 . 6 . 1 0 2 

I , 7 , 1 0 5 

6.10* 

1 .10 3 

1 . 4 . 1 0 5 

Oaufs d 'Ascsr l s J 

1 4cna/ic. 
pOSlUfS 

0 

31 

0 

0 

13 

0 

0 

boues 

0 

1 .10 2 

0 

0 

3 . 7 . 1 0 3 

0 

0 

TABLE, 4. ParslsCAnca da qualquas *jarm«i pat-ioginas d i m la so l 

Oaca 
d a s 

p r a U v . 

1 1 . 2 . 7 6 

2 5 . 2 . 

1 0 . 3 

J . 4 

: 4 . 4 

1 1 . 5 

2 0 . S 

1 . 6 

6 . 6 

I S . 6 

2 3 . 6 

1 9 . 7 

1 1 . 9 

1 2 . 1 1 

E. C o l l 

Mb garra. 

3 . 1 0 3 

' 3 . 1 0 * 

i . i o * 

4 . 1 0 7 

9 . 1 0 S 

9 . 1 0 5 

-
3 . 1 0 S 

3 . 1 0 S 

2 , 2 . 1 0 S 

2 , 2 . 1 0 5 

1 c 4 s l d . 

100 

33 

13 

3 

0 . 3 

-
0 , 1 

0 , 1 

0 , 0 7 

0 , 0 7 

i a l p o n a l i a 
e v n h i n u r l u m 

Nb g a r n . i 4 r a t l d . 

4 . 1 0 * j 

5 . 1 0 S ! 10O 

4 . 1 0 * i 1 

i . i o : 0 ,02s 

9 . I 0 2 0 , 0 3 2 

9 . 1 0 " 0 , 0 2 2 

| 
S . I 0 2 I 0 , 0 0 2 

1 * | 
4 . 1 0 1 1 0 , 0 0 1 

0 | 0 

! 
0 , 0 

S . j l m o n « l l d 
Condon 

Nb g a c m . j \ r a s l d . 

4 . 1 0 7 

1 3 . 1 0 7 

7 . 1 0 * 

6 . 1 0 * 

4 . 1 0 * 

2 . 5 . 1 0 : 

-
2 . 1 0 J 

1 -
1 

! 1 . 1 0 1 

0 

7S 

0 . 1 7 

0 , 1 5 

0 . 1 

0 . 0 0 6 

-
0 , 0 0 5 

-

0 , 0 0 0 0 5 

0 

1 

0 0 

M y c o b a c t e r i a s 
(BCCI 

:lb g a r * . 

1 . 1 0 4 

1 . 1 0 * 

1 . 1 0 4 

1 . 1 0 4 

1 . 1 0 4 

i . i o 4 

• 

1 . 1 0 * 

1 . 1 0 4 

n o 4 

n o 4 

» r « s l d . 

100 

100 

100 

1 0 0 

100 

-
100 

-

100 

100 

100 

O e u l s 
d ' A a e a r l s 

o a u f i emflr. 

l a r v a s 

l a r v a i 

U r v i s 

l a r v a i 

l a r v a i 

l a r v a s 

l a r v a i 

l a r v a * 

a b i e n c a da 
l a r v a l 

-
• 

O a u i s j 
d ' A s c a r u * 

1 

oauci sugm. 

oauds v ivanc i 

oeu i s rivanca 

larvaa 

larvai 

larvai 

-
• 
-

abaanca de 
lafvas 

TABLE 5 . I r r a d i a t i o n d e s rjcrmrs t e a t s de p o l l u t i o n £ $ c a l e 

P o u r c e n t a g e d e n o r n ^ s r t f s i d u e l g . 

1 — J J o s e s kRad 

C o U b a c l l l e s 

Streptocoques 

C l o s t r l d l e -

400 

IS 

6 . 3 . 1 0 1 0 

, 2,22 
1,4.10* 

1 .07.10 9 

7 1,63 
1 .7 .10 ' 

1 .18.10 6 

, 48,5 
5 . 7 . 1 0 3 

800 

10 

1 .02 .10 1 2 

n 0,04 
5.03.10° 

7 . 9 . 1 0 1 0 

n °<'5 
1,24.10° 

1,08.10 s 

4 2.73 
2 ,9 .10 ' 

1200 

15 

4 . 3 9 . 1 0 1 0 

- 1.7.10"3 

7 , 3 3 . I 0 3 

1.04.10 9 

4 5 . 1 0 - 3 

5,3 .10 

1 .09.10 6 

, 0,29 
3 ,1 .10 J 

1800 

6 

9 , 4 . . 0 " 
, 2,02.10"* 

1 .9 .10 6 

1 ,5 .10 ' 
. 1,38.10"J 

2 ,08 .10 ' 

3 .53 .10 5 

. 3 ,2 .10~ J 

1,13.10' 



Ascaris eggs, the only parasite found out during study, 

are isolated in sludges from 5 plants. 

In conclusion, non-stabilized sludges, sampled from 

all of the investigated plants include pathogenic microorganisms 

Moreover these microorganisms survive during a variable 

time after soil application. Results obtained concurently 

with detection of pathogenic organisms are given in table IV. 

E. Coli count decreases of only 3 logs after 9 months 

stay in soil. After 5 months burying, Salmonella have 

disappeared until zero count, number of microorganisms regula-

rely decreases following time. 

Mycobacteria stay remarkably stable. Counting gives 

constant results all the 9 months examination long. 

Ascaris embryonary eggs give larva in two weeks. These 

one stay alive for 3 months. Segmented eggs were hatched after 

2 months. Larva survived 3 months. 

SLUDGES DISINFECTION METHODS 

Various process may be considered for sludge sanitation. 

No one is absolute in the conditions of current application. 

The most used of them present, from an agricultural point of 

view, major disadvantages. 

. Heat [1] 

With some sporulated organisms, effective disinfection 

is observed only from 120°C i'n wet heat and for a contact 

time of 20 mn. 

Ascaris eggs are more sensitive to heat in liquid 

sludges than in dried ones. It is necessary to reach 70°C 

during 10 mn or 80°C during 5 mn to obtain eggs destruction. 



TABLEAU 6. Irradiation des oeufs d'Ascaris necalocephala 

Dose kRad 

Stades Co develop. 
400 300 I '.200 1800 

Oeufs s e g n e n t e s 

Oeufs embryonnes immobiles 
a coque mamelonnie 

Oeufs erabryonnfis m o b i l e s 
a coque ir.air.elcnnee 

Ocufs enbryonr.fis raobiles 
a coque l i s s e 

Hi genrcs/ml 
F i g . 3 - SALMONELLA TYPIIIMU"IUM 

Recherche dc In dose l f i thale 

Dore krad 

24 36 47 59 71 95 118 115 159 106 



Rising temperature induces coagulation for part of 

organic matters and involves removing of the greatest part 

of nitrogen included in sludges. In consideration of the 

important volumes to be treated, this process appears quit<= 

expensive . 

. • Liming [1] [2] 

Liming represents a quite effective technique of 

disinfection for current bacteria. Rising pH value to 12 

allow to attain residual bacteria count respectively equal 

to 0.34 % for Coliforms, 0.63 % for Streptococus and 0.4 9 % 

for Clostridia spora. 

This process is inactive against mycobacteria and 

Ascaris eggs. 

Viruses are inactivated at 100 %. 

On the other hand, rising of pH value makes limed 

sludges unsuitable for agricultural purposes in neutral or 

chalky soils. Moreover, recent studies point out that liming 

contributes to plant assimilation of some toxic heavy metals. 

. Irradiation 

This technique has been dealt with in several studies 

and many publications, pecularly during last symposium 

organised by,"IAEA in MUNICH [3]. 

Teachings drawn from these studies are ambiguous. 

Generally authors have not devoted to a systematic study of 

elimination of various microorganisms present in sludges, 

but have been satisfied with following evolution of one test 

bacteria, usually a Salmonella, that is pecularly radio

sensitive. This fact explains relatively light doses recom-

manded for sludge disinfection, doses that are located 

around 300 to 400 krad. 

- 7 -



It appears, in fact, chat lethal doses vary considerably 

from one microorganism to another. Definition of the radiation 

dose suitable for disinfection or pasteurization of sludges, 

needs that microorganisms that are encountered or susceptible 

to be encountered in sludges, be considered on ttie whole. 

Results of such an examination are presented in this paper. 

. RESEARCH OF LETHAL DOSES FOR SOME PATHOGENIC MICROORGANISMS 

ENCOUNTERED IN SLUDGES 

3.1. Methods 

Irradiations are carried out in an Ammonite 407 type 

irradiator, built by Service d'Application des Radiio Elements 

et des Rayonnements at the Centre d'Etudes Nucle-.ires de 

GRENOBLE (Francs). 

Radiation source is made of 2 cesium chloride disks 

(137Cs) with 2 x 4.750 Ci activity, emitting 0.662 Mev photons. 
137Cs period is 30 years. 

A small barrel allows to position samples to be irradiated 

in front of the two sources. Dose rate in the middle of the 

chamber is 0.7 mRad/h. The dose uniformity in the useful 

volume is - 20 %. 

The cultures of microorganisms are incorporated to sludge 

before irradiation. Count is then effected on reference sample 

and on irradiated sample. Results are expressed in percentage 

of residual microorganisms. 

Irradiation of pure cultures is effected in liquid 

medium (nutritive broth). 



Owing to the unreliability of elution methods for 

viruses adsorber', on sludges, irradiation of viral cultures 

has been practiced in aqueous phase (Domestic sewage 

previously sterilized). 

3.2. Bacteria 

Results are reported on table V. Number? presented 

indicates the mean value of several measures,the number of 

which varies from 60 to 15, according to the dose application. 

For every series of measure, the mean value of counts in 

reference sample and in irradiated samples is given. 

It appears that a 1800 krad dose is inadequate to 

destroy the whole microorganisms. A decrease of 4 logs in 

count of coliforms and Streptococus is obtained for 800 krad. 

A comparable decrease in Clostridia count is obtained only 

for 1800 krad. 

• l££§^i§£i2Q_2f_2iJS§_£Situres 

Diagrams 3 to 10 show evolution of microorganisms count 

in sludge or in liquid media, according to the radiation dose 

applicated to different bacterial cultures. 

It distinctly appears that most of bacteria are 

eliminated for relatively weak doses, included between 50 

and 150 krad. That is especially the case for following 

enterobacteria : Salmonella typhimurium, Klebsiella, E. Coli, 

Proteus, Enterobacter. 

On the contrary, mycobacteria in aqueous phase as in 

dry medium, are eliminated only with much most important doses, 

located around 1800 krad. 

- 9 -
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3 4 3. Viruses 

In the same way, diagram 11 locates the radiation dose 

suitable for complete inactivation of poiiovirus between 

1.400 and 1.600 krad. 

3.4. Ascaris eggs 

In table VI are collected results obtained after 

irradiation of Ascaris megalocephala eggs, treated at various 

stage of •aovelopment. 

It is pointed out that only mobile embryonary eggs with 

smooth shell are destroyed for a dose lower than 400 krad. 

Eggs irradiated at every other stades of development stay 

alive for doses reaching 1800 krad. 

CONCLUSION 

It appears that the radiation dose suitable for sludge 

disinfection and securing good conditions for use, is higher 

than values currently admitted, from 300 to 400 krad. The 

security dose is more probably located around 1 Mrad. 

This value keep compatible with industrial e:cploitation 

of the process. This being so, the cost of disinfection 

treatment of sludges obtained from a 100.000 inaah. purificati 

plant, using an electron accelerator as a radiation source, 

works out at 0.16 FF/kg of dry matter. The cost of conven

tional conditioning of sludges on a plant of same importance 

is estimated between 0.48 and 0.50 FF/kg of dry matter. 
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THE USE OF IONIZING RADIATIONS IN THE TREATMENT OF LIQUID AND 

SOLID WASTE. BIOLOGICAL AMD PHYSICO-CHEMICAL EFFECTS AND 

INDUSTPIAL STUDY 

CL.L. GALLIEN 

Laboratoire de Biologie du developpement - Universite 

Rene Descartes 

C. LEVAILLANT 

tGR MeV - Buc, France 

Abstract 

THE USE OF IONIZING RADIATIONS IN THE TREATMENT OF LIQUID AND SOLID WASTE 
BIOLOGICAL AND PHYSICO-CHEMICAL EFFECTS AND INDUSTRIAL STUDY 

Short recycling of waste water and the use of liquid or deshycrated 

sludge as natural manure for agriculture, or animal supplement feed is of greaz 

economical and ecological interest. It implies strong biological and chemical 

desinfection. 

Ionizing radiations produced by radioactive elements or linear accele

rators can be used as a complement of conventional methods in zhe treatment of 

liquid and solid waste. 

An experiment conducted with a high energy eleczron beams linear acce

lerator (10 MeV) is presented. Degradation of undesirable metabolites in wazer 

occurs for a dose of 50 Krad. Undesirable seeds presenz in sludge are destroyed 

with a ZOO Krad dose. The same dose is sufficient for parasitic and bacterial 

disinfection (DL 90). Destruction of poliovirus (DL 90) is obtained for 400 Krad. 

Higher doses (1000 - 2000 Krad) produce mineralisation of toxic organic mercury, 

reduce some chemical toxic pollutants present in sludge and improve flcculation. 

Industrial study shows that waste treatment with high energy electron 

beans is technically and economically feasible. The design for a treatment unit 

of 5 megacuries Cobalt-equivalent, with a capacity of SCO t/ Mrad/24h is presen

ted, with indicative cost calculation. 

- 13 -



I] - Introduction 

It 13 well known that in our consumption society, water is an essential 

agent of production, but it should be emphasized that it has to assume an other 

function, which is evacuation in the form of 3ludge of waste resulting both 

from production and consumption. 

From an ecological point of view, the increase of water pollution and 

the actual accumulation of waste in the vicinity of great cities is a problem 

of importance. But in the frame of an energy saving policy, we have to realise 

that our disposable stocK of water is by no means boundless, and beside liquid 

and solid waste constitute a valuable product, rich in nitrogen and proteins 

for axemple. 

Recycling of water and waste could contribute to solve the ecological 

proolem. It could also be an answer to some questions of increasing accuracy, 

such as degradation of arable land resulting of intensive agricultural exploi

tation.and shortage of raw materials used as mineral manure or animal feeding 

complements. 

Such a recycling implias preliminary disinfection. Conventional (biolo

gical, chemical or thermic J trsatment3 are alrsady applied in view of the elimi

nation cf waste, which is actually performed at high cost and with little profit. 

They recuce only partially biolcgicai and chemical pollutants present in sludge, 

and in seme cases contribute to increase general pollution by prooucing chemical 

effluents. 

New methods using ionizing radiations produced by radioactive elements 

or linear accelerators cculd be used as complementary treatments, that would 

allow large recycling of water and waste CD C2) (3). Beside, this technology 

could easily be applied to the very related problem of food disinfection and 

conservation ; this would contribute in saving the large part (10 to 2S*) cf 

food production which is actually lost due to inadequate storage, distribution 

and transport conditions (4), 

In this paper the effects cf ionizing radiations in the treatment of 

water and sludge are analysed, on the exempls of experiments using high energy 

electron beams delivered by linear accelerators. Industrial applications and 

developments of the technology are discussed. 

II] - Irradiation techniques 

Our experiments are performed with two types of accelerators : 

1) For high levels (doses equal or higher than 70 Krad) we use the 

facilities of the CARIC * station. The linear accelerator is a CGR fe V "circe". 

Centre d'Application des Rayonnementa lonisanta de Carbeville (France). 

- \h -



with energy supplied by a high frequency Klystron at 2,998.5 MH„. The parame

ters used for these assays are s 

- Energy : 6 Me V 

- High frequency pulse width : 3 us 

- Pulse recurrence rate : 140 H^ for doses 4, £00 Krad 

440 H for doses p. 500 Krad 

Width of unifcrm scanning 40 cm 

Recurrence rate of scanning : 5 H for doses ^. £00 Krad 

3 H for doses ^ 500 Krad 

Beam width at the conveyor level 

.2 

10 cm 

Samples are limited to 2g/cmi and the scanning width used is limited to 36 cm 

in order to ensure good dose' uniformity. Control of dosimetry is achieved by 

calorimetric method and use of dosimetric films (5) (5). 

2) For low levels (under 70 Krad] a medical accelerator CGR Me V 

"Saturne" is used. It is alimented in energy by a hyperfrequency Klystron at 

2993.5 f!H„ : we utilisa electron beams of 9 Me V and fields of ^00 x 400 run. 

The dose is measured by 2 independant chains of measures, incorporated in the 

machine and based an 2 gaz ionisaiion chamosrs. 

As a verification of our results, assays at 70 Krad are couoiaa, using 

both accelerators. 

An essential factor in our measures is fidelity, which is cf nearly 1%. 

Our results are very reproducible, but their precision is limitated by different 

parameters, assentially by dosa repartition in the sample. For high levels, the 

graph for beam penetration [fig. 1) shows that between 0 and 2g / cm"", the dose 

which is received vary from 100 to 140^ ; this comes from electronical balance 

C6). This uncertaincy of - 20% constitutes the limit in precision of our expe

riments ; it falls to - -\S\ with "Saturne". 

150X 

Fig.1 ..Curves of electron penetration 

140/-. 

3,2 M«V 

3 opacity g/em 2 
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Ill) - Biological analysis 

1] Effects of the treatment on sludge fauna and pathogenic parasites 

living in water or sludge. 

a] Protozoons : Treatment under 20Q Krad destroys mobile forms of 

protozoons found in raw sludge. With doses of 500 Krad mobile forms and resis

tance or kystic forms are suppressed, as verificated with subcultures. 

b] Eggs of Ascaris suum : Eggs of this nematode are present in 

sludge, they are Known to be resistant to thermic treatments and chlorine. 

Samplas are irradiated in physiologic solution. Development is arrested for do

ses between 100 Krad and 200 Krad, which is in conformity with most results 

available (7) C8]. Eventual protective effect of sludge and increased radiora-

sistance at certain developmental stages should however be investigated (9). 

c] Schistosoma mansoni : Infestant furcocercaria forms of this 

trematode are found in water ; they are agents of bilharziose disease. Their 

cycle is as follow : eggs give free larvae cabled miracidium, wich pass in an 

intermediate host -Csnail] were they multiplicate, giving then infestant forms, 

parasites for human. We have irradiated water containing both the snail Austra-

lorbis glabrata (ho3t) and furcocarcaria. Total elimination is obtained under 

200 Krad. 

2] Effect on bacterial microorganisms. 

We have studied the effect of irradiation on Escherichia coli and 

Streptococcus faecalis, which are faecal contamination test germs used for es

timation of water pollution degree, and Pseudomonas aeruginosa which is known 

to be resistant to usual bactericides and bacteriostatics. 

c 

Bacteria with a concentration in the order of 10 /ml are irradiated in 

water or sludge, the medium beeing placed in sterile polyethylene seringes, 

sealed in plastic bags placed on ice beds. Results are summarized in table 1 : 

Table 1 

Effects of irradiation on bacteria 

Species 

E. coli 

P. aeruginosa 

S. faecalis 

D. 
water 

11 Krad 

5 Krad 

98 Krad 

.. 90 
sludge 

25 Krad 

10 Krad 

130 Krad 

Sterilisation dose 
(water) 

80 Krad 

50 Krad 

700 Krad 
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Compared with water, Sludga appears to present a slight "protective" effect 

which could be due to the presence of organic material and lower oxygenation. 

Preliminary results indicate that efficacity of irradiation is almost identical 

for liquid sludge (93* water) and deshydratad sludge (nearly Suis dry material). 

The risK for selection of radioresistant mutagenic strands in natural 

conditions can be considered as inexistant, probability for reirradiation of 

avsntuel mutant populations beeing very low, and competition beeing stronger 

than in laboratory conditions. In the total, results are very coherent with 

those obtained by different authors (8) (10)-(11)-(12) and confirm the exponen

tial character of the destruction of bacteria calls as function of the irradia

tion dose supplied (fig. 2), 

E.coll S.faicalli 

N i of colonies per ml 

P. aeruginosa 

•V 

10*. 

10* 

\ Niof colonial per ml 

10* \ 

& 

«*. \ 

10' 

0 • t i n 

Fig.2.. Bacterial population reduction vs dose 

3) Effect on Pcliovirus (Sabin type I, stocK LSC ab) 
3 

Viral suspensions (3. 10 PFU/ml) are submitted to various irradia
tion doses and distributed on petri dishes containing monolayer cultures of 
Hela S, cells. Viral plaques are numbered after incubation (6). 

We find the DL 90 for a dose of 400 Krad. This result corresponds 

with the majority of other experiments reporting for different types of virus, 

a DL 90 which ranges from 250 Krad to 600 Krad, the viral particles beeing sus

pended either in water or sludge (13) (14) (15). 

Sterilisation is not completed for 2000 Krad, but this Jose gives a 

very important drop in infection capability (table 2). 
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Table 2 

Oases 

control 

100 Krad 

500 Krad 

1000 Krad 

2000 Krad 

Average value 
of capability 

(PFU/ml) 

2,3 . 103 

1,4 . 103 

1,8 . 107 

8,1 . 103 

2,6 . 103 

.... 

Absolute errors 
(PFU/ml) 

- 0,3 . 108 

- 0,6 . 103 

- 0.3 . 107 

+ 5 
- 1,3 . 103 

+ 3 
- 0,6 . 10J 

Eventual mutagenic action has been studied ; the principle of this stu

dy is to incubate the samples at 40° C, normal strains developing at 3S° C. 

Formation of plaques at 40° C indicates appearance of thermoresistant mutant 

strand3. It appears thct the treatment induces in fact the appearance cf mutants 

for each dose delivered between 5 to 2000 Krad, with an average of 0,55 ts 4,4%. 

However it can be assertained that this doesn't constitute a risk in canditons 

other than laboratory'3 conditions. 

4) rffsct on different types of sescs. 

The presence of indssirable saeas constitutes 3 real disadvantage in 

the hypothesis of the use for agricultural purpose of sludge or waste water. 

Different variaties of seeds are submitted to irradiation. For each spe

cies the effect of different doses on the germination capability is studied for 

dried sejds and wet seeds irradiated in vermiculite medium. The main results 

show : 

a) Dry seeds are more resistant than wet seeds. 

b) In all cases germination is abortive after a treatment az the 

dose of 200 Krad. In best cases a highly reduced development is observed, follo

wed by degeneration (fig. 3). 

IV) - Physico-chemical analysis 

Pollution other than biological may limitate the use of water and sludge 

for human and animal consumption or agricultural needs. Mainly it is constituted 

by : 

- organic metabolites 

- chemical effluents (toxic solvents, herbicides, pesticides) 

- metallic or metalloldic constituents 

1) Organic metabolites : 

We have shown that irradiation can be used in water treatment to 
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eliminate bad flavours due to algaa and actincmycate metabolites : gaosmins 

and dimBthyl isabornaol. Studies concern river water [usual taste assays) and 

artificially polluted watars (quantitative and qualitative biochemical measures) 

CS). It appears (table 2] that a oosa of SO Krad has a great afficacity in nor

mal conditions. 

Taole 3 

Tasta 3SS2VS 

Samples 

control 

5 Krad 

10 Krad 

20 Krad 

50 Krad 

100 Krad 

500 Krad 

Thresholds of tasta * 

Ivry 
water 

40 

35 

20 

10 

2 

1 

0 

Orly 
water 

15 

10 

6 

4 

2 

1 

1 

Algae extracts 
polluted water 

20 000 

15 COO 

10 000 

5 000 

1 000 

200 

20 

x The worst threshold registered in raw waters were in France at 30, in the 

USA at 200. A value of 5 can bs observed by consumers. A value of 10 is rejected 

by consumers. Values of 1 or 2 are condidered as very good. 

2) Chemical effluents . 

Preliminary investigations on the effect of irradiation on toxic 
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chemicals like phenols or organo-chloratad pssticidB3 in water solutions indi-

catb that dnses ranging from 500 Krad to 1 000 Krad produce nearly complete 

degradation. Higher doses seem to be necessary when affluents are mixed with 

sludge. Actual studies are in process to precise those notions j beside if it 

is shown that irradiation permits the formation of more soluble cr bioreducible 

components, the inocuity of degradation products should be demonstrated. 

3) Metallic and metalloldic pollutants. 

LittlB is known about the effect of irradiation on metallic or metal-

loldic pollution. In our study the problem of dimethyl mercury has been conside

red. After irradiation it is transformed in mineral mercury which is less toxic 

and easier to elimlnJtB from water and sludge by mechanical methods. Irradiation 

il also responsible for mineralisation of organic nitrogen (table 4]. 

Taole * 

Mineralisation of organic mercury and nitrogen in water 

Samples 

control 

100 Kraa 

2C0 Kraa 

500 Krad 

2000 Krad 

mineral mercury 
Cmg/13 

3.03 

3,00 

4,S3 

13, SC 

53,40 

NH4 

Cmg/1 N) 

3 

7 

10 

10 

-

N02 

Cmg/1 N] 

0,05 

3,14 

3,12 

0,07 

-

M0, 

Cmg/1 N) 

0,5 

0,5 

organic 
nitrogen 
Cmg/IN) 

4 

4 

3,5 | 1 

0,5 

-

O.S 

-

4) Physical affects of irradiation on sludge. 

An other point which is considered concerns the physical effects of 

irradiation on sludge. Irradiation stops fermentation cf primary sludge and fa-

vorise floculation Cbetter floculaticn permits easier reduction of sludge volume). 

The primary sludge which has been studied contains 7% of dry material, 

the digested sludge containing 3,3% of dry material. 

On the graph (fig.4), time of decantation and decanted volume are 

considered. At 1000 Krad the aptitude for decantation appears to be improved, but 

classical treatments with palyelectrolytes are far more efficient. On the graph 

(fig.5] irradiation at 1000 Krad produces better filtrability. the effect is 

better on primary sludge than on digested sludge j classical treatments are more 

efficient. 

£ The solution used in the saxplea was in the proportion of 60 mg/l of elemen

tal mercury in methyl-mercury. 
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Fig. 4 . Efftct of traatmanf on tha tattling uf lludga* 
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V) - Critical analysis of different conceptions 

Apart from special materials that could bs cf interest for the treatment 

of nigh opacity valuable procucts, three solutions are conceivable in view of 

irradiation treatments of water, sludge and food : 

- sources using radioelements 

- low-energy electron-beams C t£ 3 lie V ) 

- high-energy electron-beams C3 - 10 Me V ) 

Each solution may appear competitive in function of application condi

tions and material to be treated. Analysis of table 5 determines our choice 

to develop first the high energy electron beams technology, that appears to pre

sent the best adaptability to the largest spectrum of needs. 

A standard machine has been designed in view uf water and liquid sludge 

treatment, which main characteristics arB as follow : 

- High energy electrons of 10 Me V j a compromise between the desi

red higher penetration possible without activation of the treated material (53. 

This is in conformity with the european standards and the decisions of the FAO, 

the WHO and IAEA for the irradiation of food and agricultural products.. 

- High beam pow9r of 70 Kw since the price per Kw of beam power dimi

nishes as the unit power of the machine increases. The efficacity of the beam 

power is nearly 23%. 

- Two treatment heads permitting either fractionated or double face 

treatments. The system gives an electron utilization efficiency over 80% (fig.S) 

which compensates the relatively weak efficiency of the beam pover (16]. An other 

advantage is the possibility of a treatment through the flow walls, suppressing 
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Table 5 

Comparison of different irradiation systems 

Advantages 

Disadvantages 

RADIO
ISOTOPES 

. Permanent and stable 
emission. 

. Simplicity 

. Good penetration 
(especially CoSO) 

. Possibility to treat 
through walls. 

. Possibility of double 
face treatment. 

. Impossible to stop 
emission 

. Cmnidirectianal 
beam. 

. Complex conveyors. 

. Source decay 

. Limited power of 
high power units due 
to production 
problems. 

. Pollution due to 
radioactive waste. 

. Enormous risk in 
case of criminal 
intent. 

ELECTRON BEAMS OF 
LOW ENERGY 

. Simple equiment 
(below one MeV) 

. High efficiency 

. Stopping of emis
sion at will 
(safaty-acanomy). 

. Variable beam 
direction possible. 

. Possibility to 
build very high 
power units. 

. No pollution from 
radioactive wasts. 

. Low penetration 

. Complex conveyors 

. Problem of exit 
windows. 

ELECTRON BEAMS OF 
HIGH ENERGY 

. Good penetration 

. Possibility to treat 
through walls. 1 

. Possibility of dou- ! 
bla face treatment. 1 

. Stopping of emission 
at will. , 
(safety-economy). 

. Variable beam 
direction possible. , 

. Lower load on exit 
windows. 

. No problem of high 
voltage. 

. Possibility to builc 
units of very high 
power. 

. No pallu-ion from 
radioactive waste. 

. Mediocre efficiency 
and complexity cf 
low power units. 

(the number of com
ponents for one unit 
of 70 KW is 1 .2 ti
mes the number of 
components for 1 unit 
of 1 KW). 
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in part handling difficulties, odor3 problems and reinfection possibilities. 

- Dose regulation is depending of one single parameter which is 

defilading speed. 

looll 

50/, 

.l«* ht"< 

1 

turn o< 
V dapth i 
\ do • • / 

l n d hud . 
p 

. F i Q . a . sup«rpo»Ulon of 

the depth dos* curvti 

0 1 2 3 4 ! ' ' I Ctn 

The machine is based on the use of a high performance Klystron suppliec 

in impulsion by a modulator, and usss a deuterium thyratron. It has a treatment 

capacity of 500 t x tlrad per day, 24 hours daily, and is designed to operate 

3DC0 hours per year. This is equivalent to 5 megacuries of cobalt 60. With the 
2 

double face it is possible to treat througn walls up to 7 g/cm of matter Cfig 7), 

For some purposes Ccampo3t used as animal food, or handling transport 

and storage facilitation) it could be useful to treat deshydratad sludge, this 

would be po<33ible by modifying the conveyor cnly. Beside with other types of 

conveyors the same machine could be used for food irradiation. As an exempla it 

i3 estimated that it could treat more that 125 tons of wheat or rice per hour. 

Smaller units have been studied, but comparison between 5 megacuries 

equivalent unlt3 and 1 megacurie equivalent, shows that costs are increasing 

whan power lowers , as shown by table 6. In this figure it should be noted that 

costs are calculated for the functionning of prototypes ; in case of a series 

machine (standard station) they should fall down to 70 F per ton of dry solid3 

(from 5% sludge). 
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The treatment by beams of high energy electrons can assure the regene

ration of water, the recycling of the organic products contained in sludge and 

the preservation of food. This method is putting into use absolutely non-pollu

ting techniques, which can only beof increasing interest from an ecological point 

of view. It is not to be opposed to other technologies that have been put into 

use, but is utilirable in complete harmony with them at different levels, accor

ding to specific needs. We can foresee that these needs both quantitatively and 

qualitatively will increase notably in the coming years i it is therefore! neces

sary to prepare for these technical changes now, as they may have to be introdu

ced in a relatively short time. 

This report ia a comvoaize work of a multidi3cipline team from University, public 

3ervicea and industry. ^acknowledgments are dua to all participants : •:.'S.3ertrani, 

D.Bvoeaard, C.Danglov, J.Devoucouz, Q.Srtas-Zaole, Cl.L.Gallien, -J.G.Sobers, 

</'.'}.Ballez, P.lave, P.Landre, C.Zevaillanz, E.'.level, A.Monziel, A.Hougar^de, 

C.Perraudin, P.Rondez, u.Savel, J.P.Simoen, D.Tronc, S.'/edvy , R.'/ilaginea. 

REFERENCES 

I] - General reviews 

1- Radiation for a clean environment - Proceedings of the international 

symposium on the use of high-level radiation in waste treatment - IAEA, Munich 

(1975). IAEA Ed., Vienna. 
st 

2- Radiation for pollution abatement- Proceedings of the 1 - international 

conference of ESNA worKing group on waste irradiation. ESNA, Munich (1975). 

ESNA Ed., Wageningen. 

3- Radiation proceasing - Transactions of the 1 -1" international meeting of 

radiation processing (1977) Silvermann, J.7and Van Oyken, A.R. Ed. - Radiation 

Phyaica and Chemiatry, 9 , Pergamon press, N.Y.. 
ted 

4- Food irradiation (1975) Atomic energy of Canada L - commercial products 
Ed., Ottawa. 
II) - Pacers 

5- Gallien, Cl.L.j Icre, P.j Levaillant, C. and Montiel, A. (1976) - CGR 

Me V program for water and liquid sludges treatment with high-energy electron 

beams - Preliminary investigations. _In : Radiation for pollution abatement. 

ESNA Ed., Wageningen, p. 43 - 69. 

- 25 -



S- Gallian. Cl.L. and Lavaillant, C. (1377] - Etuda CGR Mo V sur l'utili-

sation dB3 faisceaux d'electrons ca hauta energia dans la traitement das aaux 

at daa bouas. ITC 77.0058, CGR Ha V Ed., Buc. 

7- Brannen, J.P.) Garst, D.N, and Langlay, S.L. (19753 - Inactivatian of 

Aoacan.3 lumbriaotdea eggs by heat, radiation and thanrioradiation. SAND 75 - 0163, 

Sandia Laboratories - Albuquerque. 

a- Wizigmann, I. (1976] - Experience with a pilot plant for the irradiation 

of sewage. Bacteriological and paresitological studies after irradiation. _In_ : 

Radiation for pollution abatement. ESNA Ed., Wageningen, p. 87 - 98. 

9- Alexandre. 0; Gavaudan. P.i Charrel, J.i Mallet, M.N.j Blancard, A. and 

Gevaudan, fl.J. (1975) - La disinfection des bcues rssiduaires urbaines -

T.5.M.L. Eau. 12 , p. 547 - 555. 

10- Eleuratte, J. and Transy, J. (1971] - Sensibilite aux rayons gamma de 

souches bactariannas i3olees en milieu hospitalier. .In, : C.R. Journees d"informa

tion 3ur les techniques da sterilisation par des rayonnements ianisants -

A.7.E.N. Ed. Lyon. 

11- Erandon, J.R. and Langlay, S.L. (1976) Inactivatir.n of bacteria in sewa

ge by ionizing radiation, heat, and thermaradiaticn - SAND 75 - 0163 - Sancia 

Lasoratcrias - Albuquercue. 

12- Yano, .<.; Cho, 3.i YoshinaKa, T. and Yamaguchi, H. (1975) Surveys en 

radiation - resi3tant asporogenic bacteria in natural environments. _In_ : Raeia-

tion for a clean environment - IAEA Ed. Vienna, p. 35 - 93. 

13- Epp, C. (1975) Experience with a pilot plant for the irradiation cf 

sewage sludg9. _In : Radiation TOT a clean environment - IAEA Ed. Vienna, 

p. 435 - 439. 

14- Lemke, H.S. and Sinskey, A.J. (1975). Viruses and ionizing radiation in 

respect tc waste water treatmsnt. _In_ : Radiation for a clean environment -

IAEA Ed. Vienna, p. 99 - 119. 

15- Sivinsky, H.D. (1975) - Thermoradiation treatment of sewage sludge using 

reactor waste to obtain acceptable fertilizer or animal supplement feed. _In_ : 

Radiation for pollution abatement - ESNA Ed. Wageningen, p. 70 - 86. 

16- CGR MeV (1975) Astra : a double headed standard irradiation plant for 

waste water, sludge and concretion hygienisation with linear electron accelera

tors. ITC 75.0047. CGR tie V Ed.. Buc. 

- 26 -



RADIATION I MOTIVATION OF ANIMAL VIRUSES IN 

CULTURE FLUID AND SEWAGE. 

A CASE STUDY 

A.F. GRONEMAN 

Association Euratom-ITAL, P.O. Box 48, 

6700 AA Wageningen, The Netherlands 

S. FRENKEL and C. TERPSTRA 

Virology Department of the Central Veterinary Institute, 

Houtribweg 39, 8221 AR Lelystad, The Netherlands 

Abstract 

RADIATION INACTIVATION OF ANIMAL VIRUSES IN CULTURE FLUID AND SEWAGE. 
A CASE STUDY 

°°Co-gamma irradiation inactivation studies of different animal 
viruses were performed to evaluate the technical and economic feasibility 
of sterilization of sewage of a veterinary institute involved in research 
on virus diseases and the production of virus vaccines.The D]n values for 
swine fever virus, foot-and-mouth disease virus (FMDV) and swine vesicular 
disease virus (SVDV) irradiated in culture medium at 0 C were 1.8, 4.5, 
and 5-9 kGy (0.18, 0.45,and 0.59 Mrad), respectively. Suspensions of SVDV 
and FMDV were mixed with raw sludge and irradiated at 8°C. Raw sludge 
had a protecting effect on FMDV, if compared to culture fluid, increasing 
the DT0 value significantly to 6.5 kGy (O.65 Mrad). No similar protective 
effect was observed in the case of SVDV. Addition of 0.2 M NaBr did not 
significantly increase the radiosensitivity of these two viruses. The 
technical and economic feasibility for sterilization of sewage and 
sludge by °0Co-gamma irradiation are discussed. 

INTRODUCTION 

In order to support programs for the control of certain highly 
infectious virus diseases in livestock, the Netherlands Ministry of 
Agriculture maintains a special centre, the Virology Department of the 
Central Veterinary Institute. It is located in a high security building 
designed specifically in order to prevent the escape of viruses into the 
environment. It is situated at an isolated site near Lelystad in a newly 
reclaimed area. 

Safety measures include the sterilization by heat of animal and 
laboratory sewage, approximately 180 m* per day, in a special installation. 
Fig. 1 illustrates the collecting system and the treatment processes 
employed. All waste is collected into settling tanks. The clarified fluid 
and sediment are pumped to separate storage tanks. The sediment is 
subsequently processed by a cutting pump and diluted with the clarified 
fluid to contain \% of solids as a maximum. The diluted suspension is 
preheated in a heat exchanger from about 20°C to 100°C. Thereafter 
additional heating is supplied by steam injection, raising the temperature 
to 115°C. After retention of six minutes in a holding tank, the sterilized 
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Fig. 1. Flow chart of the contaminated sewage 
collecting system and the sterilization 
facility of the veterinary institute. 

are regularly 
boiler scale, 
These pre-

suspension is pumped back into the heat exchanger and cooled down to 
35°C before being released. 
This system poses technical problems. The heat exchangers 
obstructed by deposits of faecal sediments, hairs, sand, 
etc. Frequent flushing with alkali and acid is necessary. 
cautions are sometimes insufficient to prevent blockage, in which case 
the installation has to be dismantled and cleaned manually. The excessive 
labour required to keep it operational motivated a study of alternative 
methods of sterilization. This paper describes the results obtained in 
experiments about inactivation of three animal viruses by means of 
ionizing radiation. 

MATERIALS AND METHODS 

Vi ruses 
Foot-and-mouth disease virus, (FMDV), type 01, British Field Strain i860 

was used. This strain was isolated in the U.K. in 1968 from infected 
cattle. The virus was employed as a sixth and seventh passage in 
surviving bovine tongue epithelium (Frenkel culture, FrenkeP) and after 
nine passages in monolayer and four passages in suspended cell cultures 
of baby hamster kidney (BHK), clone 21/13 (BHK-FMDV). The virulent 
Brescia strain of swine fever virus (SFV) was used, it had received 
several passages in the pig kidney cell line PK15• 

The swine vesicular disease virus,(SVDV), strain England '72 was 
employed. It had been cultured in the pig kidney cell line IBRS-2. 

Suspending media 
The viruses were suspended in various basic salt solutions used for 

cell culturing, supplemented with 0.05 to 0.5% of lactalbumin hydrolysate, 
0 to 5% of an animal serum and contained the extract freed from the cells 



in liberating the virus. The suspensions were either filtered through an 
EKS sheet, or clarified by low speed centrifugation. 

In the first series of experiments the virus suspensions were 
irradiated as such. In the second series an equal weight of sludge from 
the disinfection plant, containing 8% of dry matter, was added to the 
virus suspensions. 

Titrations of Infectivity 
All infectivity titrations were carried out by counting foci of 

infection in a culture system (plaque count). Irradiated and control 
samples of Frenkel culture and SVDV were inoculated in appropriate 
dilutions on secondary pig kidney monolayers. These were overlaid with 
culture medium containing methylcellulose. After incubation plaques were 
counted. BHK-FMDV was titrated in BHK cells suspended in culture medium 
solidified with agar. SPV samples were inoculated onto monolayers of 
PK15 cells. The foci of infection were stained with anti-SFV conjugate 
(Ressang^) and the fluorescing plaques were counted with a dark field 
ultraviolet microscope. Virus titers were expressed as the number of 
plaque forming units (PFU) per ml. 

Irradiation Procedures 
Gamma irradiation was carried out at a dose rate of approximately 

1 Mrad/h with a 3-9 PBq (105 k C ! ) cobalt-60 source of the Pilot Plant 
for Food Irradiation of ITAL near Wageningen. The samples were kept in 
10m] screw capped vials and transported on ice. During irradiation the 
temperature was kept at 0 C or 8°C by means of a temperature controlling 
device in the radiation field. The irradiation dose was measured with 
3 mm HX Perspex dosimeters. 

RESULTS AND DISCUSSION 

A first series of experiments was performed in order to determine 
the radiation resistance of three important animal viruses. 
Fig. 2 illustrates the radiation inactivation of the virus suspensions at 
0°C by 60Co-gamma rays. The virus titers of SVDV, FMDV (Frenkel culture), 
FMDV (BHK culture) and SFV of the non-irradiated (control) samples were 
lO 6-^, 107.43, 107-^8 ancj T0

6-5 PFU/ml, respectively. The figure shows 
that the SVDV was the most resistant to radiation inactivation. SVDV is 
a naked RNA virus, measuring approximately 30 rim, and belonging to the 
enterovirus subgroup of the Picorna viruses. The most sensitive to 
radiation was SFV, a lipid enveloped RNA virus, measuring approximately 
ho nm and belonging to the Toga virus group. FMDV took an intermediate 
position. It is a naked RNA virus, measuring approximately 25 nm and 
belonging to the Picornaviridae. The culture system, from which this virus 
was obtained, had no significant effect on the rate of radioinactivation 
(Fig. 2). For the sake of simplicity the overall rate of radioinactivation 
is expressed by the-D1Q value, which is derived from a first order kinetic 
expression (Steiner ). It gives the dose required to reduce infectivity 
by one log and reflects the sensitivity to radiation. For SFV a Q. of 
1.8 kGy (0.18 Mrad) was found a . For SVDV a D of 5-9 kGy (0.59 flrad) and 
for FMDV an average 0^ of k.5 kGy (0.45Mrad) were determined. 

The important treatment parameter, however, is the irradiation dose 
required for complete inactivation of a given amount of virus. This dose 
will depend upon the initial concentration as well as the sensitivity to 
irradiation, i.e. the D..value. Modifying the formula of Sinskey 
et al. ,the dose required is given by: 

3 100 rad = 1Gy and 1 C i = 37 GBq 
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Fig. 2. S 0Co-gamma irradiation inactivat ion of swine fever 
virus ( O ) , foot-and-mouth disease virus (BHK culture) 
( • ) , foot-and-mouth disease virus (Frenkel culture) 
C A ) , and swine vesicular disease virus ( O ) in their 
appropriate suspensions at 0°C. 

Dose of treatment = 0 1 0 x (log initial viral titre - log final viral titre). 
Using this concept with the preliminary results obtained for the 

most radioresistant pathogen (SVDV) and assuming that a 7 decimal 
reduction would be necessary to obtain an acceptable safety margin, the 
treatment dose would be M . 3 kGy (0.59 x 7 = 4.13 Mrad). In the case of 
6 0 C o sources a radioactivity of 357 PBq (187 x 7500 kg/h x i l 3 x 0.6 _ 1= 
9-7 MCi)'would be required in total to disinfect a daily flow of 180 m3 
of liquid waste, assuming that the irradiation facility operates with 
a 60% overall efficiency 2k hours a day. This implies that 15 commercially 
available automatically operating irradiation facilities (Sulzer5) with 
a capacity of 2k PBq (650 kCi) each, would be needed 3. The impracticability 
of this approach leads to consider alternatives e.g. the use of radio-
sensitizers or a change in the waste processing chain. 

Certain commercial installations are identified in this work in order 
to specify adequately the procedures. In no case does such identification 
imply recommendation or endorsement by the authors. 
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Studies about the enhancing effect of chemical factors upon radio-
sensitivity of microorganisms have been reported. Matsuyama et al.° found 
that the action of alkali halides enhanced the lethal effect of ionizing 
radiation on bacteria and yeasts. Under aerobic conditions the effectiveness 
of sensitization by halides was in the order of 

I" > Br" ̂  CI" > F" at pH 7-0 and I" > F ~ > Br" > CI" at pH 5-0. 
Recent results of an investigation on the use of halide radical anion 
probes in one of our laboratories indicate that bromide enhanced the 
radiosensitivity of vegetative cells in certain experimental condition-
far more than oxygen (Schubert et a l . ' ) . For these reasons the effect of 
bromide on the radioinactivation of viruses in raw sludge was 
investigated. Preliminary experiments indicated no detectable loss of 
virus due to adsorption to the solid phase of sludge or to the presence 
of bromide. The two most resistant viruses were selected for irradiation. 
The titers of the non-irradiated (control) samples were 10°-^7 and 
106.32 PFU/ml for FMDV, without and with 0,2 M NaBr. respectively. The 
corresponding values for SVDV were 10^-35 and K T * ^ * PFU/ml. Fig. 3 shows 
that the surviving fraction is fairly well related to the dose by a 
first order reaction expression. It also indicates that the addition of 
0,2 M bromide had no obvious effect on the radiation resistance under the 
experimental conditions. Because the data can reasonably well be described 
by first order kinetic equations (Figs. 2 and 3) they are summarized in 
terms of D i n values in Table 1- Raw sludge had a protecting action on 
FMDV, as indicated by a significant increase of the D^g value from 
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Table 1. S0Co-gamma radloresistance of swine fever virus, foot-and-mouth 
disease virus (BHK culture and Frenkel culture), and swine vesicular 
disease virus In culture fluid with and without raw sludge and NaBr. 

Suspension medium and virus Irradiation Dig-value* 953 
temoerature — — — Confidence 

(QC) (kGy) (Hrad) limits 
Vi rus in culture fluid: 

Swine fever virus 0.0 1.8 0.18 0.14-0.25 
Foot-and-mouth disease virus 0.0 4.3 0.43 0.40-0.47 

( B H K culture) 
Foot-and-mouth disease virus 0.0 4.7 0.47 0.43-0.52 

(Frenkel culture) 
Swine vesicular disease virus 0.0 5-9 0.59 0.55-0.64 

Virus in culture fluid and raw 
sludge (suspended solids 
concentration • 4 wt %): 

Foot-and-mouth disease virus 3.0 6.5 0.65 0.53-0.75 
(Frenkel culture) 

Swine vesicular disease virus 
Foot-and-mouth disease virus 
and 0.2 H NaBr (Frenkel culture 
Swine vesicular disease virus 
and 0.2. M NaBr 

0 
0 

0 

6.2 
6.1 

5.9 

0.62 
0.61 

0.59 

0.48-0.87 
0.54-0.69 

0.52-0.69 

D 1 0-value was calculated by means of a least square regression method using 
six observations. 

k.7 kGy (0.47 Mrad). to 6.5 kGy (0.65 Mrad). The sludge did not affect the 
sensitivity of SVDV. 

Concentrations of solutes with and without raw sludge range roughly 
from 5 to 1 % dry weight in the various fluids. Systems with 95 to 99 % 
water are considered as aqueous. In such systems the energy absorbed by 
a component upon irradiation is a function of its weight fraction. Most 
of the energy, 95 to 99 % > is thus absorbed by the water and results 
in the formation of stable products and some reactive intermediates 
in the water. The principal reactive intermediates are hydroxyl radicals, 
which exhibit oxidizing properties and hydrated electrons along with 
a small yield of hydrogen atoms, which possess reducing properties. 
There is considerable evidence for the concept that OH radicals are 
the important damaging agents in various experimental conditions 
( Blok et al.°, Simic et al.9). The OH radical is extremely 
reactive with many dissolved and suspended organic and inorganic 
compounds, including viruses. These compounds compete for OH radicals. 
The extent of reaction of OH radicals with viruses depends on 
the "scavenging power" of other components in the system. The "scavenging 
power" of a compound was defined by Groneman et a 1.10 as the product of 
the bimolecular rate constant for OH and the concentration of the compound. 

It is conceivable that a high scavenging power of the suspending 
medium reduces the viral inactivation of irradiation. Against this 
background the lack of protecting action of raw sludge with SVDV 
as well as the protecting action of raw sludge in the case of FMDV may 
by explained when the scavenging power of the different suspending media 
were known. 

The higher temperature used in the second experiment may have in
creased the inactivating effect of the radiation, but the differences would 
have been small. 0.2 M bromide slightly decreased the D]g values for FMDV 
and SVDV, but those changes were not significant. Thus there appears to be 
no advantage in using bromide as a sensitizer. 
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Table 2. Cost analysis for a sludge irradiation facility having a capacity 

of 2 m per day and using a Co source. 

investments: 
trradiation^faci1ity (pumps,tanks) Dfl. 500 000 
Ammount of Co and instalation(l00 kCi) Dfl. 200 000 
Total Dfl. 700 000 

Annualized operating expenditures: 
Average activity decay per year 
0.125 x 100 000 Ci x Dfl. 2.- Dfl. 25 000 
Transport of source Dfl. 8 000 
Maintainance, electricity, light Dfl. 20 000 
Total annual cost Dfl. 53 000 

3 
Processing cost Dfl. 73.- per m 

An alternative approach to the disinfection problem is to keep the 
clarified fluids separated from the sludge (Fig. 1). Relatively large 
volumes of clarified solutions may be disinfected in a thermal 
sterilization facility without technical difficulties. The trouble caused 
by the disinfection of the sediments could then be avoided by applying 
the "^Co-gamma irradiation to this fraction only. 

On an average 2 rrr of concentrated raw sludge is collected per day. 
To irradiate this volume.,a commercially available irradiation facility 
with a 3.7 PBq (100 kCi) °^Co irradiation source may be used. Assuming 
again that a reduction of 7 log units is required for the inactivation 
of the most radioresistant virus one commercially available facility 
can irradiate 2 m3 of raw sludge at a disinfecting dose of A6 kGy 
(7 x 0.65 = ^-6 Mrad) in 2k hours, and considering an overall irradiation 
efficiency of 72% when a 3<7 PBq (100 kCi) source is employed. This 
approach seems to be technically feasable. 
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ACCEPTANCE AND COST ANALYSIS OF SLUDGE DISINFECTION BY IRRADIATION 

Considerable experience has been accumulated during the past 15 years 
in the use of ^ C o sources and there are about 50 plants in operation in 
various parts of the world. Nearly all are used for sterilization of medical 
bupplies. The fact that this application has grown steadily, clearly indicates 
the reliability of such units. This was confirmed by the experiences, 
obtained in a demonstration plant for irradiation of sewage sludge in 
Germany (Suess et al. 1 1)-

The decision whether or not to introduce irradiation treatment of raw 
sludge heavily depends on its recurrent expenditure. To disclose this 
aspect a preliminary cost analysis on the basis of a commercially available 
irradiation facility (Sulzer5) is presented in Table 2. Aspects such as 
depreciation rate and interest are not included. An annual price increase 
of \0% since 1975 was assumed. The cost for sludge irradiation at a dose 
of 46 kGy (0,^6 Mrad) is about Dfl. 73 per cubic meter. This estimate should 
be compared with the costs of other methods of sterilization. 
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H.J. ZEHNDER 

Swiss Federal Research Station for Arboriculture, Horticulture 

and Vitivulture, CH-8820 Wadenswil, Switzerland 

Abstract 

DEWATERING PROPERTIES OF DIFFERENTLY TREATED SEWAGE SLUDGE 

A study on dewatering properties of irradiation hygienized sewage 
sludge of different type and origin was carried out. For comparison also 
heat treated (pasteurized) sludge was investigated. The specific 
filtration resistance of irradiated sewage sludge was lowered in all 
types of sludge examinated. In general a pasteurization increased this 
parameter. The settling properties of irradiated digested sewage sludge 
was slightly improved mainly in the first hours after the treatment. 
Microbial effects may mask the real sedimentation relations especially 
in aerobically stabilized sludges. A pasteurization treatment of sewage 
sludge caused an increased content of soluble substances and suspended 
particles in the supernatant water. The supernatant water from irradiated 
sludge showed a smaller increase. 

1. Introduction 

Switzerland is producing about two million cubic meters of sewage sludge per 

year. This sludge may be used aa a fertilizer in agriculture. To reduce the 

hygienic risk the sludge should go through a hygienization process. According 

to the "Swiss Milk Delivery Regulations" on fodder areas only the use of hygie

nized sewage sludge during the vegetation' period is allowed. The common hygie

nization process consists in heating up the sludge to ~0 C and keeping it on 

this temperature for 3° minutes. A new possibility is offered by irradiation 

with ionizing rays. An effective irradiation dose to eliminate pathogenic micro-

organisns like Enterobacteriacea are 3°o krads [l,2j. This dose kills also para

sites 3uch as tape worms, maw worms etc. 

Several authors [3>4,5»6,7] stated, that irradiated sewage sludge 3hows better 

dewatering properties and that irradiated waste water own improved sedimentation 

properties than the non irradiated material. Etzel et al. [4] and Groneman [8] 

found a decreased specific filtration resistance in irradiated sewage sludge and 

attributed it to a cnangement of the electrical charge of the sludge particles 

as an effect of the irradiation treatment. 

This interesting side effect of the irradiation hygienization of sewage offers 

interesting financial aspects in reducing transportation and staple costs. An 

other positive effect is the fact, that with irradiated sludge treated fields 

are in a good working condition sooner. 

Most of the above mentioned studies were carried out with sludge of only one 
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type and one origin. The aim of this study is the investigation of the dewater-

ing properties of radiation hygienizrad sewage sludge of different origin and 

from different type of waste water cleaning facilities (anaerobic digestion and 

aerobic stabilization). 

We suDjcrted sewage sludge to a radiation treatment and measured the specific 

filtration resistance and observed the settling of the sludge particles. We also 

examined parameters such as the content of dry matter, organic matter, raw 

protein and raw fat ia «,he sludge. Further on the dry matter and the nitrogen 

content as well as the potassium permanganate consumption in the supernatant 

water was investigated. For comparison we examined pasteurized sewage sludge in 

the same manner. 

2. Experimental procedures 

Sewage sludge (Table l): Anaerobically digested sludges were obtained from five 

different waste water treatment plants. In one of these facilities the chemical 

precipitation of phosphates is used. 

Aerobically stabilized sludge WPS obtained from two waste water cleaning faci

lities, both using the chevical phosphate precipitation. 

Irradiation treatment: The jludge samples were treated with doses of 3oo krad 

gamma radiation from Co-60. The dose rate was between 67 and 2oo krad/'h. The 

reason of these different dose rates was due to a stock piling of the radioactive 

source from time to time to get a homogenious dose distribution. 

Pasteurization: We used two heating systems: The heating by direct steam injection 

and the heating by heat exchange. In both cases the temperature of 7o C was kept 

during 3o minutes and than the sludge cooled down to ^0 to 35 C. 

Specific filtration resistance: This parameter was obtained by measuring the flow 

unit time from vakuum sludge filtration by using the formula 

1 1 
2 b P A" sec" where 

* u c g 

v n J • J. * xi_ 1 filtration time , , , . ^ „.,, b = Gradient of the slope — — • plotted against filtration volume filtration volume r & 

P = Pressure (g/cm~) 

A = Filter surface (cm2) 

u = Viscosity of the filtrate ( — f ) 
* x sec cm ' 

c = Weight of dry cake solids per unit volume of liquid ( —=•? ) 
cm-' 

Sedimentation: 6 liters of sludge were filled in a cylindrical glass vessel with 

a diameter of Ik cm. So the filling height was about '«o cm. The sedimentation of 

the sludge particles was controlled during a period of po hours. In one experiment 

(Lern) we used bigger vessels (3o 1, diameter 25 cm, filling height about 60 cm). 

The determination of the chemical parameters is described elsewhere [9,lo]. 
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3. Experimental results and discussion 

Table 2 presents the results of the specific filtration resistance experiments. 

It may be extracted from this table, that this parameter is decreased by a 

radiation treatment of the sewage sludges and generally increased by a heat 

treatment. The lowering effect seems to be smaller in aerobically stabilized 

sludges than in digested sludges. The lowering factors we found were lying 

between 2,5 and 5 for irradiated digested sludges and between 1,3 and 2 for 

irradiated aerob'.cally stabilized sewage sludges. The raising effect was found 

to be stronger in pasteurized aerobically stabilized sludges than in pasteurized 

digested sludges. The first ones showed raising factors between 2,4 and 2,6, the 

second ones factors of 1,1 to 2,4. The pasteurized digested sludge from the waste 

water cleaning plant using the chemical phosphate precipitation (table l) showed, 

as the only exception, a decreased resistance compared with the control sludge. 

No interactions were found between specific filtration resistance and dry matter, 

raw protein or raw fat content (table 3)-

In these investigations the specific filtration resistance was selected to des

cribe the dewatering properties of a sewage sludge in virtue of its solid theore

tical basis [ll]. But in practice where the sewage sludge of most of the waste 

water plants is utilized in agriculture the res- *ts of the specific filtration 

resistance experiments are only of small value. Here, much more importance is 

attached to the sedimentation properties of a sewage sludge. 

The results of sedimentation measurements ore rather difficult to interpret 

since a number of partially unknown factors such as sludge temperature, microbial 

activity, chemical composition of tbe sludge etc. ore affecting the sedimentation 

behaviour of the sludge particles. 

Under the chosen conditions the irradiation of digested sludges improved the sedi

mentation of sludge particles. In some cases pasteurized digested sludges showed 

a delayed, in other cases an unchanged and in one experiment an accelerated sedi

mentation (table 4a). 

In evaluating these reservations we have to consider that non treated and irra

diated sludges show a more or less intense gas production due to microbial acti

vities. Floating gas bubbles hinder the settling of sludge particles. A very 

intense gas production may even lead to sludge floating. This fact may mask the 

real effect of the hygienization treatment on the settling properties of sewage 

-sludges. The sedimentation properties of non treated or irradiated aerobically 

stabilized sewage sludge are even more affected by the above mentioned microbial 

activity. During the first 5o hours there was no or only little sedimentation 

whereas pasteurized aerobically ibilized sludge showed a relatively good sedi

mentation behaviour (table 4b). Both the control sludge and the irradiated sludge 

presented an intense gas development which resulted in a considerable increase 

of the sludge volume and in sludge floating. Only after a prolonged observation 

period the two sludges began to settle. We also have to consider that due to 
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l i t Exp* 2nd Sip. 

loertaaa/'Dtcraaaa 

factor 

l i t £xp. 2nd Exp. 

ilasarlca 

Barn -
Mtnordck 

Qotan -
Opinion 

SebvtrxtB* 
blcfl 

T W v i l 

Jon* 

Vldtnxnl 

Control 
Irrftdiatad 
Paataurlztd 

Control 
Irradiated 
Paatanrlzad 

Coatrol 
Irrndlnttd 
Paat«an*ad 

Control 
Irrodiatad 
Paatenriiad 

Coatrol 
i R l l l l U d 
Putourizod 

Control 
Irradlatad 
Putoarlxod 

3.38 
5.33 
4.51 

2.33 
2 . 0 
2.o3 

3.4o 
3.32 
3.o2 

5.3« 
3.33 
4.79 

3.od 
5.0* 
4.Jo 

3.36 
3.36 
2,79 

3 

3 
3 
2 

39 

n1 

13 
47 
47 

6,9 
2.3 

.16,4 

47,4 
13,6 
33.1 

39,9 
11.4 
So,3 

11,0 
4,1 
9,3 

3,2 
4.0 

13.6 

13.8 
7.1 ' 

33.3 

9 
2 

21 

3 

19.3 
4,2 

29,a 

1.0 
0.3 
2,4 

1.0 
0,4 
1.1 

l . o 
0.2 
1.3 

l . o 
o.4 
o,d ! 

l . o 
0,8 
2,6 

l , o 
0.3 
2.4 

l . o 

1,0 
0,2 
1.3 

dig*atad i l . 

digtatad s i . 

digtatad a l . 

digtatad a l . 
* p r t c i p l t . 

a a r . J t a b . i l , 
• p r t e t p i t . 

a a r . a t a b . J 1 . 
* p r t e i p i t . 

Paatanrlx«tlon by bait aieoang* 

the direct steam heating the volume of pasteurized sludges was increased by 12 

to 23 i>. In this way heated sludge has first to lose the additional condensation 

water in order to reach the same dewatering degree as otherwise treated sludge. 

We could not find any interactions between water content and sedimentation 

behaviour. 

From all of these observations we learned that the sedimentation properties of 

sewage sludges are slightly improved by a radiation treatment. Mainly in the 

first hours after the treatment the settling velocity of the sludge particles 

is accelerated. Pasteurization may effect a delayed sedimentation. Possibly the 

conditioning of the sludge (e.g. phosphate precipitation) is a further noticable 
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Table 3i Dry natter content, raw protein content and raw fat 
content of sevage sludges of different origin 

Vain vater plant Dry natter RAV protein Haw fat Remarks 
content ,i content ,4 of dn content < of da 

Kloten - Opfikon 

Schverzenbach 

Tbalvil 

Jona 

Vadensvil 

3,15 

3,4o 

5.36 

5,o8 

3,36 

19,8 

17,7 

14,o 

19,8 

32,1 11 

1,3 

1,9 

1,2 

2.3 

1.7 

digested el. 

digested el. 

digested el. 
• praciplt. 

aer.stab.sl. 
• precipit. 

aer.atab.sl. 
+ preclpit. 

TablemUnt Sedinentation experiment! vltb Irradiated and paiteurized digested sludges front different origin 

Vaste vater 
plant 

3ern-
Neubriick 

3azeaheid 

Eloten-
Opfikon 

Scbverzen-
bach 

Thalvil 

Hygienlzation 
treataent 

Control 
Irradiation 
Pasteurization1 

Control 
Irradiation 
Pasteurization* 

Control 
Irradiation 
Pasteurization-

Control 
Irradiation 
Pasteurization1 • 

Control 
Irradiation 
Pasteurization 

Control 
Irradiation 
Pasteurization 

Control 
Irradiation 
Pasteurization1 

Dry matter 
content % 

sludge p 

* natant 

5.38 
5.53 
4,31 

4,39 
5,o2 
4.91 

4,12 
3.76 
3.75 

2,33 
2.43 
2,o3 

3.15 
3.47 
2,47 

3,4o 
3,52 
3,o3 

3,36 
5'55„ 
4,792 

o,14 
o,13 
0,24 

0,15 
o,13 
o,37 

0,22 
o,27 
o,31 

o,2o 
o,21 
o,27 

o,23 
o,21 
o,31 

o,21 

o,19 
o,28 

Sodiaentation 
sludge level 

0 5 

loo 
loo 
114 

loo 
loo 
loo 

loo 
loo 
loo 

loo 
loo 

115 

loo 
loo 
128 

loo 
loo 
112 

loo 
loo 
112 

93 
9o 
111 

96 
94 
98 

98 
93 
99 

95 
95 
113 

loo 
loo 
128 

loo 

97 
74 

99 
93 
112 

degree 
n .-< of 

lo 

88 
35 
lo9 

89 
37 
95 

97 
36 
99 

93 
91 
114 

98 
99 
128 

9o 
9o 
67 

95 
92 
lo7 

after ... 
the total 

2o 

37 
32 
lod 

34 
32 
93 

93 
3o 

93 

39 
35 
113 

93 
98 
126 

64 
55 
6o 

87 
91 
97 

hours 
level 

5o 

86 
31 
lo2 

81 
78 
92 

73 1 
61 { 
63 

73 
61 
113 

77 
92 
124 

43 
41 
35 

Remarks 

Strong gaa prod. 

Strong ga- prod. 

Pasteurization by direct steam injection 
Pasteurization by heat exchange 

factor in this relation. No interactions were found between the sedimentation 

behaviour and the contents of raw protein and raw fat (table j). 

To detect the real effect of the hygienization treatments on the dewatering 

properties of sewage sludge the microbial influence has to be eliminated. Possi

bilities are the temperature control or the chemical suppression. But we have 

to consider that such experiments are - in our opinion - of rather theoretical 

value than practical. 

In practice the supernatant water from the settling tanks is recycled to the waste 

water cleaning facility. To determine the additional charge of the facility by 

the supernatant water of hygienized sludges its dry matter content, nitrogen 

content and its potassium permanganate consumption were measured. 
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Table Mil Sedimentation eiperlmente with aeroblcalljr stabilized «ludge« fron different origin 

Vast A 

plant 

Jona 

»«»*r 

VadenaviJ 

Hygienization 
rrearjatnt 

Control 
Irradiation . 
Paateurization 

Control 
Irradiation 
Pasteurization1 

Drr matter 
content f 

sludge 

J.od 
3,o4 
"i,79 

3.36 
3.36 
2,78 

super
natant 

o,33 
o,36 
o,28 

o,51 
o,36 
o,3o 

Sedimentation 
sludge 

0 

loo 
loo 

112 

loo 
loo 
121 

level 

5 

loo 
98 
112 

loo 
loo 
llo 

dngree 

In ,* of 

lo 

loo 

97 
lo7 

loo 

99 
98 

aft 
the 

ir ... 
total 

2o 

loo 

96 
97 

loo 

99 

97 

hours 
levol 

5o 

lool 

95 r 
8<> 

loo] 
9BJ 
81 

Remarks 

itrong gaa prod. 

strong gaa prod* 

Paateurization by direct ateaa injection 

Table 5t XHnO^ - Conatusption at the supernatant of irradiated and 
paateurization sevage sludge of different origin 

Waute water 
plant 

Hygienization i Dry natter KMnO-( - Consumption Remarks 
treatment supernatant £/l factor 

Bern -
MeobrUck 

Bazenhaid 

Control 
Irradiation 
Paateurization 

Control 
Irradiation 
Pasteurized 

Control 
Irradiation 
Pasteurization 

o.U 
0.13 
0,21. 

o,15 
0,18 

o,37 

o,22 

o,27 
o,31 

1.7 

1.3 
1.3 

3,3 

1,0 
1.3 

2,5 

l.o 

l.o 

1,3 

1.3 

digested si. 

steam injected 

hen, exchange 

heat exchange 

Either hygienization processes rose the dry matter content of the supernatant 

water, in the case of irradiation by 7 to 23 f»t in the case of heat treatment by 

41 to 147 f>. 

The nitrogen content of the supernatant water was found to be slightly increased 

by the pasteurization treatment and not to be affected by the radiation treatment. 

The consumption of potassium permanganate is a measure for the content of oxy-

dizable compounds. Either hygienization processes increased the KMnOi-consumption 

of the supernatant, in the case of irradiated sludge by 21 to 39 $•> in the case 

of heat treated sludge by 54 to 227 %» The supernatant water originating from 

pasteurized sludge contains obviously a much higher amount of solubilized oxy-

dizable compounds than irradiation treated sludge. 

From the point of view of an additional charge of a waste water cleaning facility 

by the recycled supernatant, water from the settling tank, we have to learn that 

a pasteurization process has heavier consequences than an irradiation hygienization. 

These results have also a close relation to the observations made by Sess and 

Breer [l2j, according to which in the case of reinfection by Enterobacteriacea 
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pasteurized sludge is a better growth medium than irradiated sludge. A possible 

explanation to this observation may be the facts that on one hand pasteurized 

sludge contains no longer antagonists to this bacteria and on the other hand it 

contains more solubilized nutritive substances than irradiated sevoge sludge. 

4. Summary 

A study on dewatering properties of irradiation hygienized sewage sludge of 

different type and origin was carried out. For comparison also heat treated 

(pasteurized) sludge was investigated. 

The specific filtration resistance of irradiated sewage sludge was lowered in 

all types of sludge examinated. In general a pasteurization increased this para

meter. 

In practical sewage sludge utilization the filtration results are only of small 

value because most of the sludge is given unaltered to the agriculture. Here 

much more importance is attached to the sedimentation behaviour of the sludge. 

The settling properties of irradiated digested sewage sludge were slightly im

proved mainly in the first hours after the hygienization treatment. Pasteuri

zation may delay the sedimentation. 

Microbial effects in untreated and irradiated sludges may mask the real sedi

mentation relations. Especially the intense microbial activity in untreated and 

irradiated aerobically stabilized sewage sludges led to a delayed settling of 

the sludge particles. 

A pasteurization treatment of sewage sludge causes an increased content of soluble 

substances and suspended particles in the supernatant water. When recycled from 

the settling tank to the waste water cleaning facility the additional charge of 

this facility is much higher than when supernotont water from irradiation treated 

sludge is recycled. 

Zus ammenfas sung 

Eine Untersuchung der Entwasserungseigenschaften von strahlenhygienisiertem 

Klarschlamm verschiedenen Typs und verschiedener Herkunft wurde durchgefiihrt. 

Zum Vergleich wurde auch pasteurisierter Klarschlamm in die Untersuchung ein-

bezogen. 

Durch die Strahlenbehandlung wurde der spezifische Filtrationswiderstand aller 

untersuchten Schlamme herabgesetzt. Durch eine Pasteurisierung wurde dieser 

Parameter im allgemeinen erhb'ht. 

Fur die praktische Schlammverwertung sind die Resultate der Filtrationswider-

standsmessung jedoch nur von geringer Bedeutung, da der meiste Klarschlamm un-

verandert in die Landwirtschaft abgegeben wird. Wesentlich grb'ssere Bedeutung 

wird hier dem Sedinentationsverhalten der Schliimme zugeschrieben. Die Sedimenta-
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tionaeigenachaften von beatrahltem Faulachlamm woren leicht verbejsert, beaondera 

in den eraten Stunden nacb der Behandlung. Eine Paateurisierung kann eine Ver-

zogerung der Abaetzung bewirken. 

Mikrobiologiache Effekte konnen die tatsiichlichen Sedimentationsverhiiltniaae 

veidacken. Beaondera die intenaive mikrobiologiache Aktivitat in unbehandeltem 

oder beatrahltem aerob atabiliaiertem Klarachlamm fiihrte zu einer verzb'gerten 

Sedimentation der Schlammpartikel. 

Durch eine Paateuriaation von Kliirachlanan wird eine Abwaaaerreinigungaanlage 

infolge der erhohten Fracht dea zuriickgeleiteten Triibwaaaera an gelbaten Sub-

atanzen und Schwebeatoffen starker belaatet ala dies durch eine Strahlenbehand-

lung von Klarachlamm der Fall iat. 
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Abstract 

RADIATION CHEMISTRY APPROACHES TO CONDITIONING OF SEWAGE SLUDGE: RESULTS AND 
MECHANISMS OF ACTION 

For a successful practical application of ionizing radiation in the 
conditioning of sewage sludges a good knowledge of the governing processes 
is required. To meet this need a model based on radiochemical concepts was 
developed and verified experimentally. Results of stationary state 
irradiation and pulse radiolysis experiments indicated definitively that the 
improvement of the sedimentation and dewatering characteristics of some 
sludges by gamma irradiation was indirectly caused by the oxidizing OH 
radical produced in the water molecules by irradiation. H2O2 molecules are 
relatively unimportant. The OH radicals attack organic solids in the 
heterogeneous liquid/solid system of sludges which results in an increase 
of the concentration of organic compounds in the liquid phase. Competition 
for the OH radicals takes place between the liquid and the solid phase. 
The rate of conditioning of anaerobically-digested sludge by gamma 
irradiation was shown to be inversely proportional to the "scavenging power" 
of the liquid phase. This "power" was evaluated in terms of "phenol 
equivalents" and measurements revealed that the suspended solids of 
anaerobically-digested sludge strongly competed with the dissolved solutes 
for OH radicals. Results of this work provide a base for recommendat'")ns 
for the design and operation of sludge irradiation facilities in order to 
improve the conditioning effects of ionizing radiation. 

INTRODUCTION 

In the Netherlands more than half of the produced sewage sludge is 
utilized on horticultural, agricultural or recreational land. Application 
of sewage sludge to land usually benefits plant growth and cropproduction 
because of the value of sludge as a soil conditioner and ?>s a source of 
many essential plant nutrients. However, there are also several problems or 
potential hazards associated with application of sludge to land. These 
include odor, increased numbers of pathogens and parasites, and increased 
concentrations of potentially toxic compounds in the feed and food supply. 

Irradiation of sewage sludge in the waste water treatment processes is 
a relevant area for research and development efforts1. The handling and 
disposal of sludges from waste water treatment plants represent 
approximately half the cost of the operation of these plants. It has been 
shown that relatively small radiation doses (100-300 daGy*) can (a) Improve 
the sedimentation2 and dewatering properties of sewage sludge3,l*,s; (b) 
Simultaneously reduce the levels of pathogenic bacteria5'7; (c) Decompose 
noxious compounds8; and (d) Reduce offensive odors. Since the volume of 

* 1 gray = 100 rad or 1 daGy = 1 krad 
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material in this part of the treatment system is only one to two percent 
of the total waste water volume, the radiation source requirements are 
reduced correspondingly. 

This paper deals with studies about actions of ionizing radiation on 
the conditioning of sewage sludges, from which a model could be developed 
leading to a better understanding of conditioning mechanisms of irradiation 
and resulting in recommendations for improvements of the irradiation process. 

The system and radiation chemical concepts 

Sludges are suspensions of solids in water. The suspended solids vary 
tremendously in size. They may be formed by coagulated and flocculated 
colloidal pollutants such as cytolytic debris from sewage, live and dead 
bacterial cells, live and decaying algae, silts, clay, and organic particles. 
Since sludges are largely concentrates of decomposable organic substances, 
any oxygen in the liquid phase is quickly exhausted and anaerobic conditions 
predominate. Our measurements with an oxygen electrode showed that the 
oxygen concentration of both anaerobically digested sludge and raw sludge 
is below 0.1 mg 02/liter i<h x 10~°M). 

Raw sludge contains mostly high levels of macromolecules (e.g. 
cellulose, protein, lignin etc.), many of which are degraded upon 
anaerobic digestion9 to smaller molecules, while the overall content of 
organic matter decreases. 

Concentrations of suspended soils range roughly from 2 to 5 percent 
dry weight, depending on the source and season of the year. Sludges are 
comprised of hydrophylic solids, which contain considerable amounts of 
bound water. Sludges with 98 to 95 percent water are considered as 
heterogeneous aqueous systems. In such a system the energy absorbed by a 
component of the system upon irradiation is a function of its weight 
fraction. Most of the radiation energy is absorbed by the water (95_98%) and 
is mediated by indirect action, that is by radicals produced in the water 
molecules. The radiation decomposition of neutral water may be represented 
as: 

H 2 0 - ^ 0 H (2,8), e"q (2.3), H (0.6), H 20 2 (f.7), H2 (0.5), 

H 30
+ (2.9), and OH" (0.1) 

The number in brackets represents the yield of the transient species, 
expressed in G value, defined as the number of radicals, ions or molecules 
formed per 100 eV absorbed (Dorfman and Adams11*). 

Groneman and Schubert10 showed, among others, that the total amount, y, 
of molecules formed or disappearing, x, for a given radiation dose, 
D, is: 

Y = 1.04 x 0 (daGy) x G (x) umol/I.^D (daGy) x G (x) umol/1 . (1) 

The extent of reaction of a scavenger molecule with a given primary 
species is governed by the product of the bimolecular rate constant, k, and 
the concentration of the scavenger, S, (O'Donnell and Sangster11). A 
tabulation of bimolecular rate constants for the OH radical with selected 
scavengers relevant to this investigation is presented in TABLE 1. 

In the experiments reported here, several scavengers were used, including 
nitrous oxide, N 20, an efficient and specific e~ scavenger, which essentially 
doubles the OH yield: aq 

eaq + N2° + H2° "* N2 + 0H~ + 0 H (2) 

Alcohol scavengers, e.g. methanol, scavenge both hydroxyl radicals and 
hydrogen atoms via hydrogen abstraction: 
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Table h. Rata constants for reactions of the hydroxy I radical at neutral pH 

(excapt where noted) with selected scavengers*. 

Reaetant Rate Constant M~ sec* 

Organic scavengers 

phenol 1.* x 1010 

a 

t-butanol 5.2 x 10 
methanol 8.3 x 108 

q 
glucose 1.9 x 10 

macromolecules 1 x 10 - 10 

Anionic scavengers 

CNS* 1.1 x 1010 

Br" 1.1 x 109 

HCO" 1.0 x 107 (pH 6.5) 

33 CO" k.i x I03 (pH 10.3) 

Aftar Dorfman and Adams . The numerical values cited represent generally 

the most reliable values as evaluated by Oorfman and Adams (ref. 14, p. 21). 

It should be noted that the rate constants are usually accurate within ^ 3d*. 

RH + OH -»• R« + H20 (3) 

RH + H - R* + H 2 (k) 
Halide and pseudo halide ions (e.g. Br" and CNS") scavenge OH radicals 

and form radical anions: 

X" + OH -<• X« (5) 

X* + X" •* X"j (6) 

The e" is one of the strongest reducing agents known while the OH 
radical is one of the most powerful oxidizing agents 1 2' 1 3. In the neutral pH 
region they are the principle species responsible for oxidation or reduction. 
The relatively unreactive species, H2O2 and H2, react slowly, and this, 
together with their relatively low yields means that their redox effects 
relatively to e" or OH are generally unimportant. 

In view of the liquid/solid heterogeneous nature of sewage sludge 
suspensions, competition for the primary radicals takes place between the 
liquid and solid phases (recognizing of course that the "solid" phase is 
hydrated). The relative rates with which each phase competes for a given 
radical, e.g. OH, is given by the ratio: 

kl [Rl] (7) 

"s Osl 
where subscripts 1 and s refer to the liquid and solid phases, respectively, 
and R to the corresponding overall concentrations in whatever units are 
chosen. Groneman and Schubert10 defined the product of the rate constant,k, 
and the effective concentration of the reacting molecules the "scavenging 
power". The overall rate constant, for the heterogeneous reaction can be 
expressed as: 

k = ki + ks (8) 
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The nature and concentrations of the liquid and solid phases in sewage 
sludge systems refer to complex mixtures of numerous monomeric and polymeric 
molecules, which determine the overall and relative effect of a given 
radical. For example If a conditioning effect of irradiation involves an 
attack by OH radicals on the <=olid phase constituents, it is conceivable 
that a high scavenging power in the liquid phase will reduce or eliminate 
the effect of irradiation. 

MATERIAL AND METHODS 

Raw sludge and anaerobically digested sludge was obtained from a waste 
water treatment plant near the town of Zeist in the Netherlands. This 
conventional plane has a total capacity of about 70 000 population 
equ ivalents. 

Total suspended matter, pH, chemical oxygen demand, total carbon, 
inorganic carbon and the derived total organic carbon were determined by 
standard methods 1 5. 

Sludge samples of 500 ml were irradiated in one liter glass bottles at 
a dose rate of 1^.4 kGy/h delivered by a 6.5 PBq*60Co-source in the pilot 
plant16 for food irradiation of the Association EURATOM-ITAL. Sludge samples 
were bubbled with nitrous oxide gas at a rate of 1.9 i 0.1 liter per minute 
for 30 minutes prior to irradiation and during irradiation in some experiments. 

The samples were mixed by means of magnetic stirrers during irradiation. 
Total time for stirring and passing of gases was always adjusted identical 
for al1 systems. 

Concentrations of oxygen in sludges were determined by a galvanic cell 
method using a Precision Scientific Company Oxygen Analyser (type no 68850) 
under stirring conditions. 

Specific resistances to filtration were obtained by a Buchner funnel 
test17 from sludge samples screened through a sieve with 2 mm diameter 
openings in order to remove large particles such as debris of branches, 
coarse sand, etc. During the year sludge samples of different batches from 
the Zeist plant were employed. These contained 2 to 3% total suspended 
solids and were stored at 2°C for one week or less before use. We have not 
specified which particular batch was used because consistent effects were 
obtained under our conditions. 

Sludge settling was determined in graduated glass settling columns of 
one liter and 75 mm diameter. The positions of the liquid-solid interfaces 
of the stagnant settling sludges were recorded over a period of hours. 

Pulse radiolysis experiments were carried out using centrifugants 
(6900 x G for 30 min.) from the sewage sludges. These were irradiated with 
single 2 MeV electron pulses from a 2 MV Van de Graaf accelerator in the 
Department of molecular Biophysics at the University of Utrecht in the 
Netherlands. Details of the procedure and equipment are described elsewhere18. 

RESULTS AND DISCUSSION 

Dewatering 

The specific resistance to filtration was selected to evaluate the 
effects of ionizing radiation on the dewatering characteristics of sludges. 
This quantitative measure of fiIterabi1ity has a sound theoretical basis 1 9 

and is closely related both to the performance of drum filters and filter 
presses20 as well as in the bed yield expressed in dry weight of solids per 
area per year as liftable sludge 2 1. Sludge dewatering improves as the specific 
resistance decreases. Specific resistance is defined as the resistance of a 
unit weight of filter cake per unit area at a given pressure and is expressed 

'1 Ci = 37 GBq. 
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by the following equation: 

where r = specific resistance, m/kg; P = pressure difference, N/mz; A = area 
of filtering surface, m2; b = slope of the linear portion of the curve from 
a plot of time/unit volume versus volume s/m6; y = viscosity of filtrate, 
Ns/m2; c = weight of solids per unit volume of filtrate, kg/m^, as is 
explained elsewhere17; N = newtons. 

Results of experimental determinations of the specific resistance to 
filtration at kS kPa are presented in Fig. 1 (Pa = pascal = newtons per 
meter square = N / m 2 ) . This graph represents typical results of the effects 
of gamma radiation on two different sludges. It is seen that radiation 
conditioned the anaerobically digested sludge, drastically reducing the 
specific resistance from approximately 2h units to 7 units or 29% of its 
initial value at a dose of 300 daGy. The largest decrease of the specific 
resistance occurred in the first 50 daGy, and subsequently the extent of 
conditioning continued but at a lower rate. These observations are consistent 
with the results of laboratory and pilot plant experiments reported 
earlier3'4 using anaerobically digested sludge from Geiselbullach in West-
Germany. Figure 1 also shows that gamma irradiation had almost no effect on 
raw sludge from Zeist in this experiment. Continual absence of irradiation 
effects was observed earlier by Groneman5 employing raw sludge from an 
oxidation ditch near Bennekom in other experiments. 

In view of the relatively high content of organic compounds in the 
liquid phase of raw sludge from Zeist, it was assumed that a high proportion 
of the radiation produced radicals available for attacking the sludge solids 
was greatly reduced. Groneman5 showed that the total organic carbon (TOC) 
in the filtrates from sludge is derived directly from the sludge solids, 
which alters the surface properties of solids and thus results in the 
favourable conditioning effect. In fact, he demonstrated that irradiation 
considerably altered the structure of the sludge solids. 

Radical scavenging and identification 

In order to identify the radical or radicals responsible for the 
conditioning action of irradiation, a series of experiments was carried out 
to measure the effect on the specific resistance to filtration of different 
scavengers over a range of concentrations. 

The results of some of these scavenging experiments on the specific 
resistance of digested sludge are shown in Fig. 2. The data eliminated when 
a suitable concentration of an OH scavenger (0.02 M phenol) is added to the 
suspension. 

When an OH scavenger is used having a lower reaction rate constant than 
phenol, namely t-Butanol, it is seen that a higher concentration (0.38 M) 
t-Butanol is required to affect the specific resistance of the irradiated 
digested sludge to the same extent. In general, the degree to which the 
specific resistance is affected by a given scavenger is a function of the 
scavenger concentration. These and other data published by Groneman and 
Schuberr°suggest that the oxidizing OH radical and not the reducing 
radicals e^g and H is the principal one producing the conditioning effect. 
When essentially only OH is present, using N2O as the scavenger (eq. 2; 
N2O concentration is about 0.02 M at saturation) they report that the 
specific resistance is lowered, though slightly, from that of the controls. 
The NoO treated suspension is more effective than that treated with N- where 
the OH concentration is less. 
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Fig. 

50 ICO 2C0 3C0 
Radiation <icse (CaGy) 

60, 1. Effects of Co-gamma irradiation on the specific resistance to 
filtration of raw and anaerobically digested sludge each containing 
3 percent by weight of suspended solids. 

t-autanol (0.38M) 

Phenol (0.02Mp 

100 2C0 
Radiation dose (daGy) 

300 

Fig. 2. Effects of °°Co-gamma irradiation with radical scavengers on the 
specific resistance to fTitration of anaerobically digested sludge from 
Zeist with 2.1% suspended solids. Dose rate 2k daGy/min. The average 
specific resistance of all unTrradiated samples was 24.6 +_ 0.7 x 10 1 3 

kg/m. The normalizing factors to 20.00 x 10 1 3 kg/m were for 0.38 M 
t-butanol = .79; 0.02 M phenol = .84; 28 x 10_1+ M phenol = .83; 
7 x 10-t+M phenol = .78; control = .83. Samples were run in duplicate 
or more and the average deviations of the means are given by vertical 
lines wnen they exceeded the size of the symbols. 
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The results shown in Fig. 2 indicate that the effect of added scavenger 
on the specific resistance might depend on the value of the scavenging power. 
In fact, this is the case as seen from Figs. 3 and k where the reduction in 
value of the specific resistance for an ionic OH radical scavenger KCNS, 
over a range of concentrations such that the lowest produced little or no 
effect on the specific resistance and the highest concentrations, 
eliminated almost the irradiaton effect. In Figs. 3 and k measurements of 
3 experiments are summarized employing different batches of anaerobic 
digested sludge. They show a close relationship between the scavenging 
power and the conditioning effect of irradiation. Groneman and Schubert 1 0 

found that a similar relationship holds for a variety of different 
scavengers, of which the rate constant varied by as much as 27-fold. 
Within experimental error, all of the scavengers had the same quantitative 
effect on the specific resistance regardless of chemical structure (aliphatic, 
aromatic, or anionic) and on the nature of the attack by the OH radical 

S« l t » t l of no «<f*ct. unirradiated jamplt» 

a. 

+.KCNS no, 26-4-1377 
n.KCNS « o 24-3 - I3T7 
O.KCNS t i n 2 -3 -1977 

Lr<«l of conditioning tilett of ICO daGy 

5.3110" S.SllO' 5 . 3 J I ( T 

TO5 10° ]Q7 103 

Scavenging power; K [ S ] 
103 

Fig.3 . Effect of the scavenging power of the ionic OH scavenger KCNS on 
the conditioning influence of 100 daGy of °^Co-gamma irradiation on 
anaerobically digested sludges from Zeist. 

Fig. k. 

10° 10r 10° 10: 

Scavenging power; K IS] 

Effect of the scavenging power of the ionic OH scavenger K 
conditioning influence of 300 daGy of ° Co-gamma irradiati 
anaerobically digested sludges from Zeist. 

KCNS on the 
on on 
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Fig. 5. Effects of °^Co-gamma irradiation and an OH scavenger butano! 
on the settlability of an anaerobical ly digested sludge with 1.6?o 
suspended sol ids. 

(e.g. addition (phenol); hydrogen abstraction (methanol and t-butanol); 
inorganic electronic transfer (KCNS), and the different reactivity of the 
scavenger radical (methanol _vs_ t-butanol). 

Settling 

Gravitational separation of solids from suspensions by sedimentation is 
an important process in the treatment of waste waters. To determine whether 
the effects of gamma irradiation on sedimentation of sludge are also induced 
by OH radicals a series of settling experiments was performed. Gamma 
irradiation increased the prompt settling rate of anaerobically digested 
sludge, as demonstrated by typical results shown in Fig. 5-

The improved settling rates of the treated samples are expressed in 
percentages of the settling rate of the untreated control sample: 

Vo) - (Vt control - Vo) improvement in settling (%) = (Vt t r e a t ^ 
(Vt control 

(Vt control 
- Vo) x 100 

where "Vt treated" and "Vt control" are the settled sludge volumes read at 
the distinct demarkation between sludge and supernatant at time t, of the 
treated sample and the untreated control sample, respectively. Vo is the 
volume of the sludge at time t = o, which was 1000 ml in this case. 

In the presence of an adequate concentration of an OH scavenger (derived 
from Fig. k), O.38 M butanol for Instance, the effect of gamma irradiation 
on the settling rate wac eliminated. The addition of butanol had no important 
effect on the settling rate of anaerobically digested sludge. 
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Settling curves constructed from results of settling tests on un
irradiated control samples could be divided into four parts, e.g. the lag 
zone, the rapid subsidence zone, the transition zone, and the compression 
zone. The Improved settling of the sludge caused by the 300 daGy 
irradiation treatment was due mainly to the almost total elimination of the 
lag zone in which the attenuation of the turbulence in the settling column, 
the flocculation of solids, and the establishment of channels through the 
subsiding mass through which displaced liquid can rise to the liquid-solids 
interface takes place. 

Total organic carbon 

It was alluded earlier to the fact5 that the TOC increases with 
increasing dose of radiation. If the assumptions are valid, then the increase 
in TOC could be reduced or eliminated in the presence of added OH scavenger. 
Accordingly, Groneman and Schubert10 added a non-carbonaceous OH-scavenger, 
namely, the bromide ion to test this assumption, using a concentration of Br" 
sufficient (0.0^4 M KBr) to markedly reduce the conditioning effect of 
irradiation (this concentration gives a k x [s] = k x 10'). The results of 
their experiment, showed, indeed, that the increase in TOC was greatly 
reduced in the presence of 0.04 M K8r. 

Hydrogen peroxide effects 

Addition of hydrogen peroxide to unirradiated anaerobically digested 
sludge little affects the specific resistance to filtration (Fig. 6 ) . Only a 
slight statistically insignificant decrease of specific resistance with 
increasing concentrations of H2O2 was observed despite a bleaching action of 
H2O2. These observations, together with earlier radiation experiments5, 
demonstrate that H2O2 is ineffective whether added directly or when produced 
radiolytically during the bubbling of oxygen through the sludge. The 
combination of irradiation and added H2O2 actually lessened the radiation 
conditioning effect (Fig. 6 ) . It appears that the overall effects of H 2 0 2 

0.1 1 __ 10 
Concentration of HjO2(10"*M) 

Fig. 6. Effect of hydrogen peroxide and °°Co-gamma irradiation (2k daGy/min) 
on the specific resistance to filtration of anaerobically digested 
sludge from Zeist with 1.7% suspended solids. Samples were run in 
duplicates or more and the average deviation of the means are give 
by vertical lines when they exceeded the size of the symbols. 

1 ven 
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are mediated via its chemical actions on the liquid and solid phase 
components of the sewage sludge system. These studies along with the 
results depicted in Figures 2, 3 and k, further support the conclusion 
that OH radicals are primarily responsible for the conditioning effect of 
ionising radiation on sludge. 

Pulse radiolysit. 

Exploratory series of pulse radiolysls investigations on the liquid 
phases of raw and digested sludge were performed, the purpose of which 
was to determine their relative OH scavenging ability. Since we are 
dealing with a heterogeneous, chemically ill-defined system, the normal 
procedures for carrying out the pulse radiolysis experiments had to be 
modified, especially because of the opacity of the suspensions. However, 
Groneman and Schubert10 found that they could obtain useful 
information when the solid content of the sludge suspensions did not 
exceed about 0.1% by dry weight of solids (O.D. = 0.5 in a 2 cm cell) 
at 500 nm. 

The relative OH scavenging power of the sewage sludge centrifugants 
(6900 g for 30 minutes) was determined by a competitive procedure, using 
the intense transient absorption (esoo = 7.1 x 10^ M"' cm"') produced by 
the (CNS)2 radical anion formed from CNS" upon OH scavenging 2 2' 2 3. The 
(CNS)^ radical has a characteristic sharp absorption peak at ^80-500 nm, 
and is relatively long-lived. Figure 7 is a typical oscillogram showing 
the absorption at 500 nm produced in centrifugants of sludge irradiated 
at 300 daGy. The oscillogram suggests (CNS)2 decays by a second-order 
process. 

Results of such pulse radiolysis experiments provide information 
that the OH scavenging power of the raw sludge liquid phase was greater 
than that of the anaerobically digested liquid phase, as anticipated 
from the TOC and solids and the relatively small or negligible effect on 
the specific resistance. To a first approximation one can neglect 
the competition for OH from the inorganic carbon components, namely, 
carbonates and bicarbonates, because of their relatively low rate 

Fig. 7. Growth and decay of (CNS)„ absorption in centrifugant of an an-
aerobically digested sludge, which was irradiated at a dose of 
300 daGy. Wavelength: 300 nm. Ordinate: 16.6% change in trans
mission ^er large division. Abscissa: 20 usecond per large 
division. Radiation dose: 5-3 daGy/pulse of 550 nsecond duration. 
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constants (Table 1), and, considering their concentration, the resulting 
small scavenging power (i> 2 x 10°). 

It is clear that the suspended solids compete very strongly against 
the dissolved solutes for the OH radicals. From a consideration of tl.e 
steady state and pulse radiolysis results, a rough estimate of the OH 
scavenging power of the solids in the anaerobically digested sludge to 
that of the liquid phase compounds can be made. Thus, from the data in 
Figs. 3 and *• it is seen that a value of k x [sj of less than 3 to 
6 x 10° has no influence on the specific resistance. This corresponds to 
a concentration of CNS" of less than approximately 5 x 10-i*M. In the pulse 
radiolysis investigations, Groneman and Schubert1" reported that a 
concentration of CNS" of greater than 5 x 10"^ M at a maximum of 1 0 " 3 M or 
a scavenging power value of approximately 10' competed effectively for the 
OH against the liquid phase components. Since it takes a scavenging 
power value in the liquid phase of 3 to 8 x 10° (Figs. 3 and k) to 
completely eliminate the conditioning effect of irradiation, then a 
scavenning power.of the solids could be estimated to be roughly 3 to 
8 x 108 / 6 x 106 - 50 to 133 times that of the liquid phase. 

Groneman and Schubert10 have found it convenient to express the 
relative OH scavenging power in terms of "Phenol Equivalents" (PE) -
defined as the concentration of phenol which modifies a given effect. 
In the pulse radiolysis experiments, for example, the PE corresponds to 
the calculated concentration of phenol which will reduce the O.D. of 
the (CNS)^ peak in the N£0 saturated matrix to the same extent as the 
sewage sludge centrifugant. 

Irradiation (300 daGy) of the sewage sludge increased the PE's about 
10* which reflects the increase of TOC's in the liquid phase. However, it 
is realized that the changes produced in the solutes and the solids by OH 
radicals may increase or even decrease the scavenging power independent 
of the changes in TOC, depending on the nature of the induced chemical 
and physical changes, i.e. the OH rate constants of the irradiation 
modified constituents will depend on the nature of the chemical and 
physical transformations and the radiation dose. 

CONCLUSIONS 

The results described in this paper support the following mechanism 
by which ionizing radiation affects the conditioning of sewage sludge: 
The OH radicals produced by water radiolysis, attack the suspended solids, 
changing their physical properties and also, by chemical attack, detach 
organic compounds which pass into the solution. The latter effect could 
increase the OH scavenging power of the liquid phase and hence less OH 
radicals become available for attacking the suspended solids. 

This mechanism clarifies many earlier observations suggesting 
recommendations for improving the conditioning effects of irradiation on 
sewage sludge to be formulated and tested experimentally. 

In view of the very high OH scavenging power of suspended solids, 
there must exist critical levels of solids, above which the irradiation 
effects will be lessened because the number of OH radicals available per 
particle will necessarily be decreased. Also the dumping or presence in 
the sewage sludge of pollutants having very high reaction rates with OH 
can inhibit or reduce the irradiation conditioning effects. However, 
since the OH rate constants of numerous organic and inorganic compounds 
are known11*, this problem can be avoided or minimized by reasonable 
pollution control regulations for certain non-degradable compounds (e.g. 
phenol) as is done in conventional sewage treatment processes. 
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Certain recommendations regarding plant scale operations also follow 
from the model presented here. For example, mechanical processes such as 
stirring, bubbling, and blending increase the TOC of the liquid phase. 
This in principle, could reduce the OH attack on the suspended solids. In 
fact, Groneman and Schubert10 have found that these operations increased 
the TOC's from about 7 to 17%. Other experiments demonstrated that 
bubbling with N2 yd: at a flow of 1.9 liter per minute for 30 minutes or 
intensive stirring for half an hour both increased the specific resistance 
of anaerobically digested sludge approximately one or two units. Shearing 
forces due to stirring and bubbling impair the structure of the sludge 
flocks, increasing the specific resistance to filtration. Blending 
anaerobically digested sludge for 12 seconds drastically deteriorated 
the dewatering characteristics, increasing the specific resistance to 
approximately twfce its initial value. These results confirm 
observations explained earlier in more detail elsewhere3'24. 

The adverse effects of mechanical processes described above could be 
reduced or circumvented in several ways. These include: (1) Improvement 
of the conditioning effects of irradiation by increasing the radioactivity 
of the irradiation source in a batch wise working plant such as described 
by Suess et al. 2 5. A higher dose rate would reduce the period of re
circulating pumping and increase the capacity of the plant. This decreases 
negative effects on the dewatering characteristics and lessens the increase 
of the TOC concentration in the liquid phase due to mechanical shearing 
in the sludge; (2) One could consider the use of other non-centrifugal 
pumping devices; (3) Changing the design of the plant. For instance, 
a continuous sludge irradiation facility, in which the sludge slowly flows 
through a radiation field as proposed by Herkert25 and Simon et al. 2 7. 
Blending should be avoided because of its negative effect on the dewatering 
characteristics and the increase of organic compounds in the liquid phase. 

Th»j lack of any positive conditioning action or even adverse effects 
of H2O2 whether added chemically or produced in large amounts radio-
lytically during bubbling of O2 in sewage sludge, signifies that its 
action is very different from OH. tt Is conceivable that by virtue of its 
weak oxidizing actions, H-O2 increases the number of charged groups on 
the suspended solids. This could lead, depending on the H0O2 
concentration, to an increase in hydration and/or change in the 
scavenging power of the solids. Further, the observed bleaching action 
of H2O2 and the increase in TOC5 on the liquid phase, could change the 
OH scavenging power of the liquid phase components as well. In any event, 
the conditioning effects on sludges of O2 is little or no better than 
when N2 is bubbled5 apparently because or the fact that H2O2 itself is 
ineffective. 

Finally, the mechanism of action of irradiation discussed in this 
paper also lead to some chemical, radiation-chemical approaches for 
improving the-conditioning effects. Since our mechanism involves direct 
attack of OH on the suspended solids, one objective would be to increase 
the concentration of OH at or near the surface of the negatively charged 
solids. One approach would be to utilize positively charged catalysts to 
sorb or concentrate on the negatively charged solids and generate OH 
radicals while O2 is bubbled through the sludge during irradiation, 
assuming that the catalysts themselves do not possess a high OH 
scavenging power. For example in the presence of 0 2 or H2O2, the Uden-
friend reagent 2 8' 2 9 presumably produces OH radicals, and, aside from 
ferrous sulfate, the components of the reagent and their concentrations 
possess a very high scavenging power (ascorbic acid, k = 1.2 x lO'O; EDTA, 
k = 10° - 10 1"). Therefore one would not expect any enhanced 
conditioning effect but rather a reduction as with other' OH scavengers 
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and in fact, this is what Groneman and Schubert10 found when they 
irradiated sewage sludge during O2 bubbling in the presence of the 
Udenfriend reagent. 

The investigations demonstrate that the irradiation treatment of 
sewage sludge is based on a well defined mechanism. Practically this 
leads to logical process control procedures for the operation and design 
of a plant utilizing irradiation treatment of sludge. The advantages of 
irradiation treatment where applicable relative to current sewage 
treatments processes include: (l) No heat energy is required; (2) Corrosion 
and deterioration of dewatering properties are minimized in contrast to 
thermal pasteurization treatments; (3) Environmental contamination by 
addition of chemical substances such as polymers or metals, as is 
required in chemical conditioning processes, is practically eliminated. 
This also means that the irradiated sewage sludge is more readily 
available for use in agriculture, namely as fertilizer and as soil 
conditioner; and (4) No separate treatment for, reduction of pathogenic 
bacteria is required. 
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Abstract 

BENEFICIAL USE OF WASTE NUCLEAR ISOTOPES - 1 3 7Cs RADIATION TREATMENT OF 
MUNICIPAL SLUDGE AND COMPOST. 

For the past several years the Nuclear Research and Applications 
Division has been sponsoring, in cooperation with EPA, a program to 
develop the technology and investigate the potential of using gamma 
radiation to reduce pathogen levels in sewage sludge. The irradiation 
source would be cesium-137 which has been extrdcted from the reactor 
wastes and diverted to this use. It would be used in this irradiation 
process until its source strength had decayed to. the point that it was 
no longer effective. At that point it would be transferred for disposal. 
This sludge irradiation program is a part of a larger effort to develop 
beneficial uses of individual isotopes or combinations of isotope 
contained in the reactor wastes. Such potential applications include 
strontium-90 for power generations in remote applications, extraction 
of platinum family metals to help alleviate demands on foreign supplies, 
and use of krypton-85 in self-luminous light sources. Slude irradiation 
offers what appears to be near-term benefits and has received the major 
focus in this program. This summary report reviews the progress and 
current status in the sludge irradiation program. It reviews the back
ground of the national sludge problem and describes how the irradiation 
process may be applied to this problem. The two major approaches, wet 
and dry irradiation, are described and their technical and economic 
potential is discussed. Finally, the status of on-going efforts to 
experimentally apply irradiation sludges are summarized and a projected 
development plan is outlined. In summary, the results of the studies 
conducted to date indicate that sludge irradiation on a large scale could 
become an important and economically viable process. The basic irradiation 
technology exists. The need for improved sludge management is universally 
recognized and the existence of sufficient quantities of cesium-137 in 
the reactor wastes appears destined to occur. The uncertainties involve 
the specific economics of extracting the cesium from the wastes and the 
cost effectiveness and practicably of the irradiation process in 
competition with other potential sludge treatment methods. Efforts are 
being focused on these aspects of the program. 
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NATIONAL SLUDGE PROBLEMS 

Sludge collection, treatment, and disposal are an important 
part of almost any wastewater treatment process. Residual 
solids are produced in nearly every unit process of con
ventional wastewater treatment, and a significant portion 
of both capital outlay (from 30% to 50%) and operating and 
maintenance costs are due to the sludge management system 
in conventional sewage treatment. Many publications are 
available which deal with various aspects of municipal 
sludge production, processing, and management; however, 
little data for evaluating the environmental acceptance 
and cost-effectiveness of various alternatives exists. 

Sludge Production 

A typical sewage treatment plant will generate approximately 
one ton of dry sludge for every million gallons of waste 
water. Of the more than 22,000 municipal treatment plants 
in the U.S., fewer than 350 are larger than 10 MGD (million 
gallons per day); approximately 65% are less than 1 MGD in 
design flow and there are roughly 5,000 plants using lagoons 
which do not require day to day sludge management. 

In total, over 5 million dry tons of municipal sludge are 
being produced each year in the U.S. With passage of 
PL 92-500 (the Water Pollution Control Act Amendments of 
1972) the requirement for secondary treatment is expected 
to increase this volume by approximately 80%. Table I 
lists the ten largest municipal sludge producing cities in 
the U.S., and the disposal methods currently employed. 

Disposal Alternatives 

The current breakdown for national municipal sludge dis
posal processes is shown in Table II. 

Except for land application, these options provide little 
means for the beneficial reuse of municipal sludges. In 
addition, each of the options is faced with serious 
problems. 

Ocean dumping has been ruled out for municipalities not 
currently dumping, and sludges which are currently being 
dumped do not meet the ocean dumping requirements 
(40 CFR 220) . Both the Federal Water Pollution Control 
Act Amendments of 1972 (PL 92-500) and the Marine Pro
tection, Research, and Sanctuaries Act of 1972 (PL 92-532) 
require the development of federal standards on materials 
entering the oceans. Efforts are underway to phase-out 
most ocean-dumping by 1981. Various contaminants such as 
heavy metals, organic pesticides, PCB's, and others are 
known to bioaccumulate and interfere with reproduction or 
cause toxic effects tc certain marine organisms. Of 
immediate concern are mercury, cadmium, and chlorinated 
hydrocarbons. 

- 58 " 



TABLE I 

C'ity 

New York C i t y 
( M e t r o p o l i t a n a r e a ) 

Chicago 

Quantity of Sludge 
(Dry Tons/Day) 

230 (600) 

800 

Los Angeles, CA 
(and County) 

Philadelphia, PA 
(Metropolitan area) 

Detroit, MI 

Houston, TX 

500 

140 (190) 

160 

160 

B a l t i m o r e , MD 

D a l l a s , TX 

•Washington, DC 

C l e v e l a n d , OH 

140 

120 

400 

200 

Present Disposition 

Ocean/Landfill; 
Pyrolysis Proposed 

Land Applications/ 
Give-away/Bulk Sales/ 
Lagooning 

Ocean; Compost and 
Bagged 

Ocean; "10-pt." 
Plan Proposed 

Incineration 

Land Applications/ 
Dried & Bulk Sales 

Landfill/Lagoon/ 
Land Applications 

(Lagooning); Land 
Applications Proposed 

Land Applications/ 
Compost/injection/ 
Bulk Sales 

Landfill/incineration 

TABLE II 

Method 

Ocean Disposal 

Incineration 

Landfill 

Land Application, cropland 

Land Application, other 

% Total Municipal Sludge 

15 

35 

25 

20 

5 
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Incineration leads to a 90% volume reduction, but only with 
a substantial energy input, either in dewatering sludge or 
in the form of auxiliary fuel. Water removed and stack gas 
scrubber waters must also be treated. There are problems 
with particulates and mercury levels in emissions from 
incinerators, and questions remain concerning chemical 
contaminants such as PCB ' s . . 

The major drawback to landfill operations is the effect on 
groundwater quality where substantial leachates are produced, 
and the availability of suitable sites. Recent data indicate 
that groundwater contamination problems due to leachates 
from landfills receiving sewage sludges may be more wide
spread than originally envisioned. Lead and mercury are 
the contaminants of most immediate concern. 

Land application of municipal sludges (croplands, forests, 
other sites) provides a means of sludge disposal and bene
ficial reuse at the same time. Nutrient value is relatively 
low (nitrogen, potash and potassium is approximately 
3:2.5:0.3 respectively - depending on the particular sludge) 
but sludge can serve as a valuable soil conditioner. As a 
fertilizer the nation's output of municipal sludge could 
fulfill the current nitrogen requirements of up to 1% of 
the agricultural land in the country. However, as a soil 
conditioner, the impact could be even more significant. 

The major technical problems facing proposed land appli
cations center on the potential human health risks involved 
in growing crops that enter the human food chain. The 
principal concerns evolve around the heavy metals and 

pathogenic agents which may be contained in the sludges. 
The heavy metal question may have to be addressed by source 
control since a cost effective technology, other than source 
control, does not currently exist for removing such con
taminants from sludges prior to application to land. With 
respect to pathogenic agents, sludges do contain human 
pathogens (e.g., bacteria, viruses, and parasite ova) which 
can survive digestion, and which can be transmitted to and 
remain on agricultural products. A survey of the literature 
on pathogen survival has been published. As states and 
municipalities become more aware of the pathogen problem, 
strict limitations may be placed on sludges intended for 
land application. For example, the California State Health 
Department has proposed standards for sludge to be sold as 
fertilizer which require less than 1 coliform per gram and 
the absence of viable human parasite ova and viruses. 

PRINCIPLES OF SLUDGE IRRADIATION 

The use of ionizing radiation in reduction of pathogens has 
been suggested for wastewater applications for many years. 
The effective destruction of coliforms, viruses, bacterial 
spores., enterococci, parasites, and algae found in sewage 
has been studied extensively in the last two decades. 
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Simultaneous heating of the sewage sludge during irradiation 
has led in many systems to a significant synergistic effect 
in which the combined treatment is more effective- than the 
sum of the individual treatments. Additional pathogen 
reductions are obtained by the addition of oxygen gas. 
These effects have been demonstrated with coliforms, fecal 
streptococci and Salmonella. 

In addition to biological inactivation, many examples of 
beneficial chemical and physical changes have been reported. 
An important change is ari enhancement in settling rates or 
dewatering characteristics of sludges following radiation 
treatment. 

Treatment facilities using ionizing radiation are operational 
in several locations. A pilot facility using cobalt-60 for 
wastewater treatment has been operated in Burlington, 
Ontario; an electron accelerator facility is currently being 
used to treat sludge (2% solids) at Deer Island, near Boston; 
and a full-scale sludge treatment plant is currently oper
ating in Munich, Germany, again using cobalt-60 as the gamma 
source. 
An alternative gamma source is cesium-137 from nuclear 
reactor wastes. Because cobalt-60 has been used exten
sively over the years, its value and cost are well 
established. In large quantity, cobalt-60 can now be 
purchased at approximately 40C/Ci (Curie). Using quite 
reasonable assumptions, the cost of cobalt-60 has been 
compared to that of cesium-137. The gamma source 
efficiencies used in the calculations neglected build-up 
factors; however, the error should be small, since the 
factor was considered for neither isotope. Efforts are 
currently underway to compile the gamma source efficien
cies including the build-up factors. Assuming a facility 
lifetime of 10 years, a 10% interest rate, a 2, 5, and 10 
year replenishment time for cesium-13 7, and a 2 year 
replenishment schedule for cobalt-60, the following cost 
equivalent values for cesium-137 were determined: 

Source Value (cents/Ci) 

2 year 5 year 10 year 

Cs-137 20* 19.6« 18.8* 

These values include differences between cesium and cobalt 
in energy per fission, and self-absorption of the gamma 
rays, but neglect the cost of labor to replenish the source. 

WET THERMORADIATION SYSTEM 

Considerable effort has been put into the determination of 
inactivation parameters for pathogens in liquid sewage 
sludges using both cobalt-60 and cesium-137. The majority 
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of this work has been done using a remote laboratory scale 
static process. Bacteria monitored were as follows: 
(a) coliforms, the standard "indicator" organism for waste
water treatment (non-pathogenic); (b) fecal streptococci, 
probably the most radiation resistant bacteria present in 
sludge; znd (c) Salmonella, pathogenic bacteria consistently 
present in sludges. D-values (the absorbed dose required 
for each 90% reduction in population) at various tempera
tures, and in some cases with oxygen supplied (bubbled) 
prior to and during the irradiation, are listed in Table III 
for the three bacteria in digested sludge. This data shows 
that a 300 krad treatment for five minutes with oxygenation, 
would be effective in reducing coliforms, fecal strep, and 
Salmonella by > 15, >3, and > 15 logs, respectively, at 
20°C. The reductions are higher at: elevated temperatures. 

T°C 

23 

40 

c o l i f o r m s 

2 5 - 3 0 ( 8 ) * 

25 

TABLE 

D-

: i n 

• v a l u e ( k r a d ) 

f e c a l s t r e r> 

1 3 0 - 1 3 5 (87) 

129 

S a l m o n e l l a 

26 (13) 

45 20 129 

50 

55 

60 

65 

23 

10 -15 (4) 

15 

5 

109 

86 

7 0 - 97 (32) 

46 

19 (11) 

•Numbers in parentheses were determined in oxygen-saturated 
sludges. 

Inactivation rates of Ascaris lumbricoides (parasite) ova 
in various media were determined; the curves were non-linear, 
unlike the bacterial inactivations, and the data are pre
sented in Table IV as "dose required for a 3 log (99.9%) 
reduction" in embryonation ratio. 
BasedQon experimental data it is clear that 300 kilorads 
at 23 C is sufficient treatment to prevent embryonation of 
more than 6 logs/ml of Ascaris lumbricoides ova in liquid 
sludge. .... 

Unlike bacteria and parasite ova, viruses tend to be 
relatively radiation resistant. They are heat labile, 
however, and, in addition, ammonia present in sludges at 
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PH's of 8 or higher has been found to be virucidal for 
poliovirus and several other enteroviruses. Studies 
are currently underway to determine the mechanisms by which 
viruses are inactivated in sludges. 

In addition to inactivation studies, there is considerable 
interest in biological modification of the process of 
anaerobic sludge digestion, for the purpose of increasing 
methane production. Schemes for. conserving nitrogen through 
assimilatory denitrification are currently being investi
gated. 

TABLE IV 

Inactivation of Ascaris lumbricoides Ova 

Irradiation 
Temperature 

(°C) 

23 

23 

47 

51 

60 

23 

51 

23 

Inactivation 
Medium 

saline 

• water 

water 

water 

water 

supernatant 

supernatant 

sludge 

Dose for 
3-log Reduction3 

(krads) • 

65b 

85,140c 

40 

40d 

10 

140C 

70d 

90b 

aReduction of embryonation ratio 
b, c, d„ , , ' ' Same dates 

It should be mentioned that, although enhanced filterability 
of sludges results from the irradiation process, it is not 
known whether this benefit will defray any of the chemical 
costs in dewatering operations. 

Based on the existing data, a thermoradiation treatment 
process of 55°C, 300 krads and a residence time in the 
irradiator of 5 minutes has been selected and a pilot plant 
to treat 20,000 gallons of digested sludge per day for the 
city of Albuquerque has been conceptually designed. A lay
out of the proposed plant is shown in Figure 1. The 
irradiator and source pins would be used and stored in the 
25-foot pool shown. The proposed plant is actually a Dilot 
facility and would be an extremely flexible research facility. 
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It could treat digested, thickened raw, or centrifuged 
activated sludge to thermoradiation cycles of up to 75°C and 
2 Mrad. The facility is projected to cost in the range of 
1.5 to 2.0 million dollars, including 0.5 million for the 
'irradiation source. 

Projecting these estimates for production-type facilities, 
the cost per dry ton of 6% solids sewage sludge has been 
calculated. Assuming IOC per curie of cesium-13 7,, a 20 year 
amortization scheme at 5-7/8% interest, and best estimates 
for operating costs, the cost curves in Figure 2 were 
developed for irradiation to 1 Mrad and to 500 krads, 
pasteurization at 70°C for 30 minutes, and the proposed 
thermoradiation cycle discussed above. The costs for 
pasteurization are lower than those of irradiation or thermo
radiation. The costs could, however, be made comparable if 
a low cost, perhaps chemical, treatment were devised for the 
viruses. All other pathogenic species are sufficiently 
destroyed by 500 krads with oxygenation. It should be 
mentioned, also, that use of the radiation source conserves 
an appreciable amount of thermal energy (e.g., approximately 
0.1 MBTU/Ci or 43,800 gallons of #2 heating oil per year for 
the operation of a facility like the proposed Albuquerque 
plant) . 

DRY OR COMPOST IRRADIATION 

There is currently considerable -'nterest in composting 
municipal sludge as a treatment alternative. The advantages 
are: (1) a significant reduction in pathogen content can 
be realized; and (2) the partially dewatered sludge (20-35% 
solids) is dried to 60% solids in the process of composting. 

dried sludge storage 

dc!",umidilier\ 

dried sludge pickup point 

55' 

3* x7' x 1-3/4" 
hollow metal 

doors (both sides) 

control panel 

S" block walls 

10' x 10' overhead 
doors (both sides) 

IRRADIATION ROOM LAYOUT 

Figure 1. Schematic for sludge treatment facility proposed 
for Albuquerque. 
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Figure 2. Cost comparison of irradiation, thermoradiation, 
and pasteurization of liquid sludge. 

In addition, the problems concerning odor are significantly 
less in compost, particularly when compared to raw sludge. 

Los Angeles County Sanitation District has been composting 
dewatered, digested sludge since 1972. The fresh sludge is 
mixed 3:1 with composted sludge, turned once daily, and 
allowed to digest for approximately 30 days. The finished 
material is sold as a soil conditioner. Approximately 100 
dry tons of sludge per day are handled this way, with 
expected expansion to handle 275 dry tons. The process is 
particularly effective in the summer months but may have 
some limitations in consistently meeting on a year-round 
basis the State Health Department's proposed regulation 
standards on sludge for commercial use. A major problem is 
with Salmonella - particularly during the winter months or 
where regrowth is observed. 

Another composting approach is that developed by the U.S. 
Department of Agriculture at the Beltsville Agricultural 
Research Station near Beltsville, Maryland. This compost
ing operation treats 12 dry tons/day of dewatered raw sludge 
(lime stabilized and filterpressed) mixed with woodchips. 
Windrows are not used. Instead the process uses large piles 
of composting material, through which air is pulled by 
forced circulation. The exhaust air is pumped into a small 
heap of fully composted material, which absorbs nearly all 
the offensive odors. Again, Salmonella persistence is 
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common, and regrowth has been observed in the band of com
posted/non-composted material near the surface of the piles 
where the temperatures reached may not be high enough to be 
lethal to the bacteria. 

Sandia Laboratories has conducted research on irradiation 
of composted sludge and has designed an irradiation system 
capable of treating several tons of dried or composted 
material per day for research purposes. Figure 3 shows a 
schematic of this facility. The research to date indicates 
that a one Mrad dose at ambient temperatures should reduce 
all pathogens to acceptable levels. Based on this treatment, 
a conceptual design was made of an irradiator proposed to be 
located in the USDA operated Beltsville site. Approximately 
25 tons of compost is generated per day at this facility. 
The proposed irradiator facility would be capable of treat
ing all of the compost if operated continuously. The 
approach would be to place the compost in 50 pound bags 

DRY IRRADIATOR (AREA 3 ) 

SOURCE PLAQUE 

lUTPUT Figure 3. Schematic for 
proposed Sandia dry sludge 
irradiation facility. 

after the 21 day composting cycle and then go through the 
irradiation step. This approach may make it possible to 
eliminate the 30 day additional storage cycle now required 
for additional stabilization. In this way, potential re-
growth of any pathogens should be eliminated and the 
compost could be marketed to the general public as a 
sterilized or disinfected product. Currently, the state 
of Maryland limits this compost to non-residential or non
food crop uses. The projected cost of the irradiator 
would be between 1.5 and 1.8 million dollars, including 
the source. 
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Using assumptions on interest rates, source cost, etc., 
similar to those used for the wet thermoradiation, costs 
per dry ton for composted sewage sludges have been calcu
lated. The results are summarized in Figure 4 and show 
that the projected costs for 25% solid material should be 
in the range of $10 per dry ton for the Beltsville plant. 
For dryer sludges (> 75% solids) produced by larger plants 
(>25 tons per day), the inactivation cost should drop to 
less than $5.00 per ton. 

MAJOR CONSIDERATIONS 

Cesium-137 Availability 

A major question frequently raised concerns the projected 
availability of the cesium source material. Projections of 
the amount of cesium-137 generated per year are available 
in publications by P. O. Blomeke of ORNL, and C. M. Heeb 
of PNL. Blomeke projects that over 500 Mci per year of • 
cesium-137 will be generated in the commercial nuclear 
industry. This amount of cesium-137 would be adequate to 
treat all the compost that could be generated by New York 
City, Chicago, and Los Angeles; or to construct 25 sludge 
thermoradiation treatment facilities, each with a capacity 
of 200,000 GPD sludge flow. In addition, nearly 200 Mci 
will become available from the Waste Encapsulation and 
Storage Facility (WESF) at Richland, Washington. 

The major uncertainty concerns the economic viability of 
extracting the cesium from reactor wastes. A related 
question concerns the effect of isotope separation on the 
waste management process selected for the nuclear industry. 

o 19 

"- 10 
o u 

s 

0 3 50" 75 100 125 

PLANT CAPACITY, DRY T0NS/0AY 

Figure 4. Treatment costs for irradiation 
of dry sludge. 
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These questions are being addressed in studies planned to 
be conducted in conjunction with commercial processors and 
related cost-benefit analysis. 

Public Acceptance 

A potentially significant concern in irradiation treatment 
processes is public acceptance, i.e., will the responsible 
public health agencies allow the sludge to be irradiated 
and will the public support or accept its general use once 
it is irradiated. With respect to the first question, 
since the process will use gamma irradiation, no residual 
radioactivity will be produced. Therefore, the process 
should be viewed in the same context as existing gamma 
irradiators for other processes such as sterilization of 
medical supplies. 

Public acceptance of irradiated sludge appears achievable. 
Sludge itself is commercially marketed in several cities 
and, in others, it is currently disposed of by offering it 
free of charge to the public if they will haul it away. 
The major need therefore appears to be to demonstrate that 
the irradiation is a processing step that does not have 
adverse effects. This will require a carefully planned 
public information program involving ail elements of the 
public and appropriate environmental groups. 

Product Value 

As a product with potential commercial value, sludge could 
be used in land applications (fertilizer or soil amendment) 
or it could be considered for use as range animal feed 
supplement. In fact its nutrient value is calculated to be 
higher as a feed supplement than in agricultural use. In such 
applications, it would be used in place of cottonseed or 
soybean meals which are the feed supplements generally 
employed. 

As a fertilizer, sludge would have to base its product value 
against standard commercial fertilizers. As a soil amend
ment, sludges value in the commercial market has been 
established by Milorganite, the sterilized sludge product 
marketed by the city of Milwaukee. 

The rough product value of irradiated sludge in these 
potential markets is summarized in Table V. 

SLUDGE USE STUDIES 

Several tons of sewage sludge have been irradiated to ~ 200 
kilorads at 65°C for the purpose of providing material to be 
tested for nutrient value in animal feeding and in fertilizer 
studies. Due to recontamination and bacterial regrowth 
during subsequent drying, the material was treated to 
— 1 Mrad at ambient temperature to insure the elimination 
of Salmonella bacteria. 

- 68 -



TABLE V 

PRODUCT VALUE 

Use 
Process 
Cost 

$ 30-40 

40-50 

30-50 

35-55 

Resale 
Value 

$ 25-30 

100 

10-15 

60-70 

Thermoradiated Fertilizer 
Sludge (Natural) 

Anirna 1 
Supplement Feed 

Compost Soil Amendment 
(Unirradiated) (Limited Use) 

Irradiated Soil Amendment 
Compost (Commercial) 

Milorganite Soil Amendment 100 65 
(Commercial) 

Chemical analyses and rumen culture assays of sewage solids 
have supported the hypothesis that considerable amounts of 
nutrients are contained in the sludge, particularly in raw 
sludge. Rat feeding experiments indicate no apparent 
symptoms of acute or chronic toxicity from the treated 
material, although absorption of certain heavy metals and 
trace elements was measurable, suggesting possible longer-
term effects. 

Experiments with sheep and cattle show that adverse effects 
of sewage products on feed intake are important/ but temporary! 
and are overcome in prolonged feeding, even without deliber
ate efforts to increase palatability. Absorption and 
apparent usage of nutritive energy and nitrogen in undigested 
sewage solids by sheep suggest that the nutritive (and 
potential economic) value of undigested sewage solids is at 
least half the value of cottonseed meal (currently selling 
at $200 per ton, bulk rate). Further research is needed to 
assess hazards of chemical toxicants possibly present in 
sewage products before practical applications of the 
research can be recommended. 

Sorghum and Lehman Lovegrass were grown on thermoradiated 
sludge, both digested and raw. No visual toxicity was noted 
during growth, and no significant differences were seen in 
treated vs. untreated sludges. All concentrations of Cu, 
Fe, Zn, and Mn were in a normal range for the species and 
soils involved. 

Studies have been initiated to study the long-term effects 
of using partially digested and raw sewage for irrigation 
at Clovis, New Mexico, and Ciudad Juarez, Mexico, respec
tively. There has been a history of such use for approxi
mately 40 years at Clovis and 20 years at Juarez. 
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DEVELOPMENT PLANS 

The sludge irradiation development program now has three 
main areas of emphasis: 

1. General Sludge Irradiation Technology 

2. Dry Compost Demonstration Facility 

3. Wet Sludge Demonstration Facility 

A. General Sludge Irradiation Technology 

Included within the broad envelope of this category is 
the optimization of treatment parameters for the wet sludge 
process; the experimental effort to develop the data base 
and recommended optimum treatment parameters for the dry/ 
compost process; cost benefit studies to evaluate the 
economic potential of sludge irradiation including sepa
ration and recovery of cesium from commercially reprocessed 
fuel; analysis efforts to identify the limits of use for 
the existing cesium material contained in the Hanford WESF 
capsules; experimental research to identify improved 
isotope fuel forms and encapsulation techniques which will 
enhance the overall safety of the approach; analysis and 
experimental effort on potential uses of sludge as a 
fertilizer or animal feed supplement; research to develop 
supporting related effects such as enhanced methane pro
duction or extraction of ammonia from the wastewater; 
safety research related to any potential genetic or 
carcinogetic effects; and interaction with public, indus
trial and regulatory groups to help bring about the 
acceptance of sludge irradiation as a safe and technically 
desirable treatment process. Some of the key near-term 
development milestones are as follows: 

1. Complete studies to identify energy Jan. 1977 
conservation potential of sludge 
irradiation 

2. Complete cost benefit study on wet May 1977 
and dry processes 

3. Complete fuel reprocessor study on Sept. 1977 
economics of extracting cesium and 
other isotopes from reactor wastes 

4. Establish initial recommended Oct. 1977 
treatment parameters for dry/ 
compost process 

5. Complete study on limits of use for Jan. 1978 
WESF capsules 

The cost benefit analyses will consider the potential impact 
of anv national decision not to proceed with plutonium re
cycle. The focus of these near term activities is to 
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establish the technical and economic base for proceeding 
with the demonstration programs. The longer term objectives 
will be discussed in a separate report. They are focused 
on developing the safety, economic, and technical data base 
which would support general commercialization in the early 
to mid 1980's. 

The sludge irradiation program is funded as a part of the 
reactor by-product utilization budget activity. The overall 
projected funding in this area through 1978 is as follows, 
with the irradiation program representing the major portion 
of this funding. 

1976 1977 1978 

ERDA 555 550* 1050 

EPA 100 85 150** 

Total 655 635 1200 

•Including 200K for fuel reprocessor study 
**Anticipated funding level 

B. Dry Compost Demonstration Facility 

Discussions with potential user municipalities such as 
Los Angeles County has identified a probable need for a pro
duction scale demonstration facility to verify the economic 
projections. The Beltsville facility offers some unique 
advantages for such a demonstration. The capacity is in the 
right range and the USDA composting process is expected 
to be applicable in most sections of the United States. 
Beltsville is close to Washington, D. C , and such a demon
stration should have a positive public relations effect if it 
is implemented. 

The demonstration is projected to involve three federal 
agencies (USDA, EPA, and ERDA) and the Maryland Environ
mental Services Corporation of the State of Maryland and 
the Blue Plains^Council of Government participants. EPA 
would provide the construction funding for the irradiator 
facility. USDA would provide scientific manpower to support 
the demonstration program. ERDA would provide the cesium-137 
source and through its Sandia Laboratories, would provide 
the pathogen reduction studies support. EPA and Blue Plains 
would be asked to fund for the continued operation of the 
Beltsville composting experiment and for the operation of 
the irradiator facility; however, consideration will also be 
given to various cost sharing arrangements including those 
for operation. The estimated costs and the desired schedule 
for the facility are summarized in the following tables. 
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I r r a d i a t o r F a c i l i t y Cost 
75% EPA/25% Blue Pla ins 

1,500K 

Source Costs (Cs-137) 250K 
ERDA supplied 

USDA Manpower Scientific and Technical 700K/year 
Land Usage 

Continuation of Composting Operation 500K/year 
at ARS (Beltsville) EPA/Blue Plains 

Irradiator Facility Operation lOOK/year 
EPA/Blue Plains 

Supporting Research Program at Sandia 300-400K/year 
and ARS (Beltsville) 

1. Submit formal construction grant pro- Early CY 1977 
posal to EPA Region Administrator 

2. Approval of construction grant and Mid 1977 
operating funding plan 

3. Complete design and start construction Mid 1978 

4. Receive licensing approval and begin Mid 1979 
plant operation 

In support of this demonstration facility, Sandia will design 
and construct an experimental facility to verify design con
cepts and feasibility. This facility, utilizing existing 
cobalt-60 sources, will be scheduled to go operational in late 
1977. A key decision point will be the completion by early 
1977 of a trade-off study by Sandia, with support from NRA 
safety contractors, to assess the economic and safety effects 
of vertical vs. horizontal loading of the irradiator facility 
and water or air handling of the cesium sources during load
ing operations. 

The Sandia facility will also provide the capability to pro
cess the amounts of dried undigested sludge needed for the 
soil application and animal feeding studies. It will also 
serve as a research facility for dried sludge processing in 
real time. 

C. Wet Sludge Demonstration Facility 

A key milestone in the planning for a liquid sludge 
irradiator facility at Albuquerque, New Mexico, is the com
pletion of the cost benefit analysis study. Assuming this 
analysis continues to show sludge irradiation is cost 
competitive with pasteurization or other processes, efforts 
will proceed on a formal construction grant proposal. 
This proposal will be submitted to EPA Region VI Adminis
trator by the city of Albuquerque, the State of New Mexico, 
and ERDA. 
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Abstract 

EXPERIENCE AT DEER ISLAND WITH ELECTRON DISINFECTION OF SLUDGE AT HIGH 
FLOW RATES 

The disinfection of municipal sludge by the injection of high energy 
electrons to permit its safe use on land has been under study since 1974 in 
a team project supported by the U.S. National Science Foundation. In May 
1976 a high flow rate'research facility was brought into operation at the 
Metropolitan District Commission's wastewater treatment plant at Deer 
Island in Boston. Designed to treat 375 m3 (100,000 gal) of thickened 
(2 to 8% solids) sludge per day to a minimum dose of 400,000 rads, the 
liquid sludge flows as a wide thin stream in a single pass through a trans
versely-scanning 50 kilowatt beam of 850 Kev electrons. Several methods 
of presenting the moving sludge layer to the electron beam are being evalu
ated. Bacterial, viral, and physical studies indicate that disinfection of 
sludge by energetic electrons is technically and economically feasible. 
Such disinfection may be accompanied by substantial destruction of certain 
toxic compounds in sludge. 
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Deer Island Electron Research Facility 

The high flow rate system at Deer Island is arranged to investigate the 
physical and biochemical effects of controlled electron doses on anaerobi-
cally digested liquid sludge, raw sludge, and effluent wastewater stored as 
'process' water.-^ The selected material is pumped through a comminutor 
and screener and then passed through the rapidly-scanning electron beam. 
The liquid layer at the irradiation region is constrained to a stream 1.2m 
wide and 2mm thick moving with a speed of 2m per second. The downward-
directed electron beam, swept through a + 30° angle at 200 Hertz by mag
netic deflection, emerges from vacuum into air through an elongated thin 
titanium 'window' and impinges on the full width of the moving sludge layer 
beneath. The exposure time of the material in its transit through the e lec
tron beam is about 0.05 second. 

The ionizing radiation is confined to a concrete-enclosed vault with 
walls 1.5m thick. The inside shielded space is 2.4m x 2.4m in cross-
section and 4m high. The source of high energy electrons is an electron 
accelerator and scanner system supplied on rental subcontract to MIT by 
the High Voltage Engineering Corporation of Burlington, Massachusetts . It 
consists of a high-voltage (850 kV) dc power supply connected by a flexible 
high voltage cable to the electron acceleration tube mounted in the upper 
end of the vault. Both dc power supply and acceleration tube, each within 
a grounded steel tank, are insulated by SF§ gas under pressure. The effi
ciency of this sytem in converting conventional electric power to 50 ki lo
watts of electron beam power is over 80 percent. 

Disinfection by Electron Injection 

The key engineering problem in sludge disinfection by energetic e lec 
trons lies in the physical adjustment of the sludge to the electron beam so 
that an adequate dose of ionizing energy is absorbed by every increment of 
the material. The high count of bacterial pathogens in raw and digested 
municipal sludges, coupled with the ability of surviving pathogens to regrow 
in these media, requires that bacterial pathogens be destroyed throughout 
the sludge volume. In radiation disinfection it is therefore the lowest 
dosage which some small portion of the total volume may have received 
rather than the average dosage that determines the biological effectiveness 
of the treatment. Regrowth is not a factor in viral disinfection and their 
initial count is several orders of magnitude lower than for bacteria but the 
Dio dose (a one-log reduction of viral count) is substantially higher. 

Figure 1 shows the typical distribution of ionization within an absorber 
by a beam of high energy electrons. The portion of the total beam energy 
which would be effective in bacterial disinfection is marked 'useful ' . The 
remaining portions of the beam energy are essentially wasted in ionizing 
the intervening air, in passing beyond the sludge thickness, in overscann-
ing the sludge layer width, and in treating above the desired minimum level. 
For electron injection from one side of the sludge layer the thickness should 
be maintained at under 0.7 of their maximum range. The 850 keV electrons 
at Deer Island have a maximum penetration into watery sludge of about 4mm. 
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The selection of 400,000 rads as a desirable minimum exposure dose 
was made after the first year of small-quantity sludge irradiation studies at 
MIT. This work made use of a 3 MeV Van de Graaff electron accelerator at 
the High Voltage Research Laboratory. The bacterial disinfection studies 
were performed by D. N. Shah under the supervision of Professor A. J. 
Sinskey of MIT's Department of Nutrition and Food Science. Virus monitor
ing of influent wastewater and of sludge at Deer Island and virus inactiva-
tion studies were under the supervision of Professor T. G. Metcalf of the 
University of New Hampshire (UNH) supported by a coordinated NSF/RANN 
grant. 

Figure 2 shows the disinfection of total coliforms, Salmonella, and 
total bacterial count in raw sludge from Deer Island plotted as a function 
of electron dosage. This previously reported survival/dose data is typical 
of many repeated assays on small quantitites of raw sludge , anaerobically-
digested sludge, waste-activated sludge (from another source), and on 
process water made at M I T . 2 ' 3 

Figure 3 summarizes the survival-dose relationship for total coliforms 
obtained in a recent 5 hour test run at Deer Island. This test was made 
with a ramp-type spreader at a flow rate of 165 liters per minute (43 GPM). 
The dosage is expressed in milliamps of electron current in which 60 ma 
corresponds to 50 kilowatts of incident beam power. Samples were taken 
at hourly intervals both from the post-radiation collecting tank within the 
vault and by means of a s tainless-steel tube which could bring outside a 
small stream of irradiated material direct from the spreader. 

It is to be noted that no coliform growth was obtained at the 60 ma 
dose level from assays by the 5 tube MPN method, after incubation at 3 7°C 
for 24 hours in E.C.broth, in which the tank samples taken at 2 , 3 , and 4 
hours were combined and mixed. Likewise no coliform growth appeared in 
the combined 60 ma tube samples for 1,2,3,4 and 5 hours. Some growth 
was detected in separate assays of the first hour and fifth hour tank 
samples. The samples at lower electron beam currents (40,20,10,0 ma) 
were taken at 15 minute intervals after the completion of the 5 hour 60 ma 
run. 

Figure 4 shows the survival-dose relationship for total bacteria from 
assays by the MPN method taken in the same test run. The 60 ma post-
irradiation samples were assayed in 4 batches. The combined and mixed 
tank samples taken at 2 ,3 and 4 hours and the tank sample taken at 5 hours 
produced the same upper point. Likewise the combined and mixed 1,2,3,4 
and 5 tube samples and the tank sample taken at 1 hour produced the same 
lower point. 

The natural virus population profile at the Deer Island wastewater plant 
was determined by direct assays on influent and effluent sewage samples 
taken at intervals during one year. This plant receives an average sewage 
flow of 1.14 x 106 m3 per day (300 MGPD). The assays revealed a count 
during July and August approaching 106 PFU/l and a decline to less than 
one-t-Tiith this value in January. The calculated difference in incoming and 
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outgoing sewage virus was ascribed to attachment to the primary sludge. 
This indicates that up to 103 viruses/ml can be found in raw sludge. These 
measurements are now supported by direct sampling and assays of both raw 
and digested sludge. They suggest that a 3 log virus reduction would be 
desirable for raw sludge. A one log reduction should be sufficient for 
digested sludge which was found to have a far lower virus population. 

Small quantitites of 5 enteric viruses irradiated in glass Petri dishes 
at MIT were studied at UNH for factors which night influence their destruc
tion by electron beam irradiation. Assays were expressed in plaque form
ing units (PFU) grown on appropriate cell cultures. No change in their 
characteristic exponential inactivation rates with dose was found whether 
the suspending medium was distilled water, glycine (0.05M), or secondary 
effluent wastewater with a pH of 6.8 and 60 mg/l of suspended solids. 

The D^o dose value for these viruses was found to be: 

Coxsackie B-3 200 kilorads 
Polio 2 185 " 
Echo 7 170 " 
Reo 1 165 " 
Adeno 5 150 " 

Other virus studies explored the effect of electron irradiation under oxygen
ation at pressures of 1, 5 and 15 atmospheres. No significant oxygen en
hancement of radiation sensitivity was observed. 

Thereafter the highly resistant Polio 2 virus, propagated and assayed 
at UNH on primate cell cultures, was used as the primary test virus. Virus 
experiments at high flow rate at Deer Island were performed by seeding 
into the sludge line before the comminutor. In the absence of electron 
beam good recovery of the seeded virus on the virus-collecting absorbing 
surfaces could be demonstrated. Figure 5 shows the results of several 
typical inactivation runs using Polio 2 and Echo 7 virus. The character
istic exponential reduction with dose was always obtained. The flow rate 
dependence reflects the shape of the ionization vs depth curve with inad
equate electron penetration at the two higher flow ra tes . 

Early Physical Observations at the Deer Island Facility 

The first sludge spreader for electron irradiation of sludge at Deer 
Island is shown in Figure 6. A s tainless-s teel drum of 132 cm axial 
length and 45 cm diameter was mounted 15 cm below the titanium electron 
scanner 'window'. This drum was rotated at a surface speed of 2m per 
second. A stainless 'doctor' roll rotated at the same surface speed so as 
to layer the sludge through a 2mm gap from the input tank onto the drum. 

This sludge irradiation system, with minor variations, was used for 
the first 12 months. Sludge dynamics s tudies , measurements of bacterial 
and viral disinfection as a function of dosage and flow ra tes , dose distr i
bution studies, measurements of exterior radiation levels , ozone pro
duction, electric power use and other operational factors were made. The 
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reliability of the total system was evaluated in repeated runs of moderate 
(6 - 12 hours) length. 

During the initial investigational period bacterial disinfection con
sistent with the MIT studies could be achieved only when the sludge flow 
rate was adjusted less than to one-half the designed value of 375 rn̂  per 
day. The reason was clearly related to inadequacies in the control of 
sludge thickness. 

An intensive effort ensued to master the dynamics of sludge spreading 
in thin moving layers and to evaluate other methods of presenting such 
liquid streams to the scanning electron beam. This work is still in pro
gress . Among the observations are: 

1. Anaerobically digested Deer Island sludge in the 1 to 8 percent 
solids range can be passed consistently through the 2mm gap at the spread
er system. Prescreening and comminution are essent ia l . 

2 . For gaps over 1mm the flow rate of liquid sludges in the 0.1 to 8% 
solids range becomes primarily dependent on the fluid 'head1 , but transfer 
through the gap is greatly assisted by the moving rol ls . 

3. In rotating drum systems the 'doctor' roll should be at or near the 
top of the drum to prevent 'pooling' and subsequent loss of sludge velocity. 

4. A larger drum diameter - 100cm or more - would more effectively 
present the sludge to the scanning electron beam. 

5. Raw sludge, not yet effectively managed at Deer Island, requires 
vigorous comminution and screening for presentation in thin layers. 

6. Removal and separate processing of the scum component of 
municipal sludge would facilitate its physical management and - as d i s 
cussed below - would increase the destruction by irradiation of the liquid-
soluble toxic compounds it may contain. 

7. Sludge disinfection is feasible at submegavolt energy levels but 
would be substantially facilitated by using electrons in the energy range 
of 1 to 2 Mev. 

Sludge Spreading 

Figure 7 shows schematically several in-line single-pass spreader 
systems which could be used to expose sludge to treatment by electrons. 
The uppermost one (a) corresponds to the first spreader used at Deer Island. 

The experience at Deer Island indicates that sludge spreaders using 
drums a meter or more in diameter as in (b) with the 'doctor' roll at the 
drum apex and with the flow rate controlled by the fluid head would be 
effective for digested and well-blended raw liquid sludges. 

A flat sludge conveyor belt of stainless steel or titanium corresponds 
to a drum of infinite diameter (c). With adjustment of the applicator such 
a belt conveyor could transport sludges ranging i.-om .liquid to dry through 
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the electron beam. 

Several other methods of coupling the electron beam to the target 
material can be considered. Probably the simplest is the inclined flat 
surface or 'ramp' (e). Preliminary ramp tes ts at Deer Island have been 
effective in moving process water and liquid digested sludge through the 
electron beam. The concept of a free stream of liquid sludge projected 
through the gap between two revolving rolls of small diameter (d) is now 
under construction for study on the Deer Island system. 

Influence of Electron Voltage 

Although the 850 keV electrons at Deer Island were found feasible for 
liquid sludge disinfection, the control of sludge thickness would be 
simplified by using electrons of higher energy. Electron penetration in
creases linearly with voltage. This would allow a greater thickness of 
flowing sludge to be treated and reduce the adverse effect of thickness 
variations. For a given volume flow rate the width of sludge layer and 
of the beam scan would be correspondingly reduced. Increased penetra
tion also improves the efficiency of electron utilization since beam losses 
in the scanner 'window' and the intervening air (or metallic cover in 
closed systems) would remain constant. 

On the other hand, as the electron energy is raised the cost of e lec 
tron beam power tends to increase. Thus, whereas the present cost of 
a commercial 100 kilowatt electron beam system at 750 kilovolts with 
scanner is about $2 80,000, the cost of a 75 kilowatt system at 15 00 kilo-
volts is nearly $320,000 and of a 50 kilowatt system at 2000 kilovolts is 
close to $390,000.5 At 2000 keV the capital cost of electron beam power 
per kilowatt is still less than one-quarter the cost of Cobalt 60 with 
equivalent gamma ray emission. 

Higher electron energies would introduce the possibility of induced 
radioactivity. This does not become an environmental concern until the 
3 to 5 MeV energy range is reached. The energy threshold for the pro
duction of neutrons by electrons or photons begins at 1.67 MeV for 
beryllium, at 2.25 MeV for deuterium, 4.14 MeV for oxygen1 7 , and 4.9 
MeV for c a r b o n ^ . i n view of the small quantity of beryllium in sludge 
no direct radioactivity and only extremely minute amounts of neutron-
induced radioactivity would be produced in the electron energy region 
from 1.67 to 2.25 MeV. Thereafter possibility of induced radioactivity 
increases rapidly though the low yields should permit the safe use of 
electrons up to 5 MeV. 

Considerations of power output, capital cost per kilowatt of beam 
power, and system reliability have tended to keep industrial applications 
of energized electrons in the lower end of the available energy range. In 
general, the voltages which will just insure adequate penetration have 
proved the most economic and reliable. An estimated total or 3 mega
watts of electron beam power in the voltage range from 0.4 to 3 megavolts 
is now installed for various industrial u se s . Many of these operate on a 
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•multi-shift and even continuous basis . 

A number of electron beam systems in industrial operation have outputs 
of 100 kilowatts and several times this output are technically feasible from 
a single accelerator. 100 kilowatts of electron beam power is an impress
ive amount of ionizing power; it is equivalent to the gamma ray emission 
of about 7 million curies of Cobalt 60 . 6 

Electrons at 1.5 MeV would meet the physical requirements of reliable 
sludge treatment with only a moderate increase in cost of beam power and 
with an energy level still under the lowest neutron threshold with its 
psychological implications. 

Destruction of Toxic Chemicals 

The effect of electron treatment on certain toxic compounds, pesticides 
and herbicides which may be present in municipal sludge is being studied 
by Professor E. W. Merrill of MIT's Department of Chemical Engineering 
using high pressure liquid chromatography and other analytical methods. 
The trace compounds examined thus far include two examples of a PCB -
3 ,4 ,2 ' trichlorobiphenyl and 4 monochlorobiphenyl, and Monuron - a 
persistent herbicide of the urea type. 

Toxic chemicals which are lipid-soluble are regarded as potentially 
the most dangerous because of their persistence in fatty t issues when in
gested by animals or humans. Scum collected in the primary wastewater 
treatment process concentrates lipid-seeking compounds; it should pre
ferably be incinerated since access to water has been found by Merrill to 
be essential to their destruction by radiation. With scum removed the 
remaining solids in liquid sludge consist of mineral particulates, 
cellulosic fibrillar material, miscellaneous trash of industrial origin, and 
organic and biological material of cellular origin containing lipids such as 
cholesterol, esterified fatty acid, bile sa l t s , and free fatty acid. 

Such lipids in sludge are typically dispersed in very thin layers so 
that trace toxic compounds dissolved therein are accessible to water and 
to the principal radiolysis products of water, OH'and H* . The diffusion 
path lengths for these radicals are of the order of 508 for cell membrane 
thicknesses and 1000 A (0.1 micron) for lipid micelles. 

Because of the large lipid/water partition coefficient for PCB type 
molecules, five model solution systems were selected to indicate what 
might happen to PCBs when irradiated in liquid sludge. The solution med
ia ranged from pure hexane as an extreme limit, to hexanol, hexanol 
saturated with water, 0.5% soap in water and 0.1% soap in water (soap = 
fatty acid salt) . Of these , soap micelle suspensions more nearly 
modelled the distribution of lipids in sludge. 

The results of electron irradiation showed the dominant importance of 
water in promoting the degradation of the PCBs. Whereas, in pure water 
less than 10 kilorads produced complete degradation, in anhydrous hex-
ana at the same concentration (4 mg/l) a dose of 5 megarads was required 
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to produce 90% dsgradation. 

The relative destruction of tne PCBs in the several systems is given in 
Table 1 for the 3 ,4 ,2 ' trichlorobiphenol. Qualitatively the same response 
was obtained with the 4 chlorobiphenol though this compound was somewhat 
more resistant . Substantially complete degradation of 4 chlorobiphenol in 
water occurred after 10 kilorads of radiation. 

Table 1. Relative Sensitivity of 3 ,4 ,2 ' Trichlorobiphenol in 
Various Media to Electron Irradiation 

PCB Dose in kilorads 
System Concentration for 50% destruction. 
1. Hexane 4 nig/l 1350 
2 . Hexanol 4.3 1000 
3 . Hexanol + 6%H20 4.1 800 
4 . 0.5% Na Stearate 0.7 350 
5 . 0.1% Na Stearate 0.7 250 

Water 0.07 

Monuron is more soluble in water than the PCBs and of limited solubility 
in lipid materials (2900 ppm in benzene). It was , therefore, not studied in 
the lipid systems. In water 6 kilorads degraded 50% of a 4.2 mg/l con
centration and 30 kilorads destroyed about 98%. In all cases the chromato-
grams showed new peaks respresenting degradation products of increased 
solubility in water. At still higher doses even these peaks disappeared. 

At this point it seems clear that hydroxyl radical attack on PCB and 
Monuron is the principal mode of degradation and that radiation doses as 
low as 10 kilorads would remove most of such contaminants in water. Sludge, 
however,, represents a far more complicated case because of lipid/PCB/ 
water partitioning. The present data suggests that with disinfecting doses 
of 400 kilorads much of the PCB would be destroyed. Direct experiments 
to demonstrate this are now in progress. 

Costs of Electron Disinfection 

The full-scale modular system at Deer Island has provided an improved 
basis for evaluating the costs of a sludge disinfection unit for municipal 
systems. 

The cost estimate in Table 2 differs from an earlier cost estimate6 in 
that the accelerator voltage is increased from 850 kV to the 1.5 megavolt 
level and the electron beam power from 50 to 75 kilowatts. In addition, the 
number of operational days has teen reduced from 365 to 303 days per year. 
This allows for 6 operating days per week less an additional 10 days for 
holidays and maintenance. The increased electron penetration at 1.5 mV 
permitted an adjustment of the electron utilization efficiency from 35 to 40 
percent. The disinfection dose level was retained at 400,000 rads though 
300,000 rads appears to be acceptable. 

The net effect of all changes was to increase the annual throughput by 
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TABLE 2. Capital and Operating Costs of a 75 kW 
1.5 MeV Electron Disinfection System 

System 
Parameters 

Capital Costs 
$600,000 

Annual Costs 
$130,000 

Annual 
Thruput 

Disinfection 
Costs 

•Electron beam power 
Accelerator voltage 
Disinfection dose 
Electron utilization efficiency 
Operational days per year 
24 hour thruput 170 KG 

Accelerator system with scanner 
Automatic control system 
Sludge handling equipment 
Building & facility installation 

Depreciation over 20 years 
Interest at 10% averaged 
Maintenance and supervision 
Electric power at 3$ kW/hr 
Water 

Liquid sludge 
Dry solids (from 5% sludge) 

Liquid sludge 
Dry solids (from 5% sludge) 

75 kilowatts 
1.5 mega volts 
400 kilorads 

40 percent 
303 
645 m3 

35,0 
30 

100 
120 

30 
30 
40 
28 

2 

196,000 m3 

9,800 m3 

$0.67/m3 

$13.26/tonne 
$12.05/U.S. ton 
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42 percent and the capital investment by 33 percent. The total annual costs 
held unchanged largely through reductions in supervision expense resulting 
from automatic system operation. 

On this new basis the costs of disinfecting liquid sludge reduced to 
$0.67/m3 . Reckoned on a dry solids basis for sludge with 5% solids the 
cost is $13.26/tonne or $12.05/U.S. ton. 

Larger metropolitan systems could meet their sludge disinfection needs 
by paralleling identical modular units. This redundency of modular equip
ment would contribute important advantages in overall reliability, flexi
bility and economy. 

Smaller communities could be served in the same way using modular 
disinfection units of lower capacity. Electron accelerators are now commer
cially available with output beam powers from 5 to over 100 kilowatts. It 
is estimated that for systems in the 10 kilowatt output beam power level 
both the capital investment and the total annual operating costs would drop 
below half the values in Table 2 but the cost per m3 of treated liquid sludge 
would be 2 to 3 times higher. 

Prevention of Bacterial Regrowth 

Since sludge is an excellent medium for bacter'al growth it should be 
expected that pathogens remaining after inadequate treatment, or introduced 
inadvertently after disinfection, will regrow. 

This was confirmed, in experiments at MIT using primary sludge from 
Deer Island. Figure 8 shows the regrowth of coliforms and of gram-negative 
bacteria remaining in raw liquid sludge (sample A) after electron irradiation 
to the inadequate dose of 100 kilorads. Under favorable incubation condi
tions (3 7°C) these residual organisms regrew to the untreated sludge level 
of 10 ml within 30 hours. No regrowth, however, was found for sludge 
irradiated to 400 kilorads (sample B) even after incubation for 10 days . 

In another study Salmonella typhimurium DB 21 was massively seeded 
(10 /ml) into raw primary sludge which had been sterilized by: (a) 3000 
kilorads of electron irradiation, and (b) heat at 121°C for 30 minutes. 
Regrowth reached equilibrium values of 101 0 /ml within 50 hours of incuba
tion. 

Since regrowth of pathogenic bacteria can follow radiation disinfection, 
precautions against re contamination should be taken. These include: 
1 - the delivery to every modicum of the sludge of a fully adequate dosage, 
and 2 - the avoidance of reinfection through subsequent contact with path
ogen-contaminated material. 

In the Deer Island tests on digested sludge the irradiation runs pro
ceeded from the highest electron dose to progressively lower values and on 
to zero dose for the control bacterial count. This procedure left the output 
system contaminated. To restore ciean conditions the post-irradiation side 
of the in-line system weis modified so that its pipes, valves and pumps 
could be thoroughly flushed with water and then disinfected by a hypo-
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chlorite solution. 

In a sludge disinfection system for agricultural application it will 
likewise be essential that the post-irradiation elements - including storage 
tanks and conveyors - be sanitized by chemicals or steam to avoid patho
gen r—contamination. Prompt deposition of the disinfected sludge into 
the ground with its unfavorable environment for bacterial regrowth is a 
desirable goal. 

Sludge Application on Land 

Disinfection studies at MIT on small quantities of raw, digested, 
dewatered, and composted sludges have indicated that the bacteriocidal 
response to electron irradiation is independent of the solids content. The 
electron-disinfection cost per dry tonne diminishes rapidly as the solids 
content is increased. The total cost of sludge management, however, 
r ises with each step added to the treatment process. 

Probably the simplest and most acceptable mode of applying disinfected 
sludge on land would be by injection of the irradiated liquid material under 
the surface of the soi l . Professor J. L. Smith and his associates at 
Colorado State University have developed a rapid subsurface injector which 
is now in use at 20 U.S . communities. The sludge is implanted 10 to 
15cm below the soil surface as it is lifted momentarily by tractor-drawn 
cultivator sweeps or plows of special design. 

The liquid sludge is delivered to the injector through an 11cm diameter, 
200m long flexible butyl rubber irrigation hose which is connected to a 
piped pumping system in turn connected to the sludge storage facility. 
Subsurface injection essentially eliminates odor problems and speeds up 
the conversion of sludge into soil with the fewest intermediate s teps . 
Although generally applied to anaerobically digested sludges it is equally 
applicable to unthickened raw sludge. 

The liquid sludge can be injected at rates from 900 to 3000 liters per 
minute. Depending on local soil characteristics and climate injection can 
be repeated on sites intended primarily for disposal every 2 to 4 days . 
Subsurface injection remains physically feasible until the ground is frozen 
to a depth greater than 7 cm but becomes unadvisable for reasons of im
paired nitrification and denitrification when the soil temperature at 30cm 
depth drops below 4°C. Lagooning of the liquid sludge is a preferred 
method of storage for the winter months. 

Summary 

Disinfection by election irradiation would provide a safe and economic 
method of removing one of .he major public health concerns in the applica
tion of municipal sludge on land for joil improvement and agricultural pur
poses or for disposal . Monitoring would still be necessary to insure that 
the receiving land and underlying ground waters did not accumulate excess 
ive amounts of certain metals and other adverse materials. But the hazards 

' ' associated with the known presence of microorganisms that cause 
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disease in man and animals including viruses, bacteria, parasitic worms, 
and protozoa - as well as certain toxic chemicals - would be eliminated by 
exposure of the sludge -• whether raw, digested, or composted - to an 
adequate dosage to this form of ionizing energy. 
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Abstract 

CREATING AND OPERATING AN IRRADIATOR FOR USE IN A POLISHING STAGE OF 
WASTEWATER TREATMENT 

Since December 1976, at Morgan Hill, California, U.S.A., Aqueonics 
Inc., has been operating an irradiator for "polishing" highly pre-treated 
sewage. It is intended for a nominal 7,000 gallons per day of flow. 
There have been no adverse physical or psychological effects. The 
irradiator is situated in an open area within thirty meters of a golf course, 
and 200 meters from residences. The purpose of the radiation is that of an 
infallible additional stage of treatment to sewage already almost completely 
cleansed of impurities when that refined water is going into critical 
receiving waters or directly into drinking water reservoirs. The design of 
the irradiator, its shielding, et al. are thought to be very simple and 
conservative. No measurable radiation is added to either the immediate 
vicinity of the irradiator or to the waters being treated. The irradiation 
of the waters takes place in the presence of saturation levels of ozone and 
dissolved oxygen. 

BACKGROUND AND INTRODUCTION 

It would appear to many informed people that the need for re-use of 
wastewater, the need to consider water a renewable resource, and the need 
to consider sewage sludge a valuable nutrient are all obvious. What is 
also obvious to many (but not all) is the need to treat these waters to 
the extent necessary to insure there being created neither short term or 
long term problems for either people or the general environment. A grow
ing number of scientists believe that past practices in waste management 
are inadequate, and it is time to be good to the environment. 

In the matter of wastewaters, Aqueonics1 scientists believe the fol
lowing scientific evidence to be valid: l)viruses can survive for many 
months on land, 2)chlorine is capable of sterilization only under ideal 
conditions with extreme concentrations, 3)chlorinating wastewaters can 
produce carcinogenic agents, 4)chlorination can produce bacteriostatic 
results which can be misinterpreted to be bactericidal results, 5) mic
robes inside particulate matter or the interiors of clumps of microbes 
are often effectively "shielded" from disinfecting chemicals in water, 
6)aerobic bacteriological process in practical wastewater treatment do 
not consistently produce an effluent of little or no suspended matter, and 
7)chlorinated primary effluent's use in food crops does increase disease 
incidence among those who ingest those food crops. 

With the foregoing background, it would appear risky, at the very least, 
to use conventional secondary plus chlorination as treatment of waters to 
be re-used in s t a t i o n s of either direct or indirect human contact. Much 
nore extensive and much more reliable processes must be used; further, the 

- 90 -



conventional primary plus aerobic secondary processes should be considered 
preliminary treatment which, in themselves, are incapable of enabling a 
satisfactory reliable result when followed by chemical disinfection alone. 
Further,the succeeding treatment must be sufficiently extensive to insure that 
there be created no public/environmental health problems from ei ther the 
contaminants or the treatment's additives. 

Believing that the foregoing is true, Aqueonics set out to develop 
total systems/service programs which can enable safe re-use. In Aqueonics 
basic system, the RE-SERV System, the reliability and the degree of cleans
ing, altogether achieve a minimum quality sufficiently high to always en
able safe, contact-type re-use by humans. The same safe minimum quality 
can be improved upon by any one of the three proprietary add-on processes 
which Aqueonics offers, namely synergistic irradiation, low pressure re
verse osmosis and acid/b.^se recharged ion exchange. Considering the ex
tremely high quality achieved, these systems, produced and maintained by 
Aqueonics, Inc., are remarkably cost effective and energy effective. The 
subject of this paper is the irradiator itself. 

On December 20, 1976, Aqueonics, Inc. loaded an irradiator located 
in Morgan Hill, California with Cobalt 60. (Morgan Hill is a small town 
approximately ninety minutes drive south of San Francisco, California, 
U.S.A.) This irradiator is a supplemental treatment stage in a 7,000 
gallons per day (GPD) installation. The total treatment plant is intend
ed to remove impurities from wastewater (sewage) to such an extent and 
with such reliablity as to enable safe direct re-use of the product 
waters. This irradiation process capitalizes upon synergism. The quality 
of the waters produced by the treatment processes which precede the ir
radiation process is very high. The justification of the use of radiation 
with such a high quality centers around the energy costs of alternate 
treatment techniques, reliability and a strong need for either protecting 
the quality of receiving waters or the health of the public. The quality 
of the waters going into the irradiator (the product of Aqueonics' RE-
SERV System) and the quality of the raw wastewaters (sewage) are shown in 
Table 1. Achieving this very high quality prior to irradiation en
ables the best possible situation in which to achieve synergism by add
ing either chlorine or ozone into the gamma environment, and Aqueonics1 

systems capitalize upon synergism wherever possible. 
This paper will concentrate on only the water/wastewater irradiator 

itself. The incomparably high reliability, the synergism achievable, the 
levels of microbe kill achievable, and the extent of molecular dissocia
tions achievable have been and will be the subject of many other papers. 
1.- 21. 628.-39. 

Aqueonics' approach to irradiation design is influenced by a great 
many considerations. It is believed to be important that some of thesn 
be discussed, as the facility is being described herein. Combining these 
considerations with facility descriptions is the function of this paper. 

DOSE, DOSE RATES AND FLOW RATES 

Designing an irradiator for water/wastewater treatment requires a 
significant amount of pre-study. The rate of flow and duration of contain
ment within the radiation field requires an early establishment of cirteria 
concerned with radiation utilization efficiency, objectives in precipita
tion/suspension break out accomodation, serviceability of the facility, 
shielding, ease of load/unloading in the future and. of course, total mini-
mum dose objective. It is this author's opinion that a good design nec-
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nssitates: 1)quite large volume 'of containment (i.e. total duration in a 
significant field In excess of twelve hours), 2)frequent1y changing rates 
of flow, and 3)frequently changing dose rate to achieve an optimum amount 
of precipitation and suspension break out. It is also this author's op
inion that in water, wastewater and sludge, at least, aJJ_ matter to be 
irradiated be exposed to a well studied minimum level of total absorbed 
dose. This, of course, requires that al 1 matter to be irradiated pass 
within a known close proximity to the source of the radiation, and be in 
that known close proximity for a known minimum amount of time. 

The amount of gamma radiation necessary for such an application is 
determined as a compromise between cost and the highest rad level ever 
thought to be necessary; and this latter consideration is, in turn, a func 
tion of the effectiveness of the pre-treatment, tne quantity of the im
purities which can be tolerated in the final product waters, and the rad 
level necessary to reduce the most resistant of the impurities. 

CONSTRUCTION/FABRICATION MATERIAL SELECTION 

The materials used throughout are either: l)stainless steel, 2)PVC 
plastic, 3)ABS plastic, 4)epoxy coating (i.e. on steel), 5)concrete or 
6)asphalt coated steel. The ozone plus air plus water environment is 
harsh in itself, and gamma radiation compounds the problems. Since cost 
effectivity and long-term responsibility are both factors involved in 
our installations, we are well disciplined to carefully select materials. 

PIASTER SAFETY 

"Acts of God" or man-made disaster potentials must be factored into 
the design. If done so at the onset, it is neither difficult nor ex
pensive to take reasonable steps to make it very difficult (if not impos
sible) for earthquakes, floods or terrorists to cause the radioisotope 
to become a hazard for operators, neighbors or the community-at-large. 
Water solubility of the isotope being used, even where doubly encapsu
lated, is an important consideration. This author is not comfortable 
with the concept of using water-soluble forms in water applications, for 
instance. As another example, gravel-sand "dumps" to cover the sources 
in the event of structural collapse resulting from an earthquake, are 
not difficult to design. Accesses requiring cranes can be combined with 
secondary or tertiary shielding to further discourage man-made disasters. 
Requirements to move significant amounts of gravel, sand or earth to gain 
access to the irradiator can also be part of the shielding and provide 
both natural and man-made disaster safety devices. 

TRANSPORT-MOVEMENT 

Transport or movement of the material to be irradiated in and out 
of the field, in this author's opinion, need not be either: l)complex, 
2)terribly expensive, 3)difficult to service or A)difficult to access. 
This is true whether solids or liquids are being irradiated. Extremely 
high reliability can be easily achieved still holding to these same cri
teria. Even in the most simple of designs involving moving parts the 
key to reliability is largely a matter of excellent preventive mainten
ance. The transport/movement system must establish ease of routine pre
ventive maintenance ?c a very important criteria. At the same time, es
pecially in s^fids and semi-solids irradiators shielding and avoidance of 
above-barkground levels from reflective radiations must be very conser
vatively designed for. 
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Net Increase 

Coliform Bacteria 

Turbidity 

Chlorine Residual 

COD 

TOC 

Suspended Solids 

Total Dissolved Solids 

Nitrogen (all forms) 

Ammonia 

Dissolved Oxygen 

Reduction 
Influent -
(average) 

of Impurities 
• Effluent 

1 x 109/100 ml 

-

-

96.62 

91.42 

99.42 

10.42 

85.92 

>99.62 

. 

Average Raw 
Sewage Influent 

2.4 x 10l0/100 ml 

-

-

1205 ppm 

173.5 ppm 

592.5 ppm 

902.5 ppm 

43.6 ppm 

29.3 

_ 

Average 
Re-Serv System 
Product Water 

<2.2 mpn 

<1 OTU 

-0-

40 ppm 

15 ppm 

3.7 ppm 

809 ppm 

6.17 ppm 

<.l ppm 

Saturation 

"Fresh" Water 
Analysis 

<2.2 mpn 

<1 JTU 

-0-

24 ppm 

10 ppm 

2 ppm 

344 

5 

<.l ppm 

-

(decrease) of 
Impurities over 
"fresh" Waters 

-0-

-0-

-0-

+16 ppm 

+5 ppm 

+1.7 ppm 

+465 

+1.17 

-0-

Saturation 

In terms of percent reduction of those impurities added by use of these waters, the following average 
results were obtained by the RE-SERV System: 

Coliform Bacteria 1002 
Turbidity 1002 
Chlorine Residual 1002 
COD 98.62 
TOC 972 

Suspended Solids 99.72 
Total Dissolved Solids 182 
Nitrogen (all forms) 972 
Anmonia 1002 
Dissolved Oxygen 

Our most sophisticated wastewater treatment system is known as the BIOCHEHRAD II. This is a series of proprietary treatment 
stages including Primary Bioreactor with surge control, a Secondary Bioreactor, a Physical Chemistry Reactor (a tertiary) 
plus a very advanced treatment using Synergistic Irradiation. Aqueonics' basic system is known as the RE-SERV System and 
contains the same three Reactor stages as the BIOCIIEHRAD II. but without the Synergistic Irradiation. Prototypes of both 
types of systems are being demonstrated at Morgan Hill, CA. Appointments for visiting our test site can be arranged by 
contacting our Santa Clara, CA. offices. 

Table 1. 



SHIELDING 

Shielding from gamma is generally well understood. It is this author's 
opinion that there is little or no excuse for inadequate shielding in an 
immovable irradiator. From a management and from a cost point of view, several 
times the minimum necessary shielding is relatively inexpensive if the initial 
design adopts such a criterion. The objectives can and should be to over-
shield to such an extent that there is n£ measurable additon to the background 
normal to an area in which an irradiator is installed. Expensive shielding 
materials are seldom justified (i.e. lead), and relatively non-modifiable 
immense concrete structures are seldom justifiable. Small gravel, sand, com-
pactable earth and water are simply too easily designed into the shields of 
irradiator facilities to justify more expensive materials being used. An
other shielding consideration of significance concerns itself with "sky 
shine" and/or "bounce" or reflection. Realizing the existence of such phen
omena enables relatively simple designs to prevent their occurance from be
coming measurable outside of the irradiator facility. 

Another consideration was for security of the sources. A nearly ab
solute inaccessabi1ity was necessary. It was decided that both inaccess-
ability and another complete shield could be combined. The result was a 
1.82 meter diameter 1.07 meter high solid concrete cap set over the irrad
iator. To add confidence that even without water there would be no measur
able increase in background radiation around the irradiator site, and to 
further complicate accessabi1ity, a 4.88 meter diameter steel pipe section 
extending above the top of the concrete plug by over 1,07 meters was set 
in place concentric to the irradiator and then filled with .48 cm screened, 
crushed granite rock. The crushed rock was shaped to a dome and then cov
ered with a" minimum of 5 cm of poured concrete. 

The top of the 3.5 meter deep irradiator itself is at ground level, 
thus the sides are excellently shielded. An equipment tank is the closest 
underground structure, and it is over 2.44 meters away. The radiation 
levels in the equipment tank are not measurable above background (.01 -.04 
mr/hr). Earth was backfilled around the 4.88 meter diameter gravel re
taining tank. All of this is pictured in figure 1 

MONITORING AND LICENSING OF THE RADIATION FACILITIES 

Monitoring of the area and facilities is by total dosimetery devices 
implanted both around the irradiator and in the effluent stream. Further 
monitoring is by both geiger mueller and ion-chamber types of survey in
struments which are used in surveys performed monthly. Service personnel 
wear film badges. In eight months of operations, levels remain at back
ground everywhere (.01-.04mr/hr). 

In addition to the monitoring, our license requires that a simulated 
encapsulation source (i.e. encapsulation without radioactive isotope inside) 
be examined periodically for corrosion-, et.al. We have in place two, 5 cm 
access lines which are in a 3-5 meter diameter curve which acts as shielding 
conduit for this specimen. In addition, we have cast into the 5 cm domed 
concrete cover a caution sign. It is the only caution or warning sign re
quired by either the license or by the California Division of Industrial 
Safety.- The accompany pictures show the sign. 
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Another licensing requirement for the State of California is to do 
Cobalt 60 or gamma radioactivity determinations of the water flowing through 
the irradiator. This is to be done every six months. As would le expected, 
there is no detectable gamma radioactivity in either the waters gjing into 
the irradiator or the waters coming out of the irradiator. The sensitivity 
of the procedure employed by the independent certified laboratory was 3.6 
picocuries per 200 grams of water. 

ISOTOPE INSTALLATION 

The installation of the isotope was accomplished with golfing going 
on less that 100 yards away. It was done under water, see figure 4 
The maximum level of radiation seen at the surface, with nearly 20,000 
curies of Cobalt 60 set in place and approximately l.kj, meters of water 
over the tops of the pencils of isotope (stainless steel encapsulation) 
was less than l.Omr/hr. An additional .61 meters of water depth reduces 
the level of radiation at the surface to less than .02mr/hr. During trans
fer of the isotope pencils into their operational retainers, the tops of 
them came within 1.83 cieters of the surface for less than fifteen seconds 
and the dose rate moved up to 20mr/hr for that short period. The maximum 
total absorbed dose possible for any member of the installation team to 
have received during the total period of the installation was less than 4mr. 
TLD badges exchanged on a monthly basis showed no increase over background. 
Thus, it is clearly possible to safely load such facilities in a non-restrict 
ed, non-industrial, non-laboratory environment, if the design of the com
ponents compliment each other and a relatively quick and simple loading. 

FLOW CONTROL INSIDE THE IRRADIATOR AND IN AND OUT OF THE IRRADIATOR 

The baffling inside the irradiator is proprietary and patent applica
tions are in work, thus at this time percise detail cannot be shown. It 
can be said, however, that it is relatively simple to build. Sources are 
easily added enabling extremely long periods (i.e. greater than 25 years 
using Cobalt 60) before removal of any isotope is necessary. All waters 
pass within 2.5 cm, 5 cm and 7-5 cm of the sources at low velocity, and 
at even lower velocity move through an elaborate path insuring a minimum 
absorbed dose being received by everything, and maximum percipitat ion. 

Water flow out of the irradiator is by displacement. The waters are 
in a very low velocity, constant recirculation. 

IRRADIATOR OPERATIONS 

Operations of the irradiator facility require only very infrequent 
attention. Isotope replenishment frequency will dictate the frequency with 
which the irradiator is opened up for examination and, if necessary, pre
cipitant removal. The irradiator is designed so that everything is access
ible from the top. Isotope replenishment frequency is dictated by an ec
onomic trade off between: Ocosts of opening up the irradiator and loading 
additional radioisotopes into it and then resealing it and 2)having a larger 
amount of radiation than necessary to meet the minimum dose level. In prac
tice, economics dictate that this is generally an increasingly shorter 
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Figure h - Configuration of irradiator facility just before loading 
sources into irradiator. 

Figure 5 - Re-serv system consists of six smaller diam. (8') tanks. 
Retainer for gravel/sand shield (16' diam.) concentric with 
irradiator is the tank in the upper left of the picture. 
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interval of time as the quantity of the radioisotpe is increased. Two 
well trained technicians plus a crane and equipment operator are all the 
personnel needed for smaller irradiators of our design, 

Irradiation facilities can be expensive, but they need not be! They 
can require elaborate monitoring and continuing security precautions, but 
these are not necessary either. In perhaps the most strictly controlled 
radiation licensing environment in the world (California, U.S.A.) the 
Aqueonics' irradiator at Morgan Hill is located adjacent to a golf course, 
close to homes and a museum, it has no guards, fences or yellow and magenta 
warning signs. There Is no measurable addition to background radiation 
normal to the area (.01-.0W/hr). We have studied the effects of the 
irradiating waters to over five megarads dose at the same dose rate as 
our operational system. There is no measurable radiation added to the 
waters treated, and the waters treated do not have a measurable increase 
in temperature. The average dose rate is approximately 2,500 R/hr to the 
waters being treated in the presence of oxygen and ozone at saturation levels. 

PSYCHOLOGICAL FACTORS AND PUBLIC RESPONSE TO THE IRRADIATOR'S PRESENCE 

From a psychological point of view, in over eight months, we have had 
no adverse reactions from the many golfers who pass within 30 meters of 
the irradiator itself, from neighbors who live less than 200 meters away, 
from the City of Morgan Hill or from the County officials. Congressmen, 
medical doctors, and people from other qualifications and motivations have 
been given guided tours of the facilities, all without adverse reactions. 
Newspaper articles have been written on the installation and no adverse re
action has resulted. When people are on site, we use radium dial watches 
to show comparative radiation levels. It is our opinion that the following 
factors contribute to our good results: l)no guards, fences or yellow and 
magenta warning signs, 2)widespread knowledge that we are fully licensed and 
monitored, 3)constant association (in conversation) with medical uses of 
Cobalt 60 and X-Rays, ^constant reference to the beneficial uses of non-
water-ioluble (vitrified) Cesium 137 (from nuclear wastes) as a very de
sirable alternate to Cobalt 60, and 5)candid, knowledgeable responses to 
questions by only a few of our most knowledgeable personnel, well exper
ienced in relating to practical experience in the public uses of radiation. 

PRE-TREATMENT, OR ADDING RADIATION PROCESSING TO AN EXISTING SYSTEM 

In practice, this author has found that there is much confusion and 
indecisiveness existing among those who would establish quality require
ments for waters to be discharged to relatively sensitive receiving waters. 
Best Practicable Technology and Best Available Technology often dictate 
requirements in the U.S.A., and the quality standards imposed are thus often 
not what are really needed, but rather the highest that the regulatory 
agencies think they can request today. These agencies do this knowing full 
well that they will, at the earliest possible moment in the future, impose 
additional standards definitions which will require that additional treat
ment stages be added to those often only recently installed. All of this 
is further confused and frustrated by the inability of most secondary 
treatment stages to reliably, consistently achieve the impurity removals 
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Figure 6 - Finished irradiator viewed from re-serv system, and showing 
curving lines for simulated source guidance/conduit in and 
out of irradiator. 2" thick concrete dome is barely visable. 

Figure 7 - Only radiation hazard sign is the one cast into the concrete 
dome and shown above. 
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claimed for the processes used (i.e. activated sludge/extem^d aeration) 
and thus a significant portion of the time they thoroughly overload and 
compromise subsequent treatment stages.41' 4 2« All of this is brought up 
to caution the radiation expert who is called upon to add an irradiation 
process to conventional sewage treatment plant — do your own study of 
the waters you will have to treat! 

AOJJEONICS' INVOLVEMENT IN RADIATION PROCESSING 

Aqueonics, Inc. is involved in the development, manufacture, sales, 
operations and maintenance of proprietary irradiators for: l)food intended 
for human consumption, 2)food intended for animal consumption, 3)sewage 
sludge dewatering, disinfection and use, as well as, ^)water and waste
water treatment and recycling systems (we have a number of add-on options 
enabling creation of essentially any degree of purity from many wastewaters). 
Essentially all of our work is concentrated on "turn key" operations wherein 
we will be operating and maintaining the systems for their lifetimes. We 
have designed and are now marketing basic plants for all of these activi
ties. These plants are complete as delivered to the site and only need to 
be installed (which Aqueonics does). On-site work not done directly by 
Aqueonics is primarily concerned with excavation, backfill, necessary power, 
conveyance and roads. Aqueonics expects to be operational on these systems 
in the spring of 1973. 

SUMMARY 

It is believed to be important to demonstrate the practical appli
cation of research into the many potentially beneficial uses of gamma 
radiation. The purpose of the Aqueonics1 irradiator facilities is to 
do that. At relatively low cost, irradiator facilities and operations 
can be created which are extremely safe, very reliable, easy to operate 
and both safe and easy to service, even in areas to which the public 
has access. Most, if not all of the factors necessarily considered by 
experienced radiation processing facility designers are covered in this 
Morgan Hi 11 faci1i ty. 
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Figure 8 - 8 ' Dia, irradiator housing, and 16' dia, gravel/sand shield 
retainer are shown concentrically simulated source conduits, 
irradiator effluent line and portion of influent line are shown. 

Figure 9 " Cask being lowered into irradiator, irradiator housing has 
been filled with clear water, separate line attached to 
irradiator lid will lift lid when cask is on bottom of housing. 
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Abst rac t 

RESULTS OF SLUDGE IRRADIATION WITH ELECTRONS AT AEG-TELEFUNKEN RADIATION CENTER 
IN WEDEL 

The d i s i n f e c t i o n of waste water and municipal sludge can be done very 
e f f e c t i v e w i t h i on i z i ng r a d i a t i o n . Powerful e lec t ron acce lera tors are now 
ava i lab le and i n d u s t r i a l used wor ld-wide. 
An underbeam handl ing fo r the treatment of waste water and sewage sludge is 
described and discussed. 
This system was tested at the AEG-Tcslefunken Radiat ion Center in Wedel. 

1.0 INTRODUCTION 

The i n c r e a s i n g i n d u s t r i a l usage of h igh -power e l e c t r o n a c c e 

l e r a t o r s wor ld -wide d e m o n s t r a t e s , t h a t one can a c h i e v e h igh 

th roughpu t s of m a t e r i a l a t low c o s t . 

Another wor ld -wide d e m o n s t r a t i o n i s t h e i n c r e a s i n g amount 

of was te w a t e r and sewage s ludge combined by an i n c r e a s i n g 

c o n t a m i n a t i o n w i t h d i f f e r e n t p a t h o g e n s . 

T h e r e f o r e i t was and i s obv ious t o b r i n g t h i s two f e a t u r e 

t o g e t h e r , t h a t means 

. t r e a t m e n t of was te wa te r and sewage s l u d g e 

w i t h e l e c t r o n beam r a d i a t i o n . 

The b e n e f i c i a l e f f e c t s of i o n i z i n g r a d i a t i o n ( l , 2 ) on was t e 

w a t e r and sewage s l u d g e have been r e v e a l e d by a number of 

i n v e s t i g a t i o n s . 

However, one most s i g n i f i c a n t p a r a m e t e r f o r t h e e l e c t r o n 

t r e a t m e n t i s t h e l i m i t e d p e n e t r a t i o n i n t o t h e m a t e r i a l . S p e c i a l 

underbeam h a n d l i n g s , which t r a n s p o r t t h e was te wa te r o r t h e 

sewage s ludge under t h e e l e c t r o n beam, must be developed and 

used . 
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Consequently, the introduction of electron beam processing1 in 

this area depends also on a suitable, reliable and economic 

underbeam handling. 

2.0 UNDER-BEAM HANDLING 

In 1976 AEG-Telefunken started to develop underbeam handlings 

also for the treatment of waste water and sewage sludge with 

electrons. This work was sponsored by the German Government. 

Fig. 1 shows such an underbeam handling, which is suitable 

for waste water and sewage sludge. The system was tested with 

water and with sewage sludge. In the following results for 

sewage sludge treatment are reported. 

Different digested sludges were mechanical homogenized and 

the solid particle size was 1 mm or less. This sludge is 

pumped into a horizonta"1, funnel and moves then up in a 

special box. At the top of this box the sludge flow over 

on an inclined-trough, were the irradiation of the sludge 

take place. The stream thickness on the inclined-trough de

pends on two parameters 

. the inclined angle and 

. the amount of sludge, which is 
pumped in the funnel. 

This design prohibits that solid particles are stored in the 

funnel and the box, and it also prohibits that on the surface 

of the sludge a cover of swimming material is built up. 

The stream thickness on the inclined-trough is controlled by 

an ultrasonic system, which allows also the regulation of the 

thickness by variation of either the inclined angle or the 

amount of pumped sludge. 

This system runs for several weeks - 2k hours a day - with 

different digested sludge. The solid contents was between 

1 and 8 percent. The inclined angle was varied between k 

and 20°. 

-100-



Fig. l: Underbeom handling for waste water and 

sewage sludge 

Stream- J 
thickness I 
(mm) ' 

5 

2J 

H 

10 15 20 
Inclined angle (°) 

Fig. 2 Stream thickness as function of inclined angle 
for different sludge throughputs. 

Solid contents k % 
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Fig. 2 shows as example the stream thickness as a function of 

inclined angle for different sludge throughputs. 

The results of all this runs was that the stream thickness 

could bo well adjusted between 1.5 a*d 5 mm, which would 

correspond to an electron energy region of 750 keV up to 

1.5 MeV. Below 1.5 mm stream thickness we could not achieved a 

continuously flow of the sludge. Although the width of the 

inclined-trough was only 50 cm, we reached a maximum through-

put of about 6 nr per hour. 

One assumption of the inclined - trough is that the doserate 

on the upper surface and the lower surface are nearly equal. 

The beam power efficiency factor is then about 4-9 percent. 

Fig. 3 shows the same system while running under an electron 

accelerator. After the irradiation the sludge falls into a 

storage tank and is then pumped out of the facility to another 

storage tank. 

3.0 RADIATION SERVICE CENTER 

The next step then was the testing of the system with elec

tron beam irradiation. The aims of these tests were 

. proofing the assumption of the dose 
distribution for the inclined-trough and 

. confirm the reliable desinfection of the 
sewage sludge. 

This tests were performed at AEG's radiation service center 

in Wedel by Hamburg, (3) which is equipped with an industrial 

Dynamitron electron accelerator. This machine can be operated 

between 500 kV and 1.5 MV, with a maximum beam power of 

37.5 kW. 

So the energy region of the tested underbeam handling and 

that of the Dynamitron are nearly equal. 

The complete machine as well as the product handling equip

ments are installed within a plant with a floor area of about 

*l00 m 2 (about ^300 sqare foot) and a height of about 9 m 

(ahcc 30 ft). Fig. k shows schematically the layout of the 

plant. The machine is of right-angle configuration. That 
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Fig, 3: Underbonm handl ing running with savage sludge 

Fig.^i Schema t i c L a y - o u t of AEG-Rad ia t ion -

Ser-vice-C e n t e r 
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means that the accelerator head and the power supply are 

separated one from the other and housed in separate pressure 

vessels connected, however, by a pressurized concentric power 

connection to a right-angle (or T-shape) configuration. A 

heavy concrete vault is required around the scan head and 

electron window only, whereas the beam tube tank (outside 

the vault) requires only a smaller shielding made of brick-

stones. However, no shielding is required for the main tank 

and all accessories neccessary for operation, which are in

stalled on the upper side of the vault or on a mezzanine 

with restricted access. By these means overall building 

height and shielding costs were reduced substandtially. A 

further advantage is the availability of the total floor 

area for handling equipments and processing work. 

The main vault consists of normal concrete and has openings 

on three sides which are closed by uncemented concrete 

blocks. This allows an easy change if new processing tech

niques demand other labyrinths later on. 

Heavy loads up to 5 tons can be handled by a crane at any 

location within the plant. This crane can also be used for 

loading and unloading of heavy trucks inside the plant. 

This facility is established as a 

. multipurpose radiation center. 

Right from the beginning, handling systems for most impor

tant irradiation processes will be available for customer 

convenience. This will include 

. handling systems for radiation crosslinking of 
wire and cable insulations as well as flexible 

pipes, 

. handling system for irradiation of components 

and parts of different types. This system con

sists substantially of a conveyor belt system 

with controlled speed. 

. handling system for crosslinking of plastic 
films and tapes. 
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Fig. 5 gives a view in the radiation center with two floors. 

In the upper area the accelerator and auxiliary equipments 

are installed, while in lower area the vault with the accele

rator head is mounted. 

One can also see the control console and the entrace to the 

vault. 

Fig. 6 is an opposite view, which shows mainly the vault and 

a handling equipment for cable irradiation. 

Fig. 7 shows the machine area with the accelerator, and 

auxiliary equipment like oscillator, storage tank hand heat 

exchange system. 

Fig. 8 is then a view inside the vault with the accelerator 

head, the so-called scan-horn and an underbeam handling for 

cable irradiation. 

4.0 IRRADIATION TESTS 

The irradiation tests were performed by electron energies bet 

ween 1 and 1.5 MeV. The minimum surface dose was k00 krad. 

Different digested sludge with different solid contents were 

used. 

After the irradiation of the sludge we looked for the desin-

fection rate of the total bacterial count and of pathogenic 

parasites. The results of these investigation demonstrated 

the good and reliable desinfection of the sewage sludge and 

confirm the assumption of the dose distribution. The desin

fection rate for the total bacterial count was k to 5 times 

log 10. Pathogenic parasites, such as eggs of the Ascaris 

worm were completely destroyed. Although big amount of this 

worm eggs were given to the sludge, we could not find any 

erabryonation after the irradiation of the sludge. 
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T A B L E I 

SLUDGE IRHADIATION COSTS 

1. ) SPECIFICATIONS 

V o l t a s ' - C u r r e n t 

Beam Power 

Beam Power U t i -

1.0 MV/30 mA 1.0 MV/50 mA 1.0 MV/lOO mA 

30 kW 50 kW 100 kW 

0. ' i9 I l l a t i o n 

T h r o u g h p u t t o n s / h r 
a t 'lOO k r a d 

2 . ) CAPITAL COSTS 
(DM 1,000) 

0 . ^ 9 

1 3 . 3 

0.<19 

2 2 . 2 

Aceel erator,Access. 
& Installation, 

Sludge Equipment 

Facility 8c Bldg.Eng. 
& Const. 

Totals: 1,710 2,030 2,'*50 

3.) ANNUAL CAPITAL COSTS 
(OM l.OOoT 

(Depreciation 10 years 

Interest 8 %) 

k.) RUNNING COSTS (DH/hr) 

Energy 

Labor 

Maintenance 

Totalsl 

255 

11.50 

20.00 

12.00 

303 

15-00 

2 0 . 0 0 

1 5 . 0 0 

363 

20. 00 

20.00 

20.00 

43. 5 0 . 0 0 6O.00 

50 kW 

_ipq.ky_ 

1 2 3 
S «wa;e sludge 
throutflow tc*.i/d 

5 6 7 8 9 10 (x 10**) 

Total irradiat ion coats (DM/ton) 

Hunning costs (DM/ton) 

Fig. 9: Treatment coats for sewage sludge vxth 
1 MeV electrons 
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5.0 CONCLUSION 

Because of these results, we are convienced that the above 

underbeam handling combined with a Dynamitron electron 

accelerator of 1 MeV is a suitable, compact and reliable 

process system. This system can treat the sludge of plants 

•which are capable for 200,000 up to 1 Mill, people. 

o 
It can be installed in a floor area of about 150 m". 

This system is also an economic system. In Table I and Fig. 

we have listed up the cost for such a system with different 

throughput capabilities. Treatment costs of 2.70 DM/ton at 

^00 krad dosage can be achieved. 

60 
In this throughput region Co is not suitable because of 

the very high activities, which are needed - more than 

1 Mill. Ci. 

Besides that we see at the moment no objections with regard 

to increase the energy of the electrons over 1.5 MeV and to 

achieve stream thickness greater than 5 mm. So that bigger 

sludge amounts could be handled. 

As a conclusion: We think the time is now ready that one 

starts with electron beam irradiation 

in sewage sludge plants. 

BIBLIOGRAPHY 

1. "Radiation for a Clean Environment", Proceedings of 
the International Symposium on the Use of High-Level 
Radiation in Waste Treatment - Status and Prospects, 
held in Munich, Mar. 17-21, 1975, IAEA, Vienna, 
STL/PUB/402. 

2. "Radiation for Pollution Abatement", Proceedings of 
the First International Conference of ESNA Working 
Group on Waste Irradiation, held in Munich, June 8-11, 
1976, European Society of Nuclear Methods in Agriculture, 
Wageningen, The Netherlands. 

3. Hofmann, E.G., On a multipurpose Radiation Service 
Center, First International Meeting on Radiation 
Processing, Dorado Beach, Puerto Rico, May 9-13, 1976. 

-117-



RECENT DEVELOPMENTS IN SANDIA LABORATORIES' SEWAGE SLUDGE 

IRRADIATION PROGRAM* 

H.D. SIVINSKI, J.R. BRANDON, M.E. MORRIS, K.S. NEUHAUSER and 

R.L. WARD 

Sandia Laboratories 

Albuquerque, New Mexico 87115 

B. McCASLIN and G.S. SMITH 

New Mexico State University 

Las Cruces, New Mexico 88003 

Abstract 

RECENT DEVELOPMENTS IN SANDIA LABORATORIES' SEWAGE SLUDGE IRRADIATION 
PROGRAM 

Pathogen reduction studies show that gamma irradiation is effective in 
inactivating pathogenic bacteria, parasite ova, and viruses in liquid 
sludges. Ammonia is shown to be virucidal to poliovirus and several 
other enteric viruses. Sludge processing costs are relatively economi
cal for composted or dried sludges, but only marginally competitive 
with costs of heat treatir.jnt for liquid sludges. Physical and chemical 
studies show .at effects of irradiation of sludges on dewatering properties 
are insignificant when compared to the effects of polymer addition. Dried, 
irradiated undigested sludge has significant nutritional value as a feed 
supplement for sheep and cattle and in agronomic uses such as green
houses and field plots. No significant harmful effects have been demon
strated in the feeding program. Product enhancement studies are under 
way, including schemes for removing nitrogen from wastewaters and adding 
it to sludges in the form of ammonium sal ts . 

*This work was supported by the Division of Nuclear Research and Appli
cations, U.S. Department of Energy, Washington, DC, and the Municipal 
Environmental Research Laboratory, U.S. Environmental Protection 
Agency, Cincinnati, OH, Interagency Agreement E (29-2J-353G/EPA-IAG-
D6-0675. The submitted manuscript has been authored by a contractor of 
the U.S. Government under contract . Accordingly the U.S. Government 
retains a nonexclusive, royalty-free license to publish or reproduce the 
published form of this contribution, or allow others to do so , for U.S. 
Government purposes. 
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introduction 

Sandia Laboratories ' Beneficial Uses Program is a joint Depart
ment of Energy (DOE)/Environmental Protection Agency (EPA) research 
effort to i rradiate sewage sludge with cesium-137. Cesium-137 reduces 
pathogens so that sludge can be recycled effectively in agricultural appli
cations. * Social, economic, public health, and technical p ressures a re 
resulting in studies^ for bet ter ways to use or dispose of sludge--ways 
that are less polluting and conserve energy and r e sou rces , a mat ter of 
great importance to a food-hungry world. 

Sandia's research program has shifted this past yea r from treating 
liquid sludges to treating dried sludges. Research in reducing pathogens 
and using composted sludges, dried raw sludges, and dried digested 
sludges has become interesting for the following reasons . 

• Costs of heat t reatment and irradiation for pathogen 
reduction are reduced when sludges are dried. 

• Dried sludges inhibit bacterial regrowth and have less odor. 

• Dried or composted sludges are eas ier to apply to land 
than liquid sludges and a re more easily stored. 

• Dried or composted sludges are more socially acceptable 
than wet sludges. The social stigmata of sludge utiliza
tion decrease significantly if the mater ia l has been dried, 
as demonstrated by the products Milorganite and Actinite. 

• Dried or composted sludges are potentially more useful 
for specific needs of use r s and can therefore command a 
higher market pr ice . 

• Costs of transporting sludges can be reduced by at least 
half if they a i e dried or composted. Energy conservation 
is an important aspect of this consideration. 

• Advances in composting technology make composting a 
promising treatment option. Similar advances in centr i 
fuge and f i l ter -press technology will increase solids con
tent of sludge feedstock, and will lead to faster drying and 
decreased handling cos ts . 

• Energy can be conserved for any treatment p roces s . Dried 
or composted sludges can provide a significant amount of 
agricultural nitrogen requi rements , thereby conserving up 
to 2% of the natural gas used annually in the U. S. 
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• Drying or composting sludges instead of incinerating them 
or dumping them in the ocean decreases pollution. 

• Foreclosure by law of some disposal options is causing 
cities to search for reasonable al ternatives. If com
posting is implemented as the most reasonable option, 
a large amount of compost will need disposal. T rea t 
ment for land application is an obvious solution. 

Raw sludges, dried and t reated for pathogen and odor control, have 
twice the nitrogen and energy content of digested sludges. Thei r in
creased potential for agronomic use and animal refeeding makes raw 
sludges more desirable and could favorably impact disposal options of 
most metropolitan a reas . 

This report reviews recent pathogen reduction work, a study of 
costs and benefits, agronomics and animal refeeding, product enhance
ment, and physical and chemical effects. We also report on the status of 
the dried sludge i r radiator being built at Sandia as a prototype for a dem
onstration plant to be used in conjunction with a large city's composting or 
air-drying operation. 

Pathogen Reduction Studies 

Bacteriology — The major impetus for irradiation treatment of 
sewage sludge is to reduce pathogens. Rates for bacterial inactivation by 
ionizing radiation are normally given in t e rms of "D-value," i. e . , dose 
required to reduce bacteria by 90%. Figure 1, for example, shows an 
inactivation curve for Salmonella enterit idis serotype Montevideo in com
posted sludge. ^ The D-value is approximately 30 krad/ log. Results of 
s imilar determinations for liquid digested sludge are summarized in 
Table I. The numbers in parentheses are D-values determined for 
oxygenated sludge. Oxygenation significantly reduces the absorbed dose 
required for a given decrease in bacter ia population, even at elevated 
temperatures . Another conclusion of these studies is that most pathogen 
reduction at elevated temperatures is due to the effect of heat, not to 
synergist ic behavior. 

Radiation treatment of composted sludge is a more at tract ive pro
posal economically, since most of the water has been eliminated. Several 
experiments have been conducted on heat inactivation of bacteria in com
posted sludge. 5 Figure 2 shows the effect of heat treatment on fecal 
streptococcus bacteria in compost. As has been repor ted , 6 these bacteria 
are among the "hardiest" in sludge in te rms of radiation and heat r e s i s 
tance. Coliforms and salmonelias exhibit much grea te r heat sensitivity 
than do fecal s trep (see Figure 3). 5 
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0 100 200 
DOSE , KILORADS 

Figure 1. Radiation inactivation of Salmonella enteritidis 
s e r . Montevideo grown in composted sewage 
sludge 

Table I 

D-values for bacterial inactivation. The effect of oxygen on 
D-values is indicated by the numbers in parentheses. 

Temperature, C 

23 

40 

50 

55 

60 

65 

Coliforms 

25-30 (8) 

25 

23 

10-15 (4) 

15 

5 

Salmonella 

26 C13) 

19 (11) 

Fecal Strep 

130-135 CS7) 

129 

109 

86 

70-97 C32) 

46 
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10 20 30 

TIME, MINUTES 

Figure 2. Heat inactivation of fecal streptococcus bacteria in 
composted sludge at 52°C (O), 55 °C (•), 58 °C (A), 
61°C (•), 64°C (D), and 67°C (A) 

50 "C 

0 10 20 30 40 50 

TIME , MINUTES 

Figure 3. Heat inactivation of Salmonella enteritidis 
s e r . Montevideo in composted raw sludge 
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Under certain conditions, recontamination with untreated material 
can lead to growth of pathogenic bacteria to high levels. Figure 4 shows 
that either coliforms or fecal strep bacteria grow rapidly in sterile 
sludge inoculated to an initial population of 10 bacteria/g. Salmonellas 
grow rapidly as well, both in composted' and in liquid sludges. Figure 5 
shows the growth of fecal strep in composted sludge- These grow best 
when the sludge has a low initial bacterial population, but even in a sys
tem saturated with salmonellas they grow rapidly to high levels. In nor
mal compost, where the bacterial population is large, there appears to 
be an increase, followed by a slow decline in fecal strep population. This 
is in agreement with observations made on salmonellas in compost. ° It 
is important to note that radiation treatment, which greatly reduces the 
bacterial population, may lead to a more severe regrowth problem than 
no treatment at all due to lack of competition from indigenous organisms. 
Research is currently in progress on inhibition of growth in sludges by 
competitor microorganisms. 

Parasitology -- Inactivation data for Ascaris lumbricoides ova under 
various irradiation conditions are summarized in Table il. It is clear 
that any treatment in liquid systems that eliminates pathogenic bacteria 
will prevent embryonation in these parasite ova. 

10* 

rt 
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Figure 4. Growth of coliform (•) and fecal streptococcus (o) 
bacteria in sterile liquid digested sludge (35°C) 
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Figure 5. Growth of fecal streptococcus bacteria in 
normal composted sludge (A), in steri l ized 
composted sludge (o), and in composted 
sludge saturated with Salmonella spp. (•). 
In the last case , following sterilization of 
the compost, Salmonella spp. were allowed 
to grow to approximately 10 bacter ia /g 

Table II 

Inactivation of Ascaris lumbricoides ova 

Irradiation 
Temperature 

C c) 

23 

23 

23 

23 

47 

51 

51 

60 

Inactivation 
Medium 

Sludge 

Saline 

Water 

Supernatant 

Water 

Water 

Supernatant 

Water 

Dose for 
3-Log Reduction 

(krads) 

90 

65 

85, 140 

140 

40 

40 

70 

10 

|C^o-o-T3-

compost + salmonellas 

normal compost "A 

, inoculation time = 0 
j i i_ 
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Heat alone is very effective in preventing embryonation. y Figure 6 
shows reduction in embryonation ratio by treatment at various tempera
tures of aqueous suspensions of A. lumbricoides ova. 

Q 
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o 
>• 
CE 
III 

0 20 40 60 lEO 

TIME, MINUTES 

Figure 6. Heat inactivation of Ascaris 
lumbricoides ova 

Experiments are currently under way to determine inactivation 
parameters for parasite ova in composted sludge. 

Virology - - Methods are being researched to rid wastewater sludge 
of infectious enteric viruses at low cost without reducing its economic 
value. The experimental procedure used is to seed sludge with large 
numbers of infectious viruses, and to determine the effects of various 
treatments on the recovery of viral plaque-forming units. 

In experiments to determine the effects of anaerobic digestion on 
poliovirus, the rate of viral inactivation was compared in raw and digested 
sludge. Digested but not raw sludge contained virucidal activity 
(Table HI). *0 The virucidal agent is ammonia, which inactivates polio-
virus in its uncharged form but not as ammonium ion. * The pK for the 
conversion of ammonium ion into ammonia is 9. 2. Digested sludge was 
found to be virucidal because its pH after removal from the digester is 
typically greater than 7. 5. On the other hand, raw sludge was not viru
cidal because its natural pH is about 6, a pH at which ammonia is present 
as nonvirucidal ammonium ion. 
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Table HI 

Recovery of poliovirus from seeded sludge 
as a function of incubation time 

Incubation Time/ 
Temperature 

15 min, 20 "C 

5 days, 4'C 

5 days, 20°C 

Recovery (%) of Plaque-forming Units 

No Sludge 

100 

100 

90 

Raw Sludge 

100 

100 

87 

Digested Sludge 

74 

3.8 

0.0027 

In subsequent experiments, we found other enteroviruses besides 
poliovirus to be sensitive to ammonia (Table IV). Pteovirus, an enteric 
virus of a different group, was found to be resistant. Studies are in 
progress to determine the reason for these differences. 

The effects of sludge on the rates of enteric virus inactivation by-
heat, ionizing radiation, and thermoradiation (simultaneous application of 
heat and radiation) are also being studied. Raw sludge was somewhat 
protective of poliovirus against radiation and very protective against in
activation by heat (Figure 7). ^2 However, when the treatments were 
applied simultaneously, the rate of virus inactivation was greater than the 
additive effects of the two individual treatments, especially at low concen
trations of sludge. 

Heat inactivation of poliovirus occurs much more rapidly in anaero-
bically digested sludge than in raw sludge (Figure 8). 1 3 Both types of 
sludge contain material that protects poliovirus against heat, but this pro
tection is overcome at the higher pH values of digested sludge by indige
nous ammonia. 14» " Because the protective material in sludge is non
volatile, it becomes concentrated during drying. As a result, the rate of 
heat inactivation of poliovirus occurs much more slowly in dried than in 
wet raw sludge (Table V). 5 

Although ammonia is not virucidal for reovirus, ** wastewater sludge 
contains an agent that significantly lowers the temperature required to in
activate reovirus. ^ This uncharacterized material causes accelerated 
heat inactivation of reovirus at temperatures at least as low as 30 °C 
(Figure 9). Because this agent is also activated by an increase in pH as 
is ammonia, it should be possible to eliminate two of the most numerous 
enteric viruses in sludge at moderate temperatures by simply increasing 
the pH. 
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Table IV 

Effect of ammonia on infectivities of 
several strains of enteric virusesa 

Virus 

poliovirus type-1 
strain CHAT 

poliovirus type-1 
strain Mahoney 

poliovirus type-2 
strain 712 

coxsackievirus A13 

coxsackievirus Bl 

echovirus 11 

mengovirus 

reovirus type-3 

PBS 

103 

108 

86 

58 

107 

61 

84 

55 

Percent Recovery of pfu 

Tris, pH 9.5 

63 

100 

60 

28 

100 

9.6 

100 

9.8 

NH4C1, pH 7 

53 

68 

24 

35 

52 

34 

17 

62 

NH4C1, pH 9.5 

<0.000035 

<0.000014 

<0.000044 

<0.00012 

<0.000046 

<0.00015 

<0.000026 

3.1 

Virus was diluted 10-fold into phosphate-buffered saline (PBS) , 
pH 7.0, 0.1 M Tris (hydroxymethylaminomethane (Tris), pH 9.5, 
0.1 M Tris-0.5 M NI^Cl, pH 7.0, or 0.1 M Tris-0.5 M NHuCl, pH 9.5, 
and incubated at 21 C for 24 h. The final pH values of the samples 
were then determined and each sample was titered after sonication 
in 0.1 percent sodium dodecyl sulfate. Percent recoveries were 
determined relative to a control sample left frozen during the 
period of incubation. 
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Figure 7. 

Effect of sludge on poliovirus in-
activation by thermoradiat ion. 
Samples of v i rus in sludge contain
ing the specified percentage of 
solids were either i rradiated (dose 
ra te : 30 krads /min) for 10 min at 
20 °C (•), heated for 10 min at 47 CC 
(•), or i r rad ia ted for this same 
period of t ime at 47°C (A). The 
samples were then assayed for 
infectious v i rus . The dashed line 
is the additive effects of heat and 
radiation given individually. 

0.00 0.73 2.3d 

Percentage ot solids 

0 50 100 150 2 0 0 0 20 50 ^ ' ' 200 0 10 20 W 

TIME (Ml MUTES I 

Figure 8. Effect of sludge on the ra te of heat inactivation of poliovirus. 
After a 10-fold dilution into buffer (PBS), raw sludge, or anaero-
bically digested sludge, poliovirus was mixed for 15 min at room 
tempera ture and heated at the specified t empera ture . Samples 
were removed from the incubation bath at the t imes shown and 
immediately cooled in ice . After sonication in 0.1% SDS, each 
sample was directly assayed for total plaque-forming units on 
HeLa ce l l s . Symbols: (O) raw sludge; (A) digested sludge; (0) PBS 
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Table V 

Heat inactivation of poliovirus in raw sludge 
as a function of moisture content 

Sample 

PBS 

5% Solids 

40% Solids 

80% Solids 

Percentage (%) Recovery of pfu 
after 20 minutes at 47°C 

0.05 

0.3 

29 

78 

I I_ 

1 2 3 4 5 6 

Time (hrs) 

-fh 
24 

Figure 9. Inactivation of reovirus by processed digested sludge 
as a function of t ime and tempera ture . Processed 
samples of digested sludge were heated at the tem
peratures and for the times specified at pH 8. 5. All 
samples were then assayed for plaque-forming units. 
Symbols: 30 °C (•); 35 °C (•); 40 °C (A); 45 °C (3) 
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In another series of experiments, the effect of dewatering on the 
inactivation rates of enteric viruses in sludge was determined. 1 6 Water 
was evaporated from seeded raw sludge at 21 °C, and the loss of viral 
plaque-forming units was measured. Initial results with poliovirus 
showed that recoverable infectivity gradually decreased with the loss of 
water until the solids content readied about 65% (Table VI). When the 
solids content was increased from 65 to G3%, a further, more dramatic 
decrease in virus titer of greater than 3 logs was observed. This loss of 
infectivity was due to irreversible inactivation of poliovirus. Viral in
activation in these experiments may have been at least partially caused 
by the evaporation process itself, because similar effects on poliovirus 
particles were observed in distilled water after only partial loss of water 
by evaporation (Table VII). Coxsackievirus and reovirus were also found 
to be inactivated in sludge under comparable conditions (Table vm) . This 
suggests that dewatering by evaporation may inactivate all enteric viruses 
in sludge. 

Table VI 

Recovery of poliovirus plaque-forming units 
from sludge after dewatering3, 

Pinal Percentage 
of Sludge Sclids 

5 

12 

20 

30 

58 

65 

83 

91 

Recovery of pfu/nL 

4 days 

1.8 x 107 

1.7 x 107 

9.5 x 106 

6.4 x 106 

5.5 x 106 

4.0 x 106 

2.5 x 103 

1.0 x 103 

11 days 

6.5 x 106 

4.5 x 106 

4.0 x 106 

3.8 x 106 

3.2 x 106 

3.2 x 106 

<2.5 x 102 

<2.5 x 102 

Raw sludge containing 5% solids was seeded with 
poliovirus and dewatered at 21°C by evaporation 
to the percentages of solids specified. All samples 
were kept at 21°C and assayed for plaque-forming 
units at 4 and 11 days after the time evaporation 
was initiated. The original titer of the virus in 
sludge was 2.4 x 107 pfu/mL, and this value remained 
constant in a sample held at 4°C during the 11 days 
of the experiment. 
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Table VII 

Effect of evaporation on the specific infectivity 
of [ H]-uridine-labeied poliovirus3, 

Percentage of 
Water Removed 
by Evaporation 

0 
21 

43 

67 • 
94 

100 

Specific 

1.4 
7.5 

. 7.1 
6.3 

6.6 

1.1 

Infectivity 

x 103 

x 102 

x 102 

x 102 

x 101 

x 10"2 

Percentage 
Reduction 
Relative to 
Controls 

— 

30 

24 

57 

91 
99.998 

Pur i f ied po l i av i ru s labeled with [ 3H]-uridine was 
d i l u t e d with d i s t i l l e d water and the r a d i o a c t i v i t y 
and plaque-forming u n i t s recoverable a f t e r the 
evaporat ion of the spec i f ied percentages of water 
a t 21*C were determined. The percentage reduct ion 
in the spec i f i c i n f e c t i v i t y of each sample was then 
measured r e l a t i v e to a con t ro l held a t 21'C for the 
same per iod of time without l o s s of water . 

Speci f ic i n f e c t i v i t y ; plaque-forming u n i t s per 
counts per minute of [^Kl-ur idine . 

.Sludge Processing Costs 

The task of comparing process costs is difficult because the pathogen-
reducing ability of each process differs drastically for each different type of 
pathogen. The costs compared here are of disinfection processes that are 
comparable in effectiveness. What is known about the effectiveness of 
thermal pasteurization, irradiation, and the simultaneous application of 
heat and radiation (thermoradiation) under process parameters defined later 
is summarized in Table IX from data provided by Brandon4 and Ward. I ( 

i 
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Table VIII 

Effect of dewatering on the recoveries of coxsackievirus 
and reovirus from sludge a 

Final Percentage 
of Sludge Solids 

coxsackievirus Bl 

5 

33 

93 

reovirus 

5 

20 

40 

60 

73 

94 

Recovery of pfu/mL 

4 days 

1.5 x 107 

1.1 x 107 

1 x 103 

2.1 x 106 

1.8 x 106 

1.2 x 106 

7.1 x 105 

4.5 x 105 

<2 x 102 

11 days 

1.3 x 107 

3 x 106 

<2 x 102 

1.2 x 106 

8.6 x 105 

7.0 x 105 

2.3 x 105 

2.0 x 104 

<2 x 102 

Samples were t r e a t e d as described in Table VI. 
The o r ig ina l t i t e r of coxsackievirus was 
1.7 x 107 and t h a t of reovirus was 2.3 x 10° pfu/mL. 

Table DC 

Effectiveness of various treatments on organisms present 
in liquid sewage sludges 

Fecal Coliforms 

Salmonellus 

Ascaris Ova 

Fecal Strep 

Polio Virus 

Number Log Reduction 

Thermal 
Pasteurization 

>15 

>15 

>15 

>15 

>15 

Irradiation 

>15 

>15 

>15 

>10 

> 2 

Thermoradiation 

>15 

>15 

>15-

> 7 

> 9 

*Process 
Conditions: 

70 °C, 30 minutes 23°C, 1 M r a d 
+ oxygenation 

55 °C, 300 K rad 
5 rain + oxygenation 
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Design cr i ter ia and assumptions used to develop the cost est imates 
used in this section are 

Labor - $10/man-hcur 
Electr ical power - $0.04/KWh 
Fuel - $2/MBtu 
Source interest ra te - 0% and 7% amortized over 20 y r s 
Solids in sludge s t r eam - 4. 5% 

Intermediate data provided in Tables X and XI may be used to in
vestigate the effects of different labor, e lectr ical , and fuel unit cos ts . 

The curves in Figure 10 i l lustrate that costs a re s imi la r for ther 
mal pasteurization, irradiat ion, and thermoradiation, with a 20-yr amor
tization schedule at 0% in teres t . Irradiation is the most expensive pro
ces s , followed closely by thermoradiation and pasteurization. Fuel price 
hikes up to &4/MBtu are probable by 1985; and pasteurization would then 
become the most expensive p rocess . Most of the increase in total cost 
for irradiation in the 7% irradiat ion curve in Figure 11 is the interest 
charge on the initial y-source loading. No similar interest is charged on 
the fuel oil. 

Dry disinfection cost comparisons were made for composting and 
dry irradiation of compost-like mater ia l . The dry i rradiat ion costs in 
Table XI are based on experience from a pilot plant currently under con
struction at Sandia Laborator ies . 

Available cost data on the static pile composting method were highly 
variable, and no reliable, nationally applicable cost curve was developed. 
The information gathered and plotted came from work done by the Agri
cultural Research Service at Beltsville, MD, and a survey of static pile 
composting costs done by Culp-Wesner-Culp. 

As indicated in Figure 12, composting is substantially more expen
sive than irradiation at any reasonable interest ra te . The two processes 
a re not equivalent, however, in that composting is also a drying operation 
to get the sludge from 16% solids up to about 50% solids, while stabilizing 
the sludge. Irradiation could provide a final processing to the bagged 
compost to eliminate virtually any pathogen-related public health concerns. 
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Table X 

Liquid sludge disinfection component costs''' 

a. Thermal pasteurization costs ($/thousand gallons of sludge flow) 

Cost Component 

Capital (0% interest) 

Labor 

Electric power 

Maintenance materials 

Fuel ($2/M Btu) 

Sludge Flow 
(thousands of gallons/day) 

20 100 300 500 750 

1.75 .47 .27 .23 .21 

2.26 1.22 .86 .62 .44 

.10 .04 .02 .01 .01 

,98 .23 .11 .08 .07 

2.15 2.15 2.15 2.15 2.15 

b. Irradiation costs ($/thousand gallons of sludge flow) 

Cost Component 

Capital (0% interest) 

Labor 

Electric power 

Maintenance materials 
137Cs y-source (0% interest) 

(7% interest) 

Sludge Flow 
(thousands of gallons/day) 

20 100 300 500 750 

3.04 1.48 1.13 1.05 1.00 

3.26 .65 .24 .16 .11 

.64 .17 .08 .06 .05 

.42 .26 ' .21 .20 .19 

2.10 2.00 2.00 2.00 2.00 

6.10 5.90 5.90 5.90 5.90 

c. Thermoradiation costs ($/thousand gallons of sludge flow) 

Cost Component 

Capital (0% interest) 

Labor 

Electric power 

Maintenance materials 

Fuel ($2/M Btu) 
137Cs Y-source (0% interest) 

(7% interest) 

Sludge Flow 
(thousands of gallons/day) 

20 100 300 500 750 

2.67 .96 .57 .48 .45 

4.56 1.91 .34 .22 .16 

.83 .25 .12 .12 .10 

.36 .19 .13 .12 .11 

2.02 2.02 1.63 1.68 1.68 

.80 .60 .60 .60 .60 

2.00 1.80 1.80 1.80 1.80 

Costs were prepared by Scott Ahlstrom, Battelle, PNL, based 
on Sandia's irradiator design. 
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Table XI 

Dry sludge irradiation component costs''" 
($/dry ton of sludge) 

Component Costs 

Capital (0% interest) 

Labor 

Electric power 

Maintenance materials 
137Cs ysource (0% interest) 

(7% interest) 

Material Irradiated 
(dry tons/day) 

5 

13.53 

3.10 

.22 

.10 

3.10 

7.88 

12.5 25 

8.93 5.52 

2.68 2.54 

.14 .10 

.05 .03 

2.60 2.44 

7.28 7.14 

50 

4.10 

2.47 

.05 

.03 

2.44 

7.14 

Costs were prepared by Scot t Ahlstrom, B a t t e l l e , PNL, based 
on Sandia ' s i r r a d i a t o r de s ign . 
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Figure 10. Liquid sludge processing costs . 
(No interest; fuel at $2/MBtu) 
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Figure 12. Dry sludge processing costs 
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Animal Refeeding and Agronomics Programs 

A cooperative research program involving the New Mexico Agricul
tural Experiment Station at New Mexico State University, Las Cruces 
(NMSU), and Sandia Laboratories, Albuquerque was initiated in 1975 under 
contract with the U.S. Energy Research and Development Administration 
(now the U.S. DOE) and is projected to continue through 1981. Sandia 
developed technology for pathogen reduction by thermoradiation and pro
vided NMSU with thermoradiated and irradiated sewage solids for a s se s s 
ment of nutritive value. 

Animal Refeeding Program - - Although the NMSU program has not 
been primarily "toxicological," potential toxicants in the sewage products 
fed have been measured and apparent toxicity assessed in experimental 
animals. 

Sewage products were analyzed chemically and studied in cultures of 
rumen microorganisms to assess effects on microbial degradation of 
fibrous substrates. Sewage products were compared with cottonseed meal 
and urea, when provided in isonitrogenous amounts. When assayed in 
terms of fiber degradation, solids from undigested raw sewage supported 
greater fermentative activity (P < .05) than either cottonseed meal or 
urea, suggesting nutritive benefits in addition to nitrogen (Smith _et _al). *3 

In these studies, microscopic examinations of microbial populations 
showed normal numbers of typical rumen protozoa, suggesting that sewage 
solids were relatively nontoxic to these sensitive organisms. Large 
amounts of sewage solids (80-220 g daily) have been placed directly into 
the forestomachs of rumen-fistulated sheep fed conventional and experi
mental diets for 20-50 days without apparent adverse effects on feed 
intake, animal appearance and behavior, or presence of typical protozoa 
in the rumen fluid. 

Nutritive Evaluation with Sheep 

In a ser ies of short- term digestibility tr ials with sheep fed basal, 
fibrous, low-nitrogen diets in comparison with equal intakes of 
basal components plus supplemental cottonseed meal (CSM) versus 
irradiated, undigested sewage solids, digestibility of basal compo
nents was apparently improved by supplements, and sewage solids 
compared favorably with CSM. In the most definitive of these 
t r ia ls , the calculated true digestibility of supplement nitrogen 
was 82. 8±5.7% for sewage solids versus 82. 2±1. 7% for CSM 
(x±S.D., three lambs each diet). These data were reported 
ear l ier (Smith et al). 1 8 
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More recent experiments evaluated sewage solids collected from 
the Albuquerque sanitation district and processed by centrifu-
gation (to enrich solids from about 5% to about 20-25%) and dry
ing by forced-air ventilation in vats lined and covered with 
plastic. This product (TRUSC) was irradiated, sampled, analyzed 
chemically, processed through a hammer mill, and incorporated 
into experimental diets at levels comprising 10, 20 or 30% of 
diet dry matter . All diets were pelleted at a local feed mill . 
Ingredient composition and crude protein content of these diets 
are shown in Table XII. Chemical composition of the TRUSC is 
shown in Table XIII. 

Commercial crossbred lambs were group-fed these diets (with 
salt and water ad libitum) for 29 days, and feed intake and body 
weight changes recorded. Thereafter, all lambs were provided 
a commercial, pelleted, finishing diet for feeder lambs, and 
feeding performance was evaluated for 100 days. The resul ts , 
reported by Cadle et al, *° showed poor intake of diets with 
TRUSC during the first 2 weeks, but acceptable intakes there
after. 

Concurrent with the feeding t r ia l , selected lambs in each of three 
diet groups (Basal versus 10% CSM versus 20% TRUSC) were 
fitted with fecal collection bags and used in a 10-day digestion 
t r ia l while consuming diets ad libitum under group-feeding con
ditions. Total fecal collections were accomplished and dietary 
intakes calculated. These data are summarized in Table XIV. 
Digestibility of both energy and nitrogen was improved by CSM 
or TRUSC over the basal diet. Amounts of digested energy and 
digested nitrogen were greater for lambs fed 20% TRUSC than 
for those fed 10% CSM. (The data in Table XIV are presented 
in terms of nutrients consumed and nutrients digested per unit 
of metabolic body size (Kg Body Weight) • 7^, in order to facil
itate comparisons with similar data for cattle, presented in 
Table XV.) 

The same diets studied with sheep were fed to steers penned 
separately and offered diets in amounts calculated at 2 to 3% 
of body weight. Diets were fed during a 10-day adjustment 
period and a 5-day collection period, and all feces collected by 
fitting the animals with bags. Dietary intakes and fecal outputs 
were measured directly and digested nutrients calculated by 
difference. The data (shown in Table XV) show the CSM and 
TRUSC tended to increase the amounts of digested energy and 
nitrogen beyond the levels for the basal diet and to improve 
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digestibility of dietary energy and nitrogen over the basal diet. 
Trends suggest nutritive value of sewage products has biologi
cal and economic importance. 

Table XII 

Ingredients and protein content of diets fed to sheep and cattle U 

Ingredients, * 

Sorghum stover 

\lfalfa hay 

Sorghum grain 

Cane molasses 

Cottonseed meal (CSM) 

2/ 
TRUSC-

Phosphorus supplement— 

Protein content, * 

BASAL 

40.0 

30.0 

24.7 

5.0 

none 

none 

0.3 

11.0 

51 CSM 

45.0 

27.0 

13.2 

4.5 

5.0 

none 

0.3 

11.2 

105! CSM 

40.0 

24.0 

21.6 

4.0 

10.0 

none 

0.4 

12.3 

15* CSM 

35.0 

21.0 

24.3 

3.5 

15.0 

none 

0.7 

14.0 

Diets 
102. TP.USC 

45.0 

27.0 

13.3 

4.5 

none 

10.0 

0.2 

10.9 

15* TRUSC 

40.0 

24.0 

11.5 

4.0 

none 

20.3 

0.5 

11.3 

30" TIUISC 

35.0 

21.0 

9.3 

3.5 

none 

30.0 

o.r 

12.0 

-NMSU experiments, summer 1976 

y, TRUSC represents undigested sewage solid3 from Albuquerque, >JM, irradiated 
at Sandia Laboratories, Albuquerque, MM. 

3/„ 
X-?-4"lfy, commercial poly-phosphate supplement. 

Table XIII 

Chemical composition of i rradiated, undigested 
sewage solids fed to sheep 1/ 

Comoonents 

Ash (550°C) 
Crude silica 
Ether extract 
Nitrogen (Kjeldahl; HgO catalyst) 
Crude protein (N x 6.25) 
Acid-detergent fiber 
Acid-detergent lignin 
Heat of combustion 
Calcium, as Ca 
Phosphorus, as P 
Magnesium, as Mg 
Sodium, as Na 
Potassium, as K 

Trace Elements— 
Ag 
Cd 
Co 
Cr 
Cu 
Fe 

Hg 
Mn 
Pb 
Zn 

• — l 

Content 
(X of dry matter) 

29.6 
14 
13.1 
2.39 

3 y 
4.65 Kcal/g 

1.85 
0.71 
.251 
.143 
.209 

(ppm) 
25 
12 
5 

192 
636 
5040 

4 
107 
99 

1147 

— Used In NMSU experiments with sheep and cattla, summer, 1976. 

2/ 
— Data expressed on ash-free basis. 

— Values represent total content, as measured by atomic absorption 
spectrophotometry using acidic solutions from wet-ashed samples. 
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Table XIV 

Digestibility of energy and nitrogen in fibrous diets for lambs 
as affected by cottonseed meal (CSM) or i r radiated, 

undigested sewage solids (TRUSC) 11,11 

Items 

Lambs per group 

Energy Intake, Kcal/(Kg DM) 

Energy digested, Kcal/(Xg BW)" 

Energy digestibility, 5 

Nitrogen Intake, g/(Kg BW)' 

Nitrogen digested, g/(Kg BW)' 

Nitrogen digestibility, X 

BASAL 

4 

375+.76^ 

191+57 

50+6 

1.69+.34 

.68+.24 

39+7 

Diets 

ior. CSM 

4 

378+43 

191+17 

51+2 

2.04+.23 

.91+.09 

45+1 

-_—-———— 
20Z TRUSC 

4 

400+63 

214+27 

54+3 

1.96+.31 

.93+.18 

47+3 

- NMSU experiments, summer 1976. 

—TRUSC represents undigested sewage solids from Albuquerque, MM, irradiated 
at Sandia Laboratories, Albuquerque, MM. 

-Values shown are means t standard deviations. 

Table XV 

Digestibility of energy and nitrogen in fibrous diets for cattle 
as affected by cottonseed meal (CSM) or irradiated 

undigested sewage solids (TRUSC)-i-/ ' 2J 

I tens 

Steers per group 

Energy intake, Kcal/(Kg BW) , 7 S 

Energy digested, Seal/(Kg BW) - 7 5 

Energy digestibility, * 

Nitrogen intake, g/(Kg BW) - 7 5 

Nitrogen digested, g/(Kg BW ) - 7 5 

Nitrogen digestibility, * 

3ASAL 

4 

280+9^ 

127+30 

45+10 

1.31+.05 

.46+.20 

35+15 

Diets 
lor. CSM 

4 

284+9 

152+26 

53±7 

1.53+.05 

.76+.15 

59+8 

20? TRUSC 

4 

316+24 

171+25 

54+9 

1.55+.12 

.80+.09 

50+8 

-NMSU experiments, summer 1976. 

2/ 

—TRUSC represents undigested sewage solids from Albuquerque, MM, irradiated 

at Sandia Laboratories, Albuquerque, MM. 

-Values shown are means i standard deviations. 

-140-



Tissue Retention of Heavy Metals and Trace Elements 

Attention has been given to potential hazards of heavy metals 
and organic pollutants in the food chain arising from land 
application of sewage sludges (Dean;2 0 CAST2"1). Sheffner 
et al2,2 discussed toxicological aspects in the nutritional evalu
ation of activated sludge. Cheeke and Myer 2 3 evaluated act i
vated sewage sludge as a protein source for ra ts and Japanese 
quail. Schonborn2^ cited repor t s , mostly from European 
l i te ra ture , concerning nutritive value of sewage products for 
r a t s , poultry and swine, and discussed potential hazards of 
chemical toxicants. Recently, Kinzell, Cheeke and Chen2^ 
reported growth, organ s ize , t issue heavy metals and t race 
elements, reproductive performance and pentobarbital 
sleeping t imes of rats as affected by dietary activated sew
age sludge. 

Kienholz, Ward, and Johnson2^ presented preliminary resul ts 
from studies of heavy metals and organic toxicants in t issues 
of cattle grazing forages from sludge-treated soils , and of 
cattle fed digested sludge in feedlot. These Colorado r e 
searchers reported further r e su l t s , indicating measurable 
t issue levels of certain meta ls , pesticide res idues , and chlo
rinated hydrocarbons, at the Third National Conference on 
Sludge Management, Disposal and Utilization (Miami, Florida; 
December 1976; Proceedings in p re s s ; Information Transfer , 
Inc . , Rockville, Maryland). 

Data have been reported on apparent absorption and retention 
of heavy metals and certain t race elements by sheep fed thermo-
radiated undigested sewage solids (Smith e t a l ) . *° Those data 
showed that absorption of Ag, Cd, Co, Cr, Cu, Fe, Hg, Mg, Mn, 
Pb, and Zn from sewage solids was low. However, positive 
balances were reported in some cases . These same trends 
have been confirmed and reported in subsequent studies (Bruce, 
_et a l ) . 2 8 

In more definitive experiments (reported originally herein) 
samples of blood were taken from sheep fed the experimental 
diets shown in Table XIII after 29 days feeding, and other 
samples were obtained from sheep fed two of these diets (15% 
CSM and 30% TRUSC) after an additional 40 days. Contents of 
heavy metals and t race elements in these samples a re shown in 
Tables XVI and XVII. These data show that blood levels of the 
heavy metals and t race elements measured were not appreciably 
affected by dietary sewage sol ids. 
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Table XVI 

Elemental composition of whole blood in lambs as affected 
by diets with and without sewage solids 

Elements 

Ca 
P 
Ua 
K 
Fe 
M8 

Ag 
Cd 
Co 
Cr 
Cu 
Hg 
Mn 
Pb 
Zn 

BASAL 

6.2+2.7 
17.9+1.5 
201+6 
44+11 
38+4 
2.5+.3 

93+9 
65+13 

24+2 

572+183 

5? CSM^' 

4.3+0.6 
18.4+1.6 
203+2 
31+4 
38+5 

2.4+.3 

102+8 
54+18 

23+5 
522+143 

10? CSM 

4.1+0.6 
19.4+1.7 
203+2 
35+2 
38+2 
2.5+.1 

94+16 
70+16 

22+1 
531+135 

Diets 

15? CSM 10? TRUSC-' 

n«/100 mL 

3.7+1.1 4.3+0.9 
22.1+1.8 20.1+1.3 
207+1 204+2 
37+6 31+3 
34+5 45+12 

2.5+.2 2.3+.2 

ui/100 m L 

< 3.6* 

< 1.4 * 

102+6 98+0 
45+7 75+13 

23+0 29+3 
480+122 535+155 

20? TRUSC 

4.8+0.8 
19.2+2.2 
206+5 
36+13 
38+5 
2.6+.1 

115+13 
66+9 

27+3 
645+75 

30? TRUSC 

5.3+0.9 
18.4+1.0 
208+5 
34+5 
35+7 

2.5+.1 

96+4 
62+10 

26+2 

562+210 

- ^ S U experiments, summer 1976; diet3 had boen fed for 29 days; samples were 
wet-ashed and analyzed Ly atomic absorption spectrophotometry. 

- Values shown are means : standard deviations representing 4 lambs for each 
group. 

-CSM is cottonseed meal; TRUSC is irradiated undigested sewage solids from 
Albuquerque, NM. 

Values represent limits of detection under analytical conditions used. 

Table XVII 

Elemental composition of whole blood in lambs as affected by diets 
with cottonseed meal (CSM) or irradiated sewage solids (TRUSC)^'2/ 

Elements 

Ca 
Na 
K 
Fe 
MS 

A? all <3.6* 
Cd 
Co all <l.i* 
Cr all <7.8» 
Cu 
Hg 
Mn all <4» 
Pb 
Zn 

L5? CSM 

5.7+.6 
260+30 
37+10 
45+9 
1.2+.3 

6.0+1.4 

164+7 
48+20 

49+4 
259+17 

Olecs 

ms/100 BL. 

US/IOO nL 

1 30? TRUSC1 

5.6+1.3 
265+10 
39+6 
45+7 
1.2+.4 

6.2+.7 

162+8 
37+10 

34+1 
245+40 

— NMSU experiments, s unnner, 1976j dices hod been fed for 69 daysj saci-

pies were wet-ashed and analyzed by atomic absorption spectrophoto
metry. 

— Values shown are means ̂  standard deviations representing 6 lambs 
per group. 

"Values represent limits of detection under analytical conditions used. 
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Samples of l ivers and kidneys were collected from sheep fed 
the basal diet or 30% TRUSC for 69 days and then fed a pelleted, 
commercially prepared conventional sheep diet for 61 days. 
Samples of kidneys were collected from sheep fed the 30% 
TRUSC diet for 29 days and then the conventional diet for 104 
days. Elemental composition of these l ivers and kidneys is 
shown in Tables XVIII and XIX. The resul ts show that in
gestion of TRUSC at 30% of the diet for 29 or 69 days, followed 
by a conventional diet for 104 or 61 days, failed to significantly 
affect l iver and kidney contents of Ca, P , Na, K, Fe , Cu, Mg, 
JVIn, Zn, Co, and Cr . In the cases of Ag, Cd, Hg, and Pb, the 
means for values from animals fed TRUSC were slightly higher 
than comparable means for control animals, suggesting slight 
increases in content of these elements as a result of ingested 
TRUSC. 

Results suggest that feeding of TRUSC, followed by prolonged 
feeding of a conventional diet, poses little hazard from the 
elements assayed to consumers of meat products* Livers and 
kidneys are not necessar i ly the most important t issues to assay 
for possible hazards to the animals consuming contaminated 
feedstuff, however, since chronic toxicity may re la te more 
closely to levels accumulated in other t issues such as brain or 
bone. These t issues have not been analyzed in our studies. 

Data in Tables XVIII and XIX provide two notable observations, 
one of which has been widely recognized: copper accumulates 
in l ivers of sheep at levels much higher than in kidneys; whereas 
cadmium accumulates at higher levels in kidneys. Silver (Ag) 
accumulated in l ivers at 800-1300 ppb, but was undetected in 
kidneys of the same animals . The biological importance of 
this finding is not known at present. 

Agronomics Program - - The agronomic r e sea rch program at NMSU 
encompasses greenhouse and field plot t r ia ls of both undigested and di
gested sludges. The work reported here deals with undigested and digested 
liquid sludges that were thermoradiated (150 krad of gamma irradiation at 
65°C) for pathogen reduction and then air dried. Various properties of 
the sludges were studied to determine relative agronomic values of the di
gested and undigested sludges and to assess the effects of thermoradiation 
t reatment . A greenhouse experiment was used to evaluate sludges as a 
source for plant nutrients and heavy meta ls . Sludges were added to clay 
loam soil at ra tes of 500 and 1000 lb total nitrogen per ac re . A control 
and two chemical fert i l izer t reatments (100 lb N plus 40 lb P , and 200 lb 
N plus 80 lb P) were included for comparison. Eight-week greenhouse 
t r ia ls were run with sorghum grown in plastic pots. 
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Table XVIII 

Elemental composition of l ivers from lambs fed diets with and 
without irradiated undigested sewage solids (TRUSC)-^-^/ 

Dietary 
Regimen 

Number of 
lambs 

Elements 

Ca 

P . 

Na 

K 

Fe 

Cu 

Mg 

Mn 

2n 

Ag 

Cd 

CO 

Cr 

Hg 

Pb 

Livers 

BASAL, 69 days 30% TRUSC, 69 days 

Conventional diet, 61 days 

5 5 

mg/Kg (ppm), fresh tissue 

52 ± 14 58 ± 4 

3824 ± 236 3646 •• 128 

783 ± 42 748 ± 57 

2819 ± 174 2679 ± 138 

63 ±10 87 ± 13 

95 ±18 93 ± 22 

183 ± 9 177 ± 1 

3.1 ± .4 3.0 ± .3 

35 ± 2 35 ± 2 

ug/Kg (ppb) , fresh tissue 

950 ± 119 1182 ± 146 

78 ±34 90 ± 13 

<50* <50* 

<60* <60* 

<14*£/ 31 ± 10^/ 

226 ± 44 285 ± 66 

1/ NMSU experiments, summer, 1976; samples were wet-ashed 
and analyzed by atomic absorption spectrophotometry. 

2/ Values shown are means ± standard deviations. 

* Values represent limits of detection under analytical 
conditions used. 

a/, b/ Values with different superscript letters are 
significantly different (P < .05). 
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Table X K 

Elemental composition of kidneys from lambs fed diets with and 
without i r r ad ia ted undigested sewage spl ids (TRUSC)-^' •» 

Dietary 
Regimen 

Number of 
lambs 

Elements 

Ca 

P 

Ha 

X 

Fe 

Cu 

Mg 
Hn 

Zn 

Ag 

Cd 

Co 

Cr 
Hg 

Pb 

BASAL, 69 days 

Conventional 

4 

75 ± 14 

6163 ± 267 

1903 ± 228 

2641 t 141 

59 ± 16 

3.3 * .2 

182 t 10 

1.2 ± .1 

19 s 1 

<25» 

131 ± 104 

<50* 

<6C* 

<14* 

148 ; 13-/ 

Kidneys 

30% TRUSC, 69 days 

diet, 61 day3 

5 

raq/Xo (ppm), fresh 

86 i 11 

5799 * 356 

1664 i 151 

2481 * 203 

52 t 11 

3.3 £ .3 

172 * 7 

1.2 t .2 

24 t 2 

uo/Ko foDh), fresh 

«2S» 

125 i 13 

<S0* 

<60* 

<14« 

281 i 24- / 

30% TRUSC, 29 days 

Conventional diet, 104 

6 

tissue 

79 t 15 

6089 l S16 

1703 £ 102 

2565 £ 283 

54 £ 18 

3.4 £ .3 

181 £ 17 

1.2 ± .1 

23 i 3 

tissue 

<25« 

81 ± 8 

<50» 

<60» 

<14* 

226 i 2 ^ 

days 

1/ HMSU experiments, summer, 197 6; samples were wet-ashed and analyzed by 
atomic absorption spectrophotometry. 

2/ Values shown are means £ standard deviations. 

* Values represent limits of detection under analytical conditions used. 

a/, b/ Values with different superscript letters are significantly different 
(P <.05). 

The sludge content of se lected heavy meta l s is shown in Table XX. 
Higher concentrat ions in digested sludges a r e due to reduction in sol ids 
during anaerobic digestion. Digested sludges also contained higher con
centrations of inorganic nitrogen but lower concentrat ions of total n i t rogen. 
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Table XX 

Total, HCl, DTPA and Hop extractable Fe, Cu, Zn, Mn, Cr, Cd, Pb 
^"undigested (USS), thermoradiated undigested (TRUSS) digested 

TDSSPand'thermoradiated digested (TRDSS) sewage sludge 

Extractant 

Total 

HC1 

DTPA 

H20 

Total 

HCl 

DTPA 

H20 

Total 

HCl 

DTP;. 

H20 

Total 

HCl 

DTPA 

H20 

Fe 

10771 

4155 

795 

9 

10864 

4248 

809 

8 

14671 

3389 

156 

2 

14857 

3204 

166 

2 

Zn 

1364 

975 

352 

16 

1333 

971 

310 

16 

1634 

1580 

437 

11 

1676 

1523 

421 

11 

Cu Mn Cr 

ppm 

Undigested 

852 145 194 

372 89 35 

45 19 .5 

3 4 * 

Thermoradiated Undigested 

796 143 194 

374 88 38 

40 19 .5 

3 4 * 

Digested 

1132 236 379 

577 150 74 

145 14 .6 

6 2 * 

Thermoradiated Digested 

1121 234 394 

560 144 68 

161 14 .6 

6 2 * 

Cd 

15 

10 

4 
** 

14 

10 

3 
** 

26 

25 

8 
** 

27 

24 

8 
** 

Pb 

626 

397 

183 

.1 

608 

403 

184 

.1 

678 

525 

72 

.02 

676 

512 

74 

.03 

* ** 
<.5 ppm Cr <.125 ppm Cd 

Dry matter production is shown in Table XXI. The increased pro
duction due to sludge application is noteworthy. 

The macronutrient content of sorghum tissue at the end of the experi
ment is shown in Table XXII. Decreased calcium in undigested treatments 
is due to the la rger amount of dry matter generated. Tissue contents of 
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Fe , Zn, Mn, Cu, and Cd are shown in Table XXIII. Plant t i ssue con
centrations in both Tables XXII and XXIII did not exceed suggested toler
ance levels for any of the elements examined. 

Table XXI 

Average dry matter production at termination of greenhouse 
experiment as a result of fer t i l izer and sludge treatments 

Treatment 

Control (Ho fertilizer or sludge) 

100-40-0 

200-80-0 

USS (9 ton/A)* 

USS (18 ton/A) 

TRUSS (9 ton/A) 

TRUSS (18 ton/A) 

DSS (15 ton/A)** 

DSS (30 ton/A) 

TRDSS (15 ton/A) 

TRDSS (30 ton/A) 

Yield (g/pot) 

.159 

.142 

.242 

1.770 

2.973 

1.782 

2.443 

.554 

1.480 

.426 

1.538 

Available nutrients equivalent ~200-60-0 

Available nitrogen equivalent to 9 ton/A USS 

Product Enhancement 

Ammonia production in the U .S . is based wholly on natural gas . 
Approximately 2% of the annual domestic consumption of natural gas is 
used in the industrial synthesis of anhydrous ammonia which, in turn, is 
used either as is or as a feedstock to produce various ammonium sal ts 
pr imari ly used as nitrogen fer t i l izers for agr icul ture . Recent increases 
in natural gas ra tes have driven up nitrogen fert i l izer p r ices . Recovery 
of nitrogen from wastewater has therefore become an attractive r e sea rch 
option. The major nitrogen form in wastewater is initially u r ea , but this is 
rapidly degraded in raw sewage to ammonia and CO2 by urease-producing 
microorganisms . 
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Table XXII 

Macronutrient content of sorghum tissue at termination 
of greenhouse experiment 

Treatment 

Control 

100-40-0 

200-80-0 

USS (9 ton/A) 

USS (18 ton/A) 

TRUSS (9 ton/A) 

TRUSS (18 ton/A) 

DSS (15 ton/A) 

DSS (30 ton/A) 

TRDSS (15 ton/A) 

TRDSS (30 ton/A) 

N 

3.00 

2.83 

2.48 

2.63 

2.40 

2.33 

2.35 

2.38 

1.81 

2.22 

2.00 

P 

.59 

.57 

.49 

.60 

.56 

.59 

.58 

.59 

.56 

.44 

.51 

K 

of dry 

3.48 

3.28 

3.37 

3.58 

3.67 

3.55 

3.49 

3.74 

3.33 

3.52 

3.08 

Ca 

1.37 

1.38 

1.59 

.77 

.89 

.88 

.86 

1.07 

1.02 

1.11 

1.10 

Mg 

.50 

.47 

.48 

.47 

.48 

.49 

.47 

.47 

.49 

.45 

.47 

Table XXIII 

Sorghum tissue concentration of Cu, Mn, Fe , Zn and Cd 
at termination of greenhouse experiment 

Treatment 

Control 

100-40-0 

200-80-0 

USS (9 ton/A) 

USS (18 ton/A) 

TRUSS (9 ton/A) 

TRUSS (18 ton/A) 

DSS (15 ton/A) 

DSS (30 ton/A) 

TRDSS (15 ton/A) 

TRDSS (30 ton/A) 

Fe 

262 

204 

176 

95 

90 

96 

93 

192 

105 

147 

98 

Zn 

62 

68 

55 

133 

177 

131 

170 

128 

138 

118 

129 

Mn 

—ppm 

63 

69 

62 

55 

47 

63 

54 

72 

63 

67 

58 

Cu 

31 

37 

20 

29 

35 

26 

29 

24 

27 

33 

35 

Cd 

4.0 

3.3 

3.9 

3.6 

3.7 

3.3 

4.0 

4.8 

4.6 

4.3 

4.2 
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During aerobic water treatment p rocesses , however, much of the 
ammonia is oxidized to ni t ra te . Because neither nitrate nor ammonia are 
desirable constituents of-a final effluent, t e r t ia ry treatment schemes may-
include denitrification or ammonia-str ip ping. 

In typical denitrification, effluent from activated sludge or from a 
deliberate nitrification pretreatment is t reated by batches in anaerobic 
columns. These columns contain certain bacter ia that, under anaerobic 
conditions, reduce nitrate via nitri te to No or NoO. These gases a re then 
released to the atmosphere. This biologicai process is known as d iss im-
ilatory denitrification. 

Many microorganisms a re also capable of a second type of ni trate 
reduction known as assimilatory denitrification. Nitrate is again reduced 
to nitr i te, but the nitrite is reduced to ammonia ra ther than N2- This 
pathway is , however, subject to ammonia repress ion . This is economical 
for the cell because it has no need to produce ammonia from nitrate when 
a sufficient supply is already available. Mutant s t ra ins in which this con
trol mechanism is in some way defective, however, continue to reduce 
nitrate in the presence of ammonia. Such derepressed mutants have been 
produced in the filamentous fungus, Aspergillus nidulans. 2^ The use of a 
s imilar bacterial mutant in place of dissimilatory cenitrifiers for waste
water treatment would reduce influent ni trate to ammonia, which could 
then be removed by ammonia-stripping. 

The ammonia 'as ammonium sulfate) recovered from domestic 
wastewater would, if added to the accompanying sludge, result in a pro
duct containing ~ 3% available nitrogen. Domestic siudge/asually has only 
2-3fo available nitrogen. Bulk value of the product sludge would then in
crease from c 25/ton to an estimated 395/ton. 

The ultimate success of a biological approach hinges on producing 
mutant strains that are hardy enough to perform well under actual plant 
operating conditions. Chromobacterium violaceum, a gram-negative 
nonpathogenic motile rod that reduces nitrate and nitrite anaerobically, 
was selected as a promising candidate. Assimilatory nitrate reduction 
also occurs aerobically but at reduced ra tes . 30 Aside from an early 
monograph, the kinetics of anaerobic growth in _C_. violaceum has not 
been studied in detail. 31 Anaerobic growth at 37° C in nutrient broth 
supplemented with glucose was the standard for optimal growth with which 
other data were compared. 

Previous work with aerobically grown C. violaceum showed that 
growth in a minimal salts medium was not enhanced by vitamins. We have 
demonstrated a s imi la r lack of effect of individual vitamins on anaerobic 
growth. A marked effect, however, is reportedly produced by certain 
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amino acids. 3 2 Arginine, and methionine, part icular ly when arginine is 
also present, stimulate aerobic growth. We have found that arginine 
(optimal concentration = 0.25 mg/mL) similarly s t imulates anaerobic 
growth in a minimal salts medium. Methionine, however, has no effect; 
but, cystine at 0.005 mg/mL, particularly when arginine is also present, 
has a definite effect. 

Anaerobic growth in ammonium-free arginine-cystine medium (AC 
medium) is nearly equivalent to that in nutrient broth (Figure 13). More 
surprising, however, is that growth in identical basal medium containing 
ammonium sulfate (2 g/L) as sole nitrogen source is quite poor, and ad
dition of ammonium sulfate to AC medium has no effect on growth except 
to prolong the exponential phase. While cystine clearly acts almost solely 
as a growth factor, the arginine must be used as a nitrogen source in AC 
medium. Exogenous ammonium, typically r ep re s se s use of alternative 
nitrogen sources; it also typically is the nitrogen source that gives most 
rapid growth. In neither case is this entirely true for C. violaceum. 
Nitrate stimulates the initial growth ra te in AC medium, however. 

0 4 8 12 

TIME, HOURS 

Figure 13. Growth of Chromobactcrium violaceum 
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An attractive method for the selection of mutants de repressed for 
nitrate reduction, or other ammonia- rcprcss ib le functions, is the use of 
the ammonia analog, methylamine. 29 Mcthylr-mine is enough like aronio-
nia structurally to act as a r e p r e s s o r . When cells a re grown in the p r e s 
ence of a nonammonia nitrogen source plus methyiamine (100 mM), only 
derepressed mutants can utilize the nitrogen source. Nonmutants die of 
nitrogen starvation. 

Physical /Chemical Modifications 

Although pathogen reduction is the pr imary force behind irradiation 
of sludge, it is important to be aware of physical and chemical changes 
that may improve sludge handling or disposal proper t ies . These include 
filterability, settleability, and odor modifications. 

Changes in filterability and settleability due to heat and irradiat ion 
a re not significant when compared to polymer addition, nor is the com
bined effect synergis t ic . The odor of liquid digested sludge does not im
prove with thermoradiation and may instead be worse . 

Dried Sludge Irradiator 

An experimental i r rad ia to r for treatment of dried sludges will soon 
be installed at Sandia Laborator ies in Albuquerque. The syscem uses a 
collapsing chain conveyor built by Gough Econ of Staffordshire, England, 
to optimize the efficiency of the cesium-137 source (Figure 14). The 
chain collapses in three a r e a s - - t h e loading area and above and below the 
source plaque. Waste Encapsulation and Storage Facili ty (V/ESF) capsules 
will be used. The facility will initially be charged with approximately 
1 MCi of cesium-137. Throughput capabilities will be 8 tons/day at a 
1-Mrad dose. Reduced doses will increase throughput l inearly. 

The conveyor system has been delivered. Architectural and engi
neering work is almost complete, and construction is planned for com
pletion by 1 May 1978. Installation of the conveyor, fueling, and checkout 
will be completed by August 1973. Both composted and dried raw sludges 
will be treated to determine the dose paramete rs needed for satisfactory 
pathogen reduction. The facility will handle bulk and bagged sludges for 
radiation processing. 
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Figure 14. Exper imental i r r a d i a t o r for t reatment 
of dried sludges 

References 

Sivinski, H. D. , "Trea tment of Sewage Sludge with Combinations of 
Heat and Ionizing Radiation (Thermorad ia t ion) , " Proceedings of the 
International Symposium on the Use of High-Level Radiation in Waste 
Trea tmen t , Munich, IAEA-SM-194/303, March 1975. 

Sandia Labora to r i e s , Bat te l le-Pacif ic Northwest Labora to r i e s , 
Arthur D. Lit t le , I nc . , "A Technical and Economic Evaluation of 
Sewage Sludge Treatment and Disposal A l t e rna t ives , " to be published. 

Brandon, J . R. , W. D. Burge, and N. K. Enkir i , "inactivation by 
Ionizing Radiation of Salmonella enter i t id is s e r . Montevideo Grown in 
Composted Sewage Sludge," Appl. Environ. M i c r o . , March 1977. 

Brandon, J . R. and S. L. Langley, "Sludge Irradiation: Bacteriology 
and Pa ra s i t o logy , " Conference on Cur ren t Development in Municipal 
Waste Trea tment , Bal t imore , MD, to be published 1977. 

-152-



5. Ward, R. L. and J. R. Brandon, "Effect of Heat on Pathogenic 
Organisms Found in Wastewater Sludge, " Proceedings of 1977 
National Conference on Composting of Municipal Residues and 
Sludges, Silver Spring, MD, to be published 1977. 

6. Brandon, J . R. and S. L. Langley, "Inactivation of Bacteria in Sew
age Sludge by Ionizing Radiation, Keat, and Thermoradiat ion," 
SAND75-0163, Sandia Laboratories , 1976. 

.7 . Burge, W. D. and N. K. Enkiri , to be published. 

8. Burge, W. D . , private communication. 

9. Brannen, J . P . , D. M. Garst , and S. L. Langley, "inactivation of 
Ascaris lumbricoides Eggs by Heat, Radiation, and Thermoradiation," 
SAND75-0163, Sancia Laboratories , 1975. 

10. Ward, R. L. and C. S. Ashley, "inactivation of Poliovirus in Digested 
Sludge," Appl. Environ. Microbiol. 31, 921-930, 1976. 

11. Ward, R. L. and C. S. Ashley, "identification of the Virucidal Agent 
in Wastewater Sludge, " Appl. Environ. Microbiol. 33_, 360-364, 1977. 

12. Ward, R. L . , "inactivation of Poliovirus in Wastewater Sludge with 
Radiation and Thermoradiat ion," Appl. Environ. Microbiol. 33, 
1218-1219, 1977 

13. Ward, R. L . , C. S. Ashley, and R. H. Moseley, "Heat Inactivation 
of Poliovirus in Wastewater Sludge, " Appl. Environ. Microbiol. 32, 

. 339-346, 1977. 

14. Ward, R. L . , "Inactivation of Enteric Viruses in Wastewater Sludge," 
Proceedings of Third National Conference on Sludge Management 
Disposal and Utilization, Miami, FL , Information Transfer , Inc. , 
Rockville, MD, pp. 133-141, 1976. 

15. Ward, R. L. and C. S. Ashley, "Discovery of an Agent in Wastewater 
Sludge that Reduces the Heat Required to Inactivate Reovirus, " 
Appl. Environ. Microbiol, (in press). 

16. Ward, R. L. and C. S. Ashley, "inactivation of Enteric Viruses in 
Wastewater Sludge through Dewatering by Evaporat ion," Appl. 
Environ. Microbiol. , November 1977 34, 564-570, 1977. 

-153-



Ward, R. L . , A P r o g r a m to Study the Inactivation of Enter ic 
Viruses in Wastewater Sludge," Conference on Current Develop
ment in Municipal Waste Trea tment , Bal t imore , MD, to be 
published 1977. 

Smith, G. S . , H. E . Kiesl ing, J . M. Cadle, C. Staples, L. B. 
Bruce, and H. D. Sivinski, "Recycling Sewage Solids as Feedstuffs 
for Lives tock," Proceedings of Third National Conference on Sludge 
Management Disposal and Utilization, Miami, F L , Information 
Trans fe r , I n c . , Rockville, MD, 1976. 

Cadle, J . M . , H. E . Kiesl ing, and G. S. Smith, "Feedlot P e r f o r m 
ance of Lambs Fed Sewage Solids, " Proceedings of West. Sec. Am. 
Soc. Anim. S c i . , Vol . 28, 1977 (in p r e s s ) . 

Dean, R. B . , "Hazards from Metals and Organic Pollutants in 
Sludge from Municipal Trea tment P l a n t s , " presented at In ter 
national Water Conservancy Exhibition, Advanced Waste Treatment 
Research Labora tory , U .S . Environmental Pro tec t ion Agency, 
Cincinnati, OH, September 1975. 

CAST, "Application of Sewage Sludge to Croplands: Appraisal of 
Potential Hazards of the Heavy Metals to Plants and An ima l s , " 
Report No. 64, Council for Agricul tural Science and Technology, 
Iowa State Universi ty , A m e s , IA, 1976. 

Sheffner, A. L . , J . W. Keating, A. L. Pa lanker , M. S. Weinberg, 
and R. Dean, "Toxicological Aspects in the Nutri t ional Evaluation 
of Activated Sludge," presented at American Chemical Society 
Meeting, September 1974. 

Cheeke, P . R. and R. O. Myer , "Evaluation of the Nutri t ive Value 
of Activated Sewage Sludge with Rats and Japanese Qua i l , " Nutr . 
Reports International 8 (6) : 385, 1973. 

Schonborn, W. , "On the Use of Sewage Sludge as Fodder, " P r o 
ceedings of IAEA Symposium on Use of High Level Radiation in 
Waste Trea tmen t - -S ta tus and P r o s p e c t s , Munich, IAEA-SM-
194/701, 1975. 

Kinzell , J . H . , P . R. Cheeke, and R. W. Chen, "Nutri t ive Value 
of Activated Sewage Sludge for Rats : Growth, T i s sue Heavy Metals 
and Reproductive Pe r fo rmance , " Proceedings of West. Sec. Am. 
Soc. Anim. Sci. 27 :142 , 1976. 

- 1 5 * » -



Kienholz, E. W. , G. M. Ward, and D. E. Johnson, "Sewage Sludge 
Metals in Cattle T i s s u e s , " J . Anim. Sci. 43 : 230, 1976. 

Rose , F . L. and J . C. H a r s h b a r g e r , "Neoplastic and Poss ibly Re
lated Skin Lesions in Neotenic T ige r Salamanders from a Sewage 
Lagoon ," Science 196: 315, 1977. 

Bruce , L . B . , G. S. Smith, and C. Staples , "Silicate Effects on 
Minera ls in Lambs Fed Sewage So l i d s , " Proceedings of West . Sec. 
Am. Soc. Anim. Sc i . , Vol. 28, 1977 (in p r e s s ) . 

A r s t , H. N. and D. J . Cove, "Methylammonium Resis tance in 
Aspergi l lus n idulans ," J_. Bac te r io l . _98: 1234-1293, 1969. 

Payne, W. J . , "Reduction of Nitrogenous Oxides by Mic ro 
o r g a n i s m s , " Bacter iol . Rev. 37: 409-452, 1973. 

Sneath, P . H. A . , "Cultural and Biochemical Cha rac t e r i s t i c s of 
the Genus Chromobacter ium, J_. Gen. Microbiol . \5_: 70-98, 1956, 

DeMoss, R. D. and M. E . Happel, "Nutri t ional Requi rements of 
Chromobacter ium violaceum, J_. Bacter iol . 77: 137-141, 1953. 

C a r t e r , C. V . , "The Effects of Heat, Radiation and Thermoradia t ion 
on the Fi l terabi l i ty of Sewage Sludge, " SAND76-0312, submit ted for 
publication. 

-155-



EXPEHIEITCE WITH A SEWAGE SLUDGE RADIATION PLAIT? 

A. Suess, T. Lessel and H. Herrnhut 

Bayerische Landesanstalt fiir Bodenkultur und 
Pflanzenbau, Munchen 
Abwasserverband Ampergruppe, Eichenau 
Gebr. Sulzer AG, Winterthur 

Abstract 

EXPERIENCE WITH A SEWAGE SLUDGE RADIATI01T PLAITT 

During an operation tine of 4 years the plant experiences are full 

satisfying. 

The availability of the plant wa3 about 55o days a year, while the 

costs are in the same range as the pasteurization. There is a useful 

by-effect on sludge properties showing a better settling and factor 

dewatering. 

•The reduction of pathogenes with a dose of 500 krad is in the range 

of ; - 6 log units, while no reinfection can be found even after 

storage in a drying bed for 10 weeks. 

The effect to plants and soil is simile,r between untreated and irra

diated sewage sludge. Pasteurization gives, due to a I033 of nitrogen, 

the lowest plant yields. Soil properties and water balance were in

fluenced positively. 

Introduction 

Sewage sludge still contains pathogenic bacteria and parasites after 

a digestion process. It is also known, that ascarid eggs and salmonella 

can survive several months in soil and plants. Various investigators 

proved that the application of untreated and digested sewage sludge 
land 

on agricultural/represents a serious danger for cattle and human. 

Limitations for land application, therefore, exist saying that untreated 

and not hygenized sludge has to be applied during autumn and winter time„ 

Because nutrents, especially IT and P is water-soluble, a migration in the 

soil occurs and contaminates the groundwater,. 
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A more efficient application of sludge would be the use during growing 

season. 3ut this utilization demand3 a treatment. 

Several methods for a hygieniaation of sewage sludge are known: heat, 

chemical and biological treatment. The radiation induced hygienization 

is studied now for 4 years in a pilot plant and a lot of ercperiences 

could be collected. 

1. B̂ raerience with the operating radiation rclant 

After some repairs and improvements in the pipe work, the valves, 

pumps and sealing of the control tube the plant i3 operating con

tinuously since December 1975* There was a break for 12 days, because 

cooling water in the central tube wa3 lost. Calculations of the avai

lability indicate a high availability during the last years. During 

1400 operation days (1973 - 1977) 151 days were not used: 

50 days for defects 

4-6 " " changing installations 

45 " " sealing the central tube 

10 " " cleaning and demons-ration 

10 " " reloading. 

Considering the defects and changing the installations due to failure 

in the design, there is an availability of 549 days/year = 96 fj« 

. <*— I\ae operation time was: ôp aay 
repairs, cleaning and 
demonstration 13 " 

reloading 7 " 

549 days/year 

The costs for the treatment './ere calculated on an average capaciiy 

of 110 m^/day, while the capacity of the plant will be about 150 - 180 

m5/day at Co-activity of 6p0 kCi. The total costs are: 5.75 DM/m5 

(3.35 3I-I capital costs and 2.40 DH operation costs - radiation sources, 

electricity, service). 

The radiation facility at Geiselbullach for the treatment of sludge 

wa3 proved to be highly reliable. ITo radioactive specific difficulties 

occurred and a continuous operation in a 3ewage plant is possible. The 

radiation plant was integrated in the sewage plant (250 000 inhabitants 
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A. more efficient application of sludge would De the use during growing 

season.. 3ut this utilisation demands a treatment. 

Several methods for a hygienization of sewage sludge are known: heat, 

chemical and "biological treatment. The radiation induced hygienization 

is studied now for 4 years in a pilot plant and a lot of e:cperiences 

could be collected. 

1. Experience with the operating radiation plant 

After some repairs and improvements in the pipe work, the valves, 

pumps and sealing of the control tube the plant is operating con

tinuously since December 1975• There was a break for 12 days, because 

cooling water in the central tube was lost. Calculations of the avai

lability indicate a high availability during the last years. During 

1400 operation days (1973 - 1977) 161 days were not used: 

50 days for defects 

4-6 " " changing installations 

45 " " sealing the central tube 

10 " " cleaning and demonstration 

10 " " reloading. 

Considering the defects and changing the installations due to failure 

in the design, there is an availability of 349 days/year = j6 -"J. 

The operation time was: 56? days 

repairs, cleaning and 
demonstration 13 " 

reloading 5 " 

"19 days/year 

The costs for the treatment were calculated on an average capacity 

of 110 m /day, while the capacity of the plant will be about 150 - 180 

m-'/day at Co-activity of 650 kCi. The total costs are: 5.75 DH/m'' 

(3.35 DM capital costs and 2.40 DM operation costs - radiation sources, 

electricity, service). 

The radiation facility at Geiselbullach for the treatment of sludge 

was proved to be highly reliable. JTo radioactive specific difficulties 

occurred and a continuous operation in a sewage plant is possible. The 

radiation plant was integrated in the sewage plant (250 000 inhabitant:: 
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equivalent) and no special trained persons were required. Technical 

changes before December 1975 leads to an improved hygiene effect. 

Because irradiated sludge indicates improved set-ling properties, 

transport costs and lower costs for storage can be assumed. 

The total costs for the radiation treatment are comparable with a 

heat treatment (70 C/30 ain). 

2. Bacteriological effects on sewage sludge after -/-irradiation 
(i. Wizigmann) 

Bacteriological investigations are performed with 1 kg sludge for 

the following analysis: 

colony count for aerobes growing at 37 C 

enterobacterial count 

faecalcoli titer 

entarococces titer 

enrichment for salmonella qualitative and quantitative. 

The results indicated, that after digestion pathoger.es are still in 

the sludge. The different salmonella species - al species were iso

lated - are the same according to public statistic of salmonella 

diseases. Slimination or selection of special species by the sewage 

process could not be observed. The sludge temperature raised during 

radiation 'ay 1 - 2 C and the pE increased from 7.2 - 7«4« 

Reduction of viable microorganisms could be achieved by a radiation 

dose of 500 krad; 2 - 3 -og for total bacteria count and enterococces, 

5 - 6 log for entarobacteria. In 1 g sludge less than 10 enterobacteria 

were detected, whereas faecalcoli were predominant. 

The surviving of salmonella after the radiation treatment was found 

to be negligible. ITo reinfection or remultiplication was found during 

storage under different conditions. Even in an open drying bed, no re-

growth of salmonella couls be found during 10 weeks. In comparison to 

untreated sludge a shift in the type of microorganisms was noted. Ci-

trobacter and proteus species are predominating. The count of faecal

coli decreased during storage time. 
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On the basis of these results it can be concluded, that the small num

ber of surviving salmonella are not able to remultiply. Responsible for 

this may bo the low count, a sublethal damage or the sludgo flora chan

ged by the radiation treatment. 

llodel experiments with several salmonella strains showed, that radiation 

sensitivity varied within a 5.2 - 7»9 log damage with an average of 6.3 

log. 

3. Physical changes in the sludge after irradiation 

A radiation dose of about 150 - 200 krad improves the settling proper

ties of sludge. Thi3 might be partly due to tho formation of bigger 

sludge particles during radiation. The changed properties lead to an 

increase of solid content of the sludgo from J to 6 ';'<> within 56 hours, 

while there was nearly no effect with untreated sludge. 

3:rperiaents with dewatering in a centrifuge showed, that savings of 

chemicals in different order can be found after the radiation trea-aer.-. 

-he amounts of the chemicals which have to be added differs from sludge 

composition and origin. 

4. Effects of treated sewage slud~a on soil and nlar.ts 

Sewage sludge contains nutrients, minor elements and to::ic substances. 

The organic matter improves soil properties, while especially the 

field capacity is improved under different climate conditions. 

Depending on soil properties, sewage sludge leads to a more or less 

increase in plant yield. Low amounts applied every year are more 

effective than higher amounts used within 3 years (Fig. 1). A treat

ment effect can be found in plant yield, where especially the changes 

in nitrogen will be responsible. 

The sewage sludge application induces an increase in soil microbial 

activity. The enzymes amylase, protease and catalase are influenced. 

The pasteurisation gives always the lowest figures. Nearly to diffe

rence can be observed between untreated and irradiated sludge. In 

field trials microbial activity was higher than the control even after 

3 years and 800 m^/ha. 
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The uptake of heavy metals was low in all e:q?QrimentG, but this is 

due to the low load of the sewage sludge. Only the uptake of Zn and 

Cu was higher than the control. 

A extremely interesting result was found in a dry season 1976, where 

the plants with sewage 3ludge showed higher water holding capacity 

in the 3oil and, therefore, less damage by a lack of water. These 

changes resulted in the highest yield of sewage sludge plants. 

5. ITew design for a radiation -plant 

Taking into consideration the operating experience of the plant in 

Geiselbullach, the conception was optimized with the aim. to simplify 

some operations and to lower the specific sewage sludge treatment 

costs to a minimum. 

Sspecially the shield cover and the pipes were subjected to critical 

analysis. Above all we wanted to optimise these two points since the 

heavy shield cover requires an adequately sturdy lifting tackle, which 

in most cases must be integrated permanently into the plant and con

sequently evokes an increase in plant costs. This problem has been 

solved by providing a chamber filled with radiarion shielding liquid 

(water) above the irradiation chamber with the central pipe. This 

chamber is sealed off tightly against the irradiation chamber. Ope

nings exist through which the liquid can circulate into the interior 

of the central pipe that contains the radiation sources. With this 

solution a second advantage has been attained: cooling of the sources 

can be done without a cool water circulation with circulating pumps. 

'.iith the circulation within irradiation chamber, piping for the cir

culating system will be eliminated: as feed-equipment a heavy-sludge 

pump, of which the impeller extends into the central pipe, would be 

more advantageous. In this way it is assured that the sludge is always 

in the radiation field. 

Moreover, manipulation of the radiation sources is simplified with the 

above mentioned new design. 

In the new plant the chamber will be enlarged on one side and provided 

with a pit intended for the storage of the source transport container. 
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Thus, changing of the radiation sources can be carried out during 

operating of the plant. 

For the small installation, the sane description of operating steps, 

as those of the plant in Geiselbullach, is valid, although its effi

ciency is not as good as with the large ono due to smaller dimensions. 

A first plant of this type is now located at the research field of the 

Bavarian Institute of Water Research at Grosslappen. Loading and re

loading of the small plant with radioactive sources happens directly 

from a special transport container, which is brought on the irra

diator: with the help of a remote controlled manipulator the sources 

are then brought into the corresponding places located in the central 

pipe. 

In both installations the sotirce rods are housed in the tightly sealed 

annular space of the central pipe: as a result the source rods 

s.re encapsulated triply. Consequently, they do not come into contact 

with the sludgD. 
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CONCLUSIONS AND RECOMMEND I AT IONS 

The Working Group on "Waste Irradiation" met in five sessions, of 
which one was joined with the Working Group on "Food Irradiation". 

The sessions were devoted to: 
1. Disinfection and microbial control. 
2. Sensitization and chemical-physical modifications. 
3. Pilot plant design and operating experiences. 
The sessions were attended by about 30 scientists and delegates 

from research institutes, universities, industries, and governments 
from 10 countries in and outside Europe. 

A total of 11 papers was presented and the following summary of 
the general conclusions was discussed in the final session. 

Public concern for a healthy environment is growing, because an 
increase in bacterial infections of men has been noted during the past 
ten years (e.g. in West Germany the number of infections raised from 
6900 in 1968 to 35000 in 1976). Municipal sewage and special animal 
wastes are potential sources for all kinds of pathogenic bacteria as 
well as higher parasites and viruses. By use of these wastes on farm 
land an infection chain can be established e.g. from sludge to plant 
to cattle to man. 

Municipal sludge and animal wastes contribute economically 
significant quantities of major plant nutrients, such as N, P, organic 
matter, and micro elements, improving physical and chemical fertility 
of cropland. Also the organic fraction of sludge and animal wastes 
contains in many cases potential values as ingredients of animal feeds. 
In order to take advantage of those wastes, it is necessary to control 
adverse components, such as pathogens and toxic compounds (heavy metals, 
pesticides, etc.). 

Pis infection 
The discussed papers indicated that there are- many applications of 
sludges and animal wastes in wet and dried form and it is clear that 
certain levels of disinfection are needed for each type of utilization. 
Bacteria. Concerning the bacteria it is seen as an important task for 
future research to define the disinfection levels in terms of bacterial 
numbers of microorganisms and determine the associated irradiation doses. 
This is important for an assessment of the economic and technological 
feasibility. It is at the same time recognized that control of regrowth 
potentials of pathogens in treated wastes is a Droblem to be addressed. 
Parasites. Some of the parasites and their eggs, which are resistant to 
conventional techniques, are effectively controlled by a 300 krad 
radiation treatment. Following studies on parasites indicated that the 
radiation sensitivity changes with the stage of the lifecycle and the 
organic matter and water content of the wastes, etc. 
Viruses. Physical-chemical treatments can have a viruscidal effect 
(pH associated with ammonia, desiccation, etc.). By so lowering the 
initial number of viruses one may use a lower irradiation dosis for 
effective control. There is a great need for comparative data on 
radiation inactivation of viruses, wastes as a function of water content, 
scavenging power, temperature, etc. 

Standardized experimental nrotocols for micro-biological examinations of 
irradiated sludges should be developed to enable comparisons of results 
obtained at different research institutes. A committee was formed to 
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study this important problem and a preliminary workprogramme was set 
up, which will be coordinated with similar IAEA programmes in the 
future. 

Separation of water from solids 
It has been established that ionizing radiation changes physical-
chemical properties of some sludges, leading to better separation of 
solids from water. Progress was made in the field of understanding 
of governing mechanisms involved, which was based on radiation-
chemical and physical-chemical principles. Improvement in the 
reduction of sludge volumes and rates of settling of sludge solids 
would result in considerable economic and technological improvements -
in sludge handling and disposal. Therefore continued fundamental and 
empirical research on basic mechanisms is highly recommended. 

Pilot plant design and operating experiences 
Gamma irradiation and electron radiation both move closer to a practical 
utilization, due to the operation of several new pilot and demonstration 
plants. These plants are designed to process liquid raw, liquid digested, 
dry raw, and dry composted sludges. 

Cost-benefit analysis 
Cost effectiveness is critical for the- successful adoption of this 
promising radiation technology. For a cost-benefit one must know the 
type and scale of the treatment plant and the specific objectives. 
An example of such an analysis was given for a planned pilot plant. 
Cost calculations can be made for any type of treatment under given 
operational conditions, whereas the benefit assessment deoends upon the 
evaluation of the end product with regard to social and agricultural 
conditions which may differ from country to country. 

Use of liquid waste in agriculture 
Many studies are underway establishing the fact that wastes are valuable 
and that there are many possibilities for application in agriculture. 
Several new studies have been initiated evaluating the beneficial 
effects of radiation processed wastes on improving nutritional and 
physical properties of soils. The fact that wastes can be employed as a 
component of animal feeds is being explored and further studies are 
encouraged. 

Beneficial use of waste isotopes 
A committee was formed to study the impact of the utilization of 
components of nuclear wastes of the expanding nuclear power industry 
for large scale irradiation of wastes as well as for food irradiation. 
She will also draw up procedures for making these radiation sources 
available. A preliminary programme was developed. This committee will 
meet again during the IAEA conference on "Food Irradiation" at Wageninnen 
this fall. 
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