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INTRODUCTION 

The general public as well as responsible officials of governments 
and the industrial sector are becoming increasingly conscious of the 
need to safeguard our environment. The development and implementation 
of new advanced pollution control techniques to minimize v/aste discharges 
have made significant gains during recent years. 

In the past few decades, it has become evident that ionizing radiation 
has many practical applications. One of the recent advances in environ
mental research and development efforts is application of ionizing 
radiation treatments to liquid and solid wastes. 

In order to communicate new information, to coordinate research, and 
to keep up with progress made, a working group on "Waste Irradiation" 
meets annually within the framework of the European Society of Nuclear 
methods in Agriculture (ESNA). Under ESNA sponsorship, the first meeting 
was held in Munich, Federal Republic of Germany, in 1976 and the second 
in Uppsala, Sweden in 1977- The ESNA working group on "Waste Irradiation" 
convened for the third time in the heart of Europe at Brno from ^ to 9 
September 1978. It was attended by about 60 scientists and delegates from 
research institutes, universities, industries, and governments. 

The full text of presented papers is 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 remaii, 
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 University of Agriculture at Brno and under the sponsorship of the 
Czechoslovak Atomic Energy Commission, the Federal Ministry of Agriculture 
and Food, the Czechoslovak Academy of Sciences, the Slovak Academy of 
Sciences, and the Czechoslovak Agricultural Academy. 

We are thankful to our Czechoslovak 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 
people involved in research, industries, municipalities, and agriculture 
to optimize the applications of nuclear techniques for control of environ
mental pollution. 

A.F. Groneman 
Editor and Chairman of 
ESNA Working Group on 
"Waste Irradiation", 
P.O. Box *»8, 
6700 AA Wageningen. 
The Netherlands. 
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STANDARDIZATION OF METHODS FOR MICROBIOLOGICAL EXAMINATION OF 

SLUDGES IN THE SPECIAL OUTLOOK OF DISINFECTION BY IONIZING RADIATIONS 

D. ALEXANDRE 

C.E.A.- Service de Chimie Appliquee 

Centre d1Etudes Nucleaires de CADARACHE. 

J. CHARREL and A. BLANCARD 

Laboratoire d'Hygiene 
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Abstract 

STANDARDIZATION OF METHODS FOR MICROBIOLOGICAL EXAMINATION OF SLUDGES IN 
THE SPECIAL OUTLOOK OF DISINFECTION BY IONIZING RADIATIONS 

Scattering and difficulties in the interpretation of data 
regarding the level of radiation doses required for inactivation of 
microorganisms encountered in waste water and sludge, is due, in great 
part, to the lack of precision in operational conditions and to the 
diversity in analytical methods. After reminding the importance of the 
main physical and chemical parameters characterizing the media and liable 
to change the radio sensitivity of present germs, authors review the 
different methods used in microbiology for isolation and counting of the 
most generally studied microorganisms in view of standardization. 

INTRODUCTION 

The necessity of endeavour for standardized methods in microbiological 
examination of waste water and sludges has been clearly revealed during 
the two previous ESNA meetings in MUNICH (1976) and UPPSALA (1978). 

It is during this last event that it has been determined to do an 
effort in this particular field. In this mind, a circular letter has been 
sent, in the beginning of 1978, to each of the concerned laboratories, with 
the object to record the main problems encountered by users. There were 
numerous questions raised, but few solutions suggested. 

Proposals that are to be made are not definitive, they take stock 
of tested methods that set no special problems and, concurrently point 
out fields that need further developments, such as virology. 

The author's desire is that, from these early beginnings, a profitable 
debate could be open and that other, probably mere suitable proposals 
could be made. 

Furthermore, it is convenient to notice that much trouble in 
handling of published data does not proceed only from deficiencies in 
analytical methods, but that very often the difficulties originate in 
the lack of accuracy in operational conditions or in the rough estimate 
of physico-chemical characteristics of investigated media. 

Each of these points will successively be reviewed, with main 
reference to sludge examination. 
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1, PHYSICO-CHEMICAL PARAMETERS NECESSARY FOR DATA EVALUATION 

The main part of remarks that are to be done on this 

topic will undoubtly appear as obvious to number of experts, 

it seemsnevertheless indispensable to remind them for, very 
often, relevant informations are missing in reports or publi-

cati ons . 

First of all, a great deal of differences registered 

about the level of microorganisms radiosensitivity may be 

related to the varied operational conditions. 

Parameters that require to be defined with the maximum 

of details and precisions areas follows: 

1, Parameters related to radiation exposure 

Each of report should specify : 

- the nature of radiation source and main characteristics 

. type of radionuclide in case of y irradiation, 

activity of the source, dose rate. 

. type of machine for electron accelerators, 

particles energy range, beam intensity, dose rate. 

- the total absorbed dose, or the duration of exposure, 

- geometry of the exposed sample, 

- methods used for source calibration.. 

2. Data concerning the investigated media 

In practical conditions of operating a radiation 

process and apart from laboratory studies practiced on pure 

cultures, developed in artificiel media such as distilled water 
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or culture broth, microorganisms submitted to radiation 

treatment are present in real media such as waste water or 

sludge, the physico-chemical parameters of which have a'n 

influence on the level of sensitivity to radiations, expressed 

in terms of D 1 0 , D37 or lethal dose values. 

- Relating to sludges, following parameters should 

systematically be taken into account : 

. sludge origin : primary or secondary sludge, 

type of biological process (high load or extended a e r a t i o n ) , 

. kind of sludge conditioning : digestion, 

aerobic stabilization, concentration, dewatering ... 

. dry matter or water percentage, 

. rate of organic or volatile matter, 

. pH 

. temperature 

. possible appearance of chemicals, organic or 

mi neral toxi cs. 

. age of sample, time elapsed between sampling 

and examination, conditions of preservation, 

. time interval between irradiation treatment and 

bacterial count or typing. 

« 

- Relating to waste water, main parameters are appro

ximately the same. The following points must be emphasized.: 

. waste water origin : primary or secondary effluent, 

type of discharge, domestic or industrial, 

. level of organic pollution expressed as BOD or 

COD concentration, 

. total suspended solids and volati-le suspended 

solids, 

. dissolved oxygen concentration. 

3. Data relating to microorganisms 

The main data concern : 

- the origin of microo. -<s 
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. laboratory culture, 

. wild strains (microorganisms naturally present 

in waste water or sludges), 

- the initial number of microorganisms. Many authors 

omit to report the initial count of microorganismsin the sample 

submitted to radiation treatment and express their result in 

percentage of inactivation. In fact, radiosensitivity is not 

the same, for a given strain, when the initial count varies 
•3 i n 

from 10 J to lCr for instance. 

- the biological environment of considered microorganism. 

Results are often quite different when the strain studied is 

irradiated alone, in pure culture or mixed with other micro-

organi sms. 

All these parameters being clearly expressed, it is then 

necessary to wonder about the nature of identified and counted 

microorganisms, and too, about the methods used to ascertain in 

practical conditions the level of disinfection. 

2. BACTERIA 

A.good t e s t o rgan ism must s a t i s f y to t h r e e c o n d i t i o n s : 

- t o be p resen t i n most o f s ludge samp les , 

- to be r e p r e s e n t a t i v e o f pa thogen ic s p e c i e s , 

- t o p resen t a l e v e l o f s e n s i t i v i t y t o r a d i a t i o n 

s i g n i f i c a n t when r e l a t e d t o o t h e r pa thogens . 

1 . What b a c t e r i a must be sought ? 

1 . 1 . l 9 t a l _ c o u n t _ a n d _ b a c t e r i a _ t e s t _ g f _ f e c a l _ g o l l u t i o n 

Seeking t o t a l a e r o b i c b a c t e r i a and b a c t e r i a t e s t 

o f f e c a l p o l l u t i o n i s o f l i t t l e i n t e r e s t owing t o the d i f f e r e n t 
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behaviour betv/een these microorganisms and some pathogenic 

species in nature and in sludges submitted to conditioning 

processes. Total aerobic bacteria and fecal pollution test 

bacteria exist in sludges in considerable amounts, reaching 

a mean count of 1 0 ^ per gram of dry matter for coliforms and 

of 10^ for streptococus fecalis [34]. Their survival in soils 

is ranging about few months , but they are easely destroyed 

by most of sludge conditioning, treatments and particularly by 

irradiation. Moreover these bacteria are generally not virulent 

against animals and men and it is impossible to set a relation 

betv/een their number in sludge and the probability of pathogenic 

species to be found. 

1.2. Pathogenic_bacteria 

Research of b-ruzzila, paitzuxzlla, izptoiplia, 

and llazKla. is quite difficult owing to their fragility and 

to the prevalence of other bacteria [25]. 

Consequently, the essential bacteria to be sought ;-:..iciii 

salmonella and mycobacteria. 

- Pathogenic strength : it is useless to dwell upon 

the pathogenic part of salmonella as much for men as for 

animals. Their number and species vary according to the geogra

phic origin of sludges in the range of 10^ to 1(P per gram 

of dry matter. 

As for mycobacteria, there are plentiful in every sludges 

samples, the mea/i count of them reaches 10 to 10 per gram of 

dry matter. The main species are mycobacteri urn tubz-rculoiii, 
ti.bovZi and more frequently species that are called "atypical", 

essentially M.av^am, M.kania.&u, M.Xen&pe-t, M.a q u a z . 

LERCLERC |2'6] insists on the part of waste water and 

sludges in the epidemiology of human and animal mycobacteria 

and, particularly on the importance of atypical mycobacteria 

in pathology. According to SWEANY, he reports thjt 22,9 % of 

mycobacteria strains isolated in USA are atypical and that ,... 

this rate reaches 9 % in RFA, 6,8 % in JAPAN, 6 % in FINLAND 

and 3,21 % in FRANCE. 
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These species prevail in countries where tuberculosis is in 

recession. They present a danger for two motives. 

. they are naturally insensitive to most of antibiotics 

active against M.tubticuZoiZi . 

. they are responsible of non specific sensitization, 

that draw errors in reading of tuberculine tests. 

- Survival : survival of salmonellae in soils depends 

essentially on temperature. Though S. typhi, persists 5 months 

in soil at normal temperature [3-4]and as far as 2 years if 

soil is frozen, without loosing hold of antigen Vi .[371 

S .tijphZmuiZum and S.London, buried in soil, with external 

temperatures varying from 5 to 28°C following season, have 

persisted 4,5 months, after a preliminary 99 % decrease of 

survival rate in one month B4]. 

On the other hand, survival of mycobacteria is much 

longer. RUSSEL [40] observes a survival of 15 montiiS in sludges 

on drying beds. In experimental conditions identical to that 

previously reported Caf.niz.tie. end Guzx'Zn baciZZ'xi (SCG)was still present 

in soil, 9 months after burying. When experience was suspended 

not any decrease with respect to the initial count of 10 , was 

observed [40]. 

- Sensitivity to radiation : during sludge irradiation, 

salmonellae appear very sensitive and, consequently, quickly 

destroyed or inactivated. HESS [2D submitting sludge samples 

to a 300 Krad treatment reports a 6- log decrease in salmonella 

count. 

Also in sludges a 50 Krad D10 value was determined for 

S. typh.ZmuA.Zum. 

Mycobacteria show a greater resistance, with a D10 value 

varying from 160 to 200 Krad according to their initial count 

and to the nature of the support medium. 

In conclusion, besides total aerobic bacteria and 

bacteria test of fecal pollution, it seems possible to retain 

salmonellae and mycobacteria as representative in a disinfection 

process assessment. 
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Salmonellae set no particular problems owing to their 

low radiosensitivity. Mycobacteria appear as the most dangerous 

microorganisms as mucn because of their long survival in soil 

as relating to their high resistance to radiation. It is 

convenient to note that they are also refractory to other 

disinfecting treatment such as liming, thermal pasteurization, 

freezi ng and so on. ... 

2. How to seek bacteria 

2 . 1 . §amgles_conyey^nce_and c o n s e r v a t i o n 

Conveyance and conservation must be as short as 

possible, in order to avoid proliferation and modification of 

bacterial population. 

Temperature must be kept low, ranging 0 to 4°C. 

Generally speaking, the precautions to be taken are the same 

as for drinking water examination. 

2.2. Samp_les_p_regaration 

Seeding directly a culture medium with sludge 

sample after convenient dilution is not always adequate enough 

for bacterial extraction. 

Few authors have attempted pre!iminary.preparation of 

sludge. ETZEL and al [13] have tried to homogenize by ultraso-

nication, they have observed a 5 to 10 " increase in bacterial 

count efficiency. 

Several methods for sludge preparation have been 

compared in our laboratory, in order to define the precise 

one giving the best extraction rate for bacteria. 

After adding 10 ml of sterile distilled water to 1 g 

of solid sludge (75 % water, sludges issued from press filtra

tion).the sample is then submitted to 4 different treatments : 

-grinding with a mortar 

- grinding in an electric mixer 

- ultrasonication, under cold conditions during 20 mn 

(Branso.nic type, 50 to 55 000 cycles/s, 50-55 khz). 
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- grinding with a mortar of a 1/10 dilution of sludge 

in a mixture of lecithin - tween 80 - serum of calf. 

Grinding with the electric mixer has given the best 

results with essentially a 10 % increase in enterobacteria count 

but with an obviously constant number of mycobacteria. 

2.3. Bacterial_seBaration_and_count 

- Total bacteria and feacal pollution test 

bacteria: Their isolation and counting are easy to determine-

according to the well standardized methods used for water 

examination and easely applicable to sludges. 

- Pathogenic bacteria : 

. Salmonellae are able to be sought after 

transition in an enrichment medium. Such a medium must be fit to 

eliminate casual species without destroying salmonellae. The 

multifarious number of enrichment media proves their 

imperfection. It is possible to quote, among any others, the 

Muller-Kaufmann broth used by KAMPELMACHER ['3], the sodium-

selenite medium [20-28], the 1 a uryl sul f ate - tetrath i onate 

medium [̂ 1 ], the sulfide medium. [22] 

But this preliminary transition on enrichment medium 

makes difficult the aptitude for salmonella count. It is there

fore possible to have recourse to the MPN method [16] but it 

is a long and expansive technic, for each tube must be reseeded 

on a gelose medium for isolation, in order to check presence or 

absence of salmonella. 

As for us, we seed directly increasing dilutions of 

sludge sample on HEKTOEN medium dishes. Isolation, typing and 

counting are effected, after a ?.4 h incubation period at 43°C. 

But this method is valuable only when salmonellae are present 

in sufficient amount. On the contrary, salmonellae colonies risk 

to be overgrown with other fecal bacteria. 

. Mycobacteria are isolated.after deconta

mination of-sludges with substances agressive enough for des

troying associated bacterial and mycelial flora, without bein: 
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prejudicial to vitality of mycobacteria. A great deal of 

methods are convenient, but no one is perfect. LECLERC recom-

mands the rodalon method [ 2 6 ] , TISON and al [42] preconlze 

the sodium lauryl sulfate plus oxalie acid one. We use the 

standard technic with soda (4 % during 1 h at 37°C and then 

neutralisation,with hydrochloric acid). This method is considered 

in current practice as moderately agressive and let in survival 

a contamination rate ranging 10 to 20 %. Mycobacteria are then 

isolated by seeding, with increasing dilutions, a Lowenstein-

Jensen medium, and counting is achieved by colonies numeration. 

3. VIRUSES 

1. What viruses must be sought 

Viruses the most currently present in sludges are 

enteroviruses that are eliminated in forces: They include essen

tially polioviruses,Coxsackie viruses and Echoviruses. Their 

amount in sewage water [19 ] is estimated about 5 to 600 TCD 

50/100 ml, and it seems that sludges contain about the same 

number, but that is still badly ascertained. 

Polioviruses are present as non pathogenic vaccine 

virus, as wild pathogenic virus and as viruses of intermediate 

type, whose origin is not yet determined. 

Coxsackie and Echoviruses are wild, pathogenic viruses 

•causing to men digestive infections, diarrhea, meningitis, 

muscular pains and respiratory syndromes, the viral infection 

moreover presents a risk for pregnant wowan. 

Among these enteroviruses, it would be necessary to 

seek essentially those whose resistance to radiation isi the 

highest and whose survival in the external medium is the longest. 
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It has been set that coxsackie virus B5 is a little more 

resistant to radiation than poliovirus type I, II or III. The 

D10 value is 250 Krad for the first one and only 200 Krad for 

vacci ne poli ovi rus. 

Litterature provides some informations about viruses 

survival in external medium. CLARKE and al. [ 8 ] have set that 

Echo and Coxsackie virus B2 live longer in waste water than 

poliovirus. A survival of 2 months at 8°C is reported for 

Coxsackie virus B2. DARMGAARD and LARSEN [12] find for coxsack 

virus B3 a survival period of 23 weeks in sludges exposed to t 

severity of a classical Danish winter. 

Coxsackie viruses . could therefore be considered as 

test vi ruses. 

2. How to seek viruses 

2.1. Samg1es_conyevance_and_conservation 

According to LUND and RON.NE [30] conservation of 

samples at -20°C during 6 months induces an important decrease 

in number of positive ones. 

Under way of our own experience, conservation of sample 

at -70°C during 1 month has proved no change in virus title. 

Transportation of frozen samples must be as brief as 

possible. When sludges examination cannot be effected in the 

moment they arrive laboratory, samples must be maintained 

frozen at low temperature during a short period. Not any defrost 

must take place before the examination time. 

2.2. Isolatign_and_cgncentration_gf_viruses 

Most of methods for isolation of viruses from 

sludges do not include any concentration process. Among the 

rare ones refering to concentration stage, those of WELLINGS 

[43] using hydro-extraction with polyethyleneglycol and of 

LUND [30] using the two phases Albertson's technic, may be 

noti ced. 
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These methods are long, unadapted tc routine examination 

and moreover may induce a partial destruction of viruses. 

Exposition to polyethyleneglycol during 12 h at 4°C will undoub-

tly be followed by a decrease in virus title. 

Concentration is nevertheless indispensable, as a matter 

of fact a very small amount of viruses is sufficient to draw • 

pathogenic effects. Ouly 1 PFU coxsackie virus may lead to 

young mouse death [18]. PLOTKIN and KATZ [36] have shown that 

2 PFU poliovirus are enough to involve man infection. 

2.3. Viruses_sglid_garticles_bgnds_ 

Viruses are colloTdal particles with electric load 

and therefore they adsorb on every surfaces [5 ] . Some concen

tration methods are based on this specific property. Organic 

particles in sludges play a prominent part in viruses fixation. 

WELLINGS [43] proves that viruses incorporated to solid particles 

are perfectly protected. After a 13 days exposure to sun in 

Florida, he finds 24 PFU Echovirus 7/250 g of sludges. 

LUND [31] well states the question of so bound 

viruses evolution and of binding reversibility. MOORE [35] 

estimates that such associations are infectious and probably 

enable survival and spreading of viruses. Adsorbed viruses and 

inactivated viruses are not parallel t.'rms. 

Few methods have soon been p-oposed to break off 

such bounds. WELLINGS [43] recommands to submit sludge samples 

to ultrasonication. CLIVER [9 ] offers to apply simultaneously 

several processes as for example : light alcalinity, protein 

addition and physica1 strength such as grinding or freezing-

defreezing. 

In summary, it is not possible in the state of 

present knowledge to propose standardized methods for viruses 

examination in sludges. It is urgent to develop new processes 

involving three major steps : breaking of viruses - solid 

particles bounds, viruses isolation and viruses concentration. 

These technics have to be of fast application and will give 

reproducible data. 



PARASITES 

1. What parasites to be souhgt 

Seeking parasites has to be limited to few specific 

organisms. In our area are essentially concerned : eggs of 

Aicaiii, &lu.ki, ta.pz.woim, tilc.oczpha.li6 and oxijuili, enkysted 

forms of Entamozba kuitoiijca, Ent.CoLl, Hyme.noli.pZi nana, 
CkZlomaitZx. and GZaidia. LIEBMAN [29] establishes that 10 t 

30 % of parasites eggs found in waste water are from human 

origin. For south and center Europe, the main species 

encountered are : eggs of AicaiZ-i tumbiicoZdzi, Tiichmib 

tiichiuia, ox.tju.iii vtimicuiaiii and ioznla. Almost all of 

parasites eggs and enkysted forms settle with sludges during 

waste water treatment processes [25 - 29] . 

Is it really indispensable to seek the whole parasites 

in each of sludge samples or is it possible, as for bacteria, 

to define a reference organism ? This indicator of parasitic 

pollution should be choosen with respect to its pathogenic 

strength, resistance to sludge treatments and persistance in 

nature. 

The pathogenic strength is not differential, virtually 

all parasites of human or animal origin may be pathogenic. 

Nevertheless it has been set by KREY (reported by CHANG) [7] 

that ascaris eggs are responsible with 40 % of the whole 

parasitosis, after land disposal of rough sludges on crops 

cultures. 

Kysts and eggs are generally speaking, fragile in 

external medium and sensicive to sludge treatments such as 

irradiation. Kysts of Entamoeba hibtolyca survive 42 hours 

in wet soils and 18 h in dry conditions [38-40]. 
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Eggs of &<u>CA.o£a hzpcvtica. are partially destroyed with 

a 3 Krad irradiation and completely killed with a 20 Krad dose, 

but other eggs and essentially those of Ascaris are much more 

resistant. CRAM [10] reports that Ascaris eggs are killed only 

after a 20 days exposure at -27°C, they are able of outliving 

several years in wet soils [46] . Only dryness a'nd' sun may 

destroy them faster, insofar as they are directly exposed and 

lay at the soil surface. 

Survival of pan.a.6tafiii equoA.um eggs, buried in a wet 

soil, was examined by BLANCARD [ ]. It has been set that 

eggs evolution depends partially of the development stage at 

the time of burying. The final stage of larvae has 'been 

obtained in the range of 2 weeks to 2 months. 

Eggs of Ascaris are resistant to all disinfection 

treatments end particularly to irradiation. Refering to DUNLOP 

and WANG [45] it is considered that presence of eggs at the 

morula stage involves their viability. Experiments drawn in our 

laboratory have shown that every eggs, whatever be their siage 

of evolution, may survive a 1200 Krad dose if, under micros

copic examination, the shell presents protuberances, in opposite 

case, killing of eggs with smooth shell, is obtained as soon as a 

400 Krad irradiation dose.is achieved. 

2. How to seek parasites 

It will dealt only with methods for Ascaris eggs 

seeking. 

2.1. Samgles_cgnveyance_and_conservation 

The only critical condition is to avoid drying. 

Conservation and samples transportation will consequently be 

secured in hermetically closed containers, half filled in 

order to avoid water evaporation and to keep a sufficient 

amount of oxygen. 
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2.2. Eggs i s o l a t i o n 

All methods used for seeking ascaris eggs, in 

foeces'can be applied to sludges examination. Without reviewing 

all of them, we only mention the most practised one. 

For each sample, isolation is carried out following 

three methods : 

- a direct microscopic examination of a small sample 

of sludge added with lugol, 

- two methods of concentration : 

. the TELEMAN procedure including microscopic 

examination of the centrifugation residue of a sludge -ether-

aceti c acid mi xture , 

. the KATO procedure including microscopic 

examination of a sludge drop placed between glass and cellophane 

slides, the last one being previously plunged in a glycerin-

malachite green solution. 

2.3. Agp_raisal^_of_eggs_vi ability 

The verification of presence or absence of eggs, 

particularly after treatment is not sufficient for examination. 

It is necessary to make sure that eggs are viable. In this • 

order, samples are kept at laboratory temperature. Regular 

comparison between them and check samples enables to determine 

their viability and to watch over their evolution. 
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5. QUALITY STANDARDS FOR SLUDGE USED IN AGRICULTURE 

1. Agricultural use of sewage sludges 

Presently, many authors aknowledge that agricultural 

use of rough sewage sludges, without disinfection treatment 

is hazardous. Hazard results from several items : 

- Practically ewery sludges produced by sanitation 

plants contain one or more-species of pathogenic microorganisms. 

- These pathogenic agents are liable of survival 

and accumulation in fertilized soils, a long time after land 

disposal. They may contaminate vegetation and persist on 

fruits and crops. By leaching they risk to pollute underground 

water. All these hazards are obvious, for convincing it is 

sufficient to know the numerous cases quoted in litterature ; 

among them : 

. lettuces and radishes cultivated in infested soils 

remain germs-carrier during 3 to 4 weeks [11]. 

. strawberries soiled with Salmonella typhi retain 

nerms during 6 months when frozen at -18°C [32]. 

. without refering to classical epidemic observed 

after polluted water ingestion, several infections have been 

reported after fruits and crops consumption [17-24]. 

. HESS [21] reports an increase in Salmonellosis 

among cattle grazing on "grass land fertilized with rough 

sludges. 

- Very small amounts of pathogenic agents is sufficient 

to break out epidemic, for the minnimum infective dose is very 

weak. It has been proved that typhoid fever appears among 1 or 

2 % people having ingested only one viable cell* of S.typhi [ 14] 
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In the same way, as soon reported, 2 PFU poliovirus are 

enough to induce man infection [36]. 

- After ronditioning and during land disposal of 

sludges, small amounts of residual pathogenic microorganisms 

may proliferate, so assessing the problem of bacterial 

reg'rowth. 

This concept has soon been granted by ALLEN when 

disinfecting waste water by ch1orination . The few surviving 

bacteria multiplicate in treated water and reach a final 

count equal or even greater than initial count. He concluded 

that the percentage of killed bacteria is not a factor of 

safety appreciation. 

In the same way it has been established [ 1 ] that 

sewage water inadequately disinfe-ted during physico-chemical 

treatment gives rise to bacterial growth, even when maintained 

at 4°C. Multiplication rates are in inverse ratio with residual 

bacteria counts and reach in some cases more than 2000 per 

24 h. 

MALAISE, [ 33] and BOIGE [ 6 ] have pointed out a 

stimulation in survival and development of microorganisms 

when cells of the same species have been submitted to radia

tion treatment. Irradiated cells have lost their multiplication 

ability but have kept part of their metabolic activity and 

diffuse in.the culture medium certain substances used by 

viable ce11s . 

- In respect with all these factors, it seems 

indispensable to secure, for some specific use of sludges 

such as grass land fertilization, land disposal on crops 

cultures, aspersion and so on, a total killing of pathogenic 

microorganisms. 

2. The benefit use of ionizing radiations 

Both y irradiation and high energy electron beam 

appear as a very tempting process to secure such a disinfection 

with regard to the high penetration strength of particles that 

protect microorganisms and adsorbed viruses [13]. 
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Reasonable doses are sufficient to destroy most of 

pathogenic agents. A 200 Krad dose eliminate salmonel.lae in 

sludges, even when initial c u n t reaches such high value 

as 10 6 / g of dry matter. Doses of 400 Krad to 500 Krad 

are enough to inactivate 10^ to 10 3 viruses that are, follo

wing actual data, the maximum rate encountered in sludges. 

Unfortunately these dose rates do not give good 

results with other pathogens such as mycobacteria whose 

destruction in sludges requires doses value ranging 1200 to 

1600 Krad, and with parasites like ascaris eggs, that, follo

wing their evolution stages may remain viable with a 1800 Krad 

dose. 

According to RUFF and HENSEN [46] it seems that such 

irradiated eggs give only female worms. If experiences drawn 

with chicken ascaris are transposabie to other types it could 

be deduced that irradiated eggs, even with weak doses, remain 

infectious for the specific host that ingest them, but the 

later epidemiological cycle would be interrupted ,the female 

worms being never inseminated. 

Mycobacteria and Ascaris eggs are furthermore resistant 

to other disinfection treatments. Relating to those micro

organisms a minimum dose of 1000 Krad seems necessary. 

3. Standards definition for microbial quality of sludges 

used in agriculture. 

The question is to determine a test microorganism 

whose disappearance would denote a good rate of disinfection. 

It is impossible, in that purpose to refer to the test germs 

used in drinking water examination, for there is no correlation 

at all between those and pathogenic microorganisms. 

Moreover, total killing of coliforms and fecal 

streptococci is very difficult to obtain with any of sludge 

conditioning processes, when such a result is assessed it 

does not presume of presence or absence of pathogenic agents. 
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Such a test microorganism must fulfil three conditions : 

- an almost constant presence in sludges before treatment, 

- a sufficiently high resistance to treatments of disin

fection, 

- seeking in sludges relatively easy, without requiring 

difficult or expansive technics. 

In this order, nor parasites, whose presence is not' 

constant enough, nor salmonellae whose resistance is too 

much low, nor enteroviruses whose identification is too much 

hazardous, could be selected. 

The only mycobacteria seem to satisfy with these crite-

rious, but if they were selected, their high resistance to 

treatments and particularly to radiation, would drawn to a 

too much Inflexible concept of disinfection and would alien 

any possible agricultural use of sludges. 

Rather than selecting such a test organism, it would 

be more suitable to adjust the necessity of disinfecting sludges 

with the epidemiology. In such a way, it would be necessary 

to adapt the level of treatment and control, according to the 

infective hazards, defined in a given area, at a given time, 

without forgetting that an epidemiological state is not always 

the exact reflection of the infective hazard. 

As a conclusion, it is impossible to select an absolute 

test organism for assessing sludge disinfection, nor, relating 

to this test, to define an absolute level of disinfection, 

translatable in radiation dose value and suitable for securing 

a total absence of hazard. 

It seems more convenient and more useful to adjust, in 

each particular case, the level of required disinfection 

according to the origin of sludges, the data of epidemiology 

and the future use of sludges. 

Whatever this level may be, irradiation appears as the 

most adapted process to secure sludge disinfection in an 

agricultural outlook, because of : 

- his high effi ci ency , 

- the unchanging in sludges agricultural properties, 

- the easy adjustment of treatment intensity. 
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Abstract 

DISINFECTION OP WASTE WATER AND SEWAGE SLUDGE BY GAMMA-RADIATION 

IN HUNGARY, 1977 

Research on the application of garaaa-radiation and thermo-

radiation treatment to sewage sludge is described. Radiation dose 

of 400 krad proved to be effective or. fecal Colifora, fecal 

Streptococcus and Salmonella but it vsas not effective on Clostridium 

bacteria. Synergistic effect of thermoradiation was not observed on 

the studied bacteria under the conditions applied. Effect of 

irradiation on parasites was also investigated. Results of 

preliminary investigations are satisfactory. 

INTRODUCTION 

Endangering of public health keeps growing with the increasing 

amount of wa3te-water contaminated in various ways. Necessity of 

disinfection arises very often in the technology of treatment of 

sewage and sludge. Agriculture plays an important role in the 

utilization of waste-water. Precondition of the agricultural 

utilization is that the sewage and sludge should meet all the 

standards required by the public health. Amount of microorganisms 

in the \raste material should not exceed that of the soil. On the 

base of investigation of 1000 soil-samples the Municipal Public 

Health and Epidemical Institute in Budapest ha3 stated standards 

for soils contaminated on an average. 

Standards are the following: 

Number of Clostridium: 1000-2000/g soil 

Number of fecal Coliform: 500-1000/g soil 

Number of fecal Streptococcus: 500-1000/g soil 
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As it is well-known in addition to the traditional disinfecting 

treatments also the ganma-rudiation is suitable for destruction 

of microorganisms. As the costs of heat energy increase the use 

of irradiation comes into the limelight. Of course irradiation 

necessitates energy too but it can be reduced by a proper combination 

of two methods e.g. heat treatment and irradiation as in this, case 

the effectiveness of irradiation can increase in consequence of a 

synergistic effect. 

In the forthcomings the use of this method will be discussed. 

EZPERBEITTAL 

Material and Methods* 

The possibility of the use of gamma-radiation for disinfection 

of se7/age and sludge has been examined since 1975 at the Radiation 

and Environmental Protection Division of Phylasia in Budapest. /I/. 

The effect of irradiation on liquid manure were also investigated. 

121 /3/. 
In the last year our investigations were done with the 

collaboration of Municipal Public Health and Epidemical Institute. 

Crude sewage and digested sludge were sampled at the Sewage 

Treatment Plant of South-Budapest. Irradiation of samples were 

begun wjthin 1 hour after sampling and they were further processed 

two hours after irradiation. 

Cobalt-60 source was used to the treatments. Activity of the 

radiation source was 40.000 Ci. The 8 pieces rod-shaped Cobalt-60 

sources were arranged in two parallel rows and the samples were 

put in the geometrical centre of them. 

Dose rate was 200 krad/hour at the symmetry plane of the 

sample-bottles whereas the radiation doses were 200 and 400 krad. 

One part of the samples were irradiated at room temperature 

and the other part at 40 °C. 

Number of mezophilic bacteria, Clostridium, fecal Coliform, 

fecal Streptococcus, Pseudomonas aeruginosa and the presence of 

Salmonella were studied in control and irradiated samples. 

Effect of gamma-radiation on different kinds of parasites 

have been investigated too. 
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RESULTS 

Table I. shows the effect of irradiation on bacteria in crude 

sewage and Table II. presents the data of irradiation on bacteria 

in digested sludge. 

Table I. Effect of irradiation on bacteria in crude sewage 

Humber of bacteria 

No. of mezophilic 
bacteria/ml 

Ho. of Clostridium/40 ml 

No. of Goliform/100 ml 

No. of fecal 
Streptococcus/100 rj. 

No. of Pseudonionas 
aeruginosa/1O0 nil 

Radiation dose, krad 

0 

9,8xl05 

3,3zl04 

8,5xlOb 

6,CxL04 

• l.oxLO5 

200 

l,lxL03 

l,7xl03 

l.OxlO2 

2,Czl04 

belcw 22 

400 

5,0x10 

7,0xl02 

below 22 

2,C^104 

below 22 

Table II. Effect of irradiation on bacteria in digested sludge 

Number of bacteria 

No. of mezophilic 
bacteria/ml 

No. of Clostridium/40 ml 

No. of Coliform/100 ml 

No. of Streptococcus 
faecalisAOO ml 

No. of Pseudomonas 
aeruginosa/100 ml 

Radiation dose, krad 

0 

6,Oxl05 

l,4xl0b 

l,2xl07 

l.OxlO6 

5,lzl02 

200 

3,Oxl04 

9,0x10^ 

8,OslO3 

l,0xl05 

below 22 

400 

3,Oxl04 

6,8xl05 

below 22 

2,0xl03 

below 22 
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From the data it can be seen that the number of Clostridium 

remains high after irradiation as compared to the standard of 

soil. Number of fecal Colifora and Pseudomonas aeruginosa 

decreased by about 3-5 orders of magnitude after irradiation. 

In the case of fecal Streptococcus the effect of irradiation 

is just satisfactory because the decrease of number of this 

bacterium is only about 1-2 orders of magnitude after treatment. 

According to our previous investigations we could not prove 

the presence of Salmonella bacteria in the samples of crude sev/age 

but previously and also now vte found Salmonella in two samples of 

digested sludge. Salmonella bacteria disappeared totally after 

irradiation. 

By comparing the data of Table I. and Table II. it should be 

noted that sludge can not be disinfected as effectively as sewage 

can be by gamma-radiation. 

In the following irradiation of sludge at elevated temperature 

was studied. Synergistic effect of heat and irradiation could not 

be observed with Colifom, Clostridium and fecal Streptococcus. 

It is 3howr. on the Table III. that the number of Clostridium 

practically did not change under the conditions applied. 

The same fact is shown on the Table 17., here it can be seen 

that the fecal Streptococcus behaves similarly whereas Table 7. 

shows that the number of Coliform increases further at 40°C. 

Table III. Effect of irradiation and heat on Clostridium 

Radiation dose 

0 krad 

200 krad 

400 krad 

Number of Clostridium/40 ml 

25°C 

l,4xlOb 

^CxLO 5 

6,8x10^ 

40°C 

l,4xl0fa 

l.OxlO6 

l,0xl0b 
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Table IV. Effect of irradiation and heat on fecal Streptococcus 

Radiation dose 

0 krad 

200 krad 

400 krad 

Number of fecal Streptococcus/100 ml 

25°C ' 

l,0xL0fa 

l,0xl05 

2f0xl0
3 

40°C 

2,2xl0b 

4,OxL05 

l,0xl05 

Table V. Effect of irradiation and heat on fecal Coliform 

Radiation dose 

0 krad 

200 krad 

400 krad 

Number of fecal Colifom/100 ml 

25°C 

l,2xL07 

8,0xl03 

below 22 

40°C 

5,0xl07 

8,5xl04 

2,Cbcl03 

The effect of irradiation on parasites have been also 

investigated. Radiation dose of 200 krad caused the irreversible 

damage of 99 % of the eggs of Ascaris suum. On the effect of 

400 kxad eggs damaged in 100 %. This effect appeared as a 

degeneration of eggs or as stop of development of larvas. Irom 

the point of view of public health both doses practically 

inactivated the eggs and larvas. 

On the base of direct larvicide effect we could not determine 

the lethal effect of irradiation on larvated eggs of Ascaris suum. 

For this reason the invasive effect of larvas were investigated 

in animal tests. According to our results radiation dose of 400 krad 

has totally stopped the invasiveness of larvas. 200 krad has 

reduced it by about 80 % but both doses have stopped the vitality 

and reproduction capacity of larvas. 
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A virulent pathogen amoeba strain Entamoeba histolytica 

were also irradiated. Hone of the treated samples v/ere active 

after irradiation. 

CONCLUSION 

As a conclusion it may be said that according to our 

investigation irradiation of sewage and sludge with radiation doses 

of 200 and 400 krad gives a satisfying safety from the point of 

view of public health in connection with the indicator bacteria 

belonging to the family of Enterobacteriae e.g. Colifona and the 

pathogenes e.g. Salmonella . In the case of these bacteria there 

is no need for coabination of gamma-radiation with other treatment. 

Irradiation of crude sewage and digested sludge is not the 

best solution if they contain Clostridium bacteria as this type 

is resistant to gamma-radiation under the conditions applied. 

We could not observe any synergistic effect of thermoradiation 

on the studied bacteria in digested sludge under our experimental 

conditions. 

Results of our investigations on parasites are encouraging 

and we intend to continue our research on this field. 
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Abstract 

PROGRESS TOWARD UTILIZATION OF ELECTRON DISINFECTION OF LIQUID SLUDGE 

The experience during the past year at Boston's MDC Deer Island 
Wastewater Treatment Plant using a 50 Kw accelerator with an 850 KV 
scanned electron beam has further confirmed the practicality and economy 
of this method of disinfecting liquid municipal sludges and clarified 
the technical features of liquid sludge management for effective dis
infection. Several methods of presenting anaerobically digested sludge 
have now been studied in detail and evaluated at flow rates up to 70 
GPM. 

This Deer Island experience has led to EPA and State approval of 
a modular electron disinfection system for the Miami Dade Water and Sewer 
Authority designed to treat 170.000 GPD of anaerobically digested liquid 
sludge at the Virginia Key Plant. It is planned that the electron-dis
infected sludge will be disposed on land by subsurface injection at an 
adjacent former solid waste disposal site for its soil improvement bene
fits or dewatered and trucked to more land application sites. 

B A C K G R O U N D 

The utilization of energized electrons for disinfecting municipal sludges 

for land applications without further chemical treatment and dewatering gained 

momentum in 1974 through the support of the U. S. National Science Foundation. 

During the first two NSF project years using the 3 MeV electron accelerator 

at the MIT High Voltage Research Laboratory, the influence of solids content 

and oxygen availability, methods of biological assay, survival of bacteria 

and viruses in pure culture as a function of ionizing dosage, biological studies 

on raw and digested Deer Island primary sludge, and other studies which could 

influence the feasibility and cost of electron disinfection were determined. This 

led to the selection of 400, 000 rads as an adequate disinfection dose for both raw 

and digested municipal sludge. 

This wore provided the basis for the continuous-flow study facility then 

constructed at Boston's MDC Deer island Wastewater Treatment Plant. 

Designed to treat up to 100, 000 GPD this scaled-up system was completed in 

April - the end of the second project year - and dedicated on May 19, 1976. 
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Since then it has been in investigative use to determine the disinfection 

efficacy of energized electrons at flow rates in the 20 to 70 GPM range, to 

evaluate several methods of presenting the flowing sludge to the scanning-

electron beam, and to accumulate engineering information on safety, dosimetry, 

energy use, operational reliability, costs, and other factors which could 

contribute to early utilization of this new approach. The information thus 

acquired is summarized in an 154 page report to the National Science Foundation 

by MIT dated December 31, 1977 on "High Energy Electron Radiation of Waste

water Liquid Residuals". 

Biological Efficacy 

Microbiological studies throughout this period made both at MIT and at 

the U. N. H. (University of New Hampshire) have continued to confirm that 

liquid sludges are effectively disinfected by an ionization dose of 400 kilorads. 

At this level the total bacterial count is reduced by 4 to 5 orders of magnitude 

and the total coliforms, salmonellae and shigellae are reduced to essentially non-

detectable levels. Poliovirus and Coxsackievirus are reduced by two orders 

of magnitude - adequate for anaerobically digested sludge but marginal for 

raw sludge at the late summer peak of virus input. It is planned that evidence 

by others that parasites are inactivated by 300 to 400 kiiorads will be verified 

by studies on Ascaris lumbricoides ova during the next period. 

Bacterial Regrowth Studies 

t Since sludge is an excellent medium for bacterial regrowth, regrowth 

of bacterial pathogens remaining after inadequate treatment, or introduced 

inadvertently after disinfection, should be expected. This was confirmed in 

experiments using raw primary and anaerobically digested sludge. After 

delivering inadequate disinfection by electron doses of 100 and 200 kilorads, 

resuidual coliforrns regrew within 48 hours under favorable incubation conditions 

to the previous untreated level. However, as the incubation continued to 22 

days, these surviving coliforms in digested sludge died off. A similar inhibition 

was found with raw sludge. In another study Escherichia coli strain K-12 wa?, 

seeded into raw and digested liquid sludge which had been treated with 200, 400 

and 1000 kilorads. The surviving bacteria exerted an indirect inhibiting effect 

on the seeded E^ coli K-12, probably due to competition for the growth medium. 

The 200 and 400 kilorad raw sludge samples showed less growth of E. Coli 

K-12 than 1000 kilorad samples. In the case of digested sludge this effect 

was more pronounced. These regrowth studies were reported by Shah and 

Sinskey at the 1978 conference of the American Society for Microbiology, 

May 14-19.2 
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Degradation of Persistant Toxic Chemicals 

In December 1977 Dr. E. W. Merrill who directs the chemical effects 

studies reported at the New York meeting of the American Institute of Chemical 

Engineers on the degradation by electron treatment of PCBs and pesticides 
3 

dissolved in water. Parent compound and degradation products were analyzed 

by high pressure liquid chromatography with ITV absorbance. Greater than 

96% disappearance of the LC peak was found at doses of 10 kilorads ov less . 

The degradation mechanism was ascribed to hydroxyl attack o.i these 

products of chlorination with natural organic acids. This leads to compounds 

with enhanced water solubilities, lower lipid solubilities, and therefore less 

effect on living systems. 

Since sludge contains some lipid, and since the partition coefficient for 

PCBs strongly favors concentration in lipid, other studies were directed at 

estimating the degree of destruction of PCBs when dissolved in various water/ 

lipid mixtures. At the extreme limit when PCBs are dissolved in pure hexane, 

dose levels around 5 megarads are required to destroy the compound. As they 

are dissolved in increasingly more aqueous systems (hexanol, hexanol 

saturated with water, aqueous micellar soap solutions) the dose required to 

achieve destruction is reduced systematically. It was concluded that significant 

destruction of PCBs may occur in sludge treated to the disinfection dose of 

400 kilorads. 

Because of its relevence to drinking water and secondary wastewater 

contaminated with trace toxic compounds of industrial origin, a separate 

proposal to NSF to accelerate this investigation has been applied for by 

Professor Merri l l . 

Sludge Dynamics Studies 

At the Deer Island facility anaerobically digested sludge with variable 

solids up to 8% is prepared by comminution and screening for passage 

through the 850 kilovolt electron beam. Disinfection consistent with the 

MIT small-sample studies was achieved at high flow races up to 70 GPM 

when the thickness of the sludge was successfully controlled to the 
4 effective penetration of the electrons. 

Several alternative arrangements (stainless steel drum with doctor roll, 

downhill ramp acceleration with horizontal deflector, and slit projection) 

for producing a width stream of liquid sludge of 2 to 3 mm thickness were 

studied in detail. The most persuasive 'bottom line' determination of 



- 35 -

adequate thickness control was by the measurement of surviving organisms, 

(typically coliforms, Salmonella, and total bacterial count) in samples 

taken at intervals during operational runs, homogenized and assayed by 

standard MPN methods. 

Deer Island digested primary sludge has been an excellent proving ground 

for the electron disinfection process. The inherent variability of municipal 

sludge is augmented by occasional extreme variations in the degree of digestion 

and by rapid fluctuations in the solids content over the 1 to 8% range. From 

this experience has emerged the evidence and conviction that such sludges can be 

reliably disinfected in this manner and that the process would be facilitated by 

using horizontally projected electrons of increased penetration - e.g. 1.5 MeV 

electrons - directed toward a downward directed stream of sludge. Improved 

methods of screening 'and blending applicable to both raw and digested sludge 

are new"being evaluated. 

Electron Disinfection Costs 

Analyses during the past year indicated that electrons, energized by 

1.5 million volts and injected from one side into the downward-moving sludge 

stream, can disinfect digested municipal sludge at a cost of 61 cents per 

wet ton. This cost includes 20 year amortization of the capital cost of a 

75 kilowatt electron beam system with averaged interest, maintenance and 

supervision of operation, and electric power. The total electric energy for 

disinfection is about 5 kilowatt hours per ton of liquid sludge. 

These costs would be substantially di minis ed by electron injection into 

the sludge stream from two opposing sides. Two-sided injection would be 

particularly appropriate for the larger volumes of effluent wastewater 

disinfection. 

Plant Growth, Pathology, and Metals Uptake Studies 

During 1977, 5000 gallons of electron-treated Deer Island sludge were 

transported for field studies on plant growth, productivity, and associated 

microbial relationships at the Suburban Experiment Station at Waltham near 

Boston. This research under the supervision of Dr. '.V. B. Manning, Professor 

of plant Pathology at the University of Massachusetts is associated with an NSF 

award to Oklahoma State University where Dr. M.B . Kirkham of the Department 

of Agronomy is investigating metals uptake studies on potted plants fertilized with 

electron-treated sludge. The second shipment of electron-treated sluge for 

plant growth studies at the University of Massachusetts and Oklahoma State 

University wassupplied in May 1978. 
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Abstract 

ACCELERATOR REQUIREMENTS FOR THE DISINFECTION OF SLUDGE WITH HIGH ENERGY 
ELECTRONS 

High-power electron accelerators can be u?ed for the disinfection of 
liquid sludge at high thruput rates. However, the relatively short ranges 
of electrons in water impose severe constraints on the dimensions of the 
sludge stream. In general, as the sludge thruput rate and the beam power 
requirement are increased, it becomes advantageous to raise the voltage 
of the electron accelerator rather than the beam current. This permits the 
treatment of a thicker stream and keeps the width and velocity of the 
stream within reasonable limits. In this manner electron beam power ratings 
as high as 100 to 200 kilowatts can be utilized on a single sludge stream. 
A procedure for selecting the optimum accelerator specifications is 
discussed in this paper. Data are provided that will be useful in the 
design of a practical sludge treatment process. 

1.0 INTRODUCTION 

The treatment of liquid municipal sludges with high-energy electrons is 

a reliable and cost-effective method of destroying pathogenic micro

organisms. Electron treatment also improves the dewatering properties 

of sludges and reduces the concentration of toxic organic contaminants. 

This process enhances the value of sewage sludge as a soil .onditioner 

and fertiliser and reduces the public health risk from widespread 

applications of sludge on land (1 - 5). 

The efficient application of this form of energy in a high-capacity 

plant requires a process design that matches the characteristics of 

the electron beam to the dimensions and flow rates of the sludge stream. 

This paper provides useful data and design guidelines to assist municipal 

and consulting engineers in writing the specifications for a sludge 

treatment plant. 

2.0 PROCESS DESIGN CONSIDERATIONS 

Modern electron accelerators are sufficiently powerful to process sludge 

at high thruput rates. The limited penetration of the electron beam in 

water requires that the sludge be presented to the beam in the form of 

a thin, wide, rapidly moving stream. In order to understand these 

requirements, the designer should have in mind several basic concepts 
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about electron beam processing. One is that the allowable thickness 

of the sludge stream increases with increasing electron energy (accel

erating voltage). Another is thnt the mass flow rate is proportional 

to the electron beam power (voltage x current). A third is that the 

area flow rate of the stream is proportional to the electron beam 

current. 

There are several ways in which these concepts can be used to find a 

possible design for a sludge treatment plant. The most successful design 

will be one that combines practicability and economy. In general, the 

least expensive facility will utilize the lowest accelerating voltage. 

However, for a given power requirement, the lower the voltage, the higher 

the current, the thinner the stream and the greater the area thruput 

rate (width x velocity). 

There are practical upper limits on the width and velocity of the stream 

and a corresponding lower limit on the stream thickness. These will set 

a lower limit on the voltage that can be used for a particular treatment 

process. These considerations wiJ 1 be quantified in the following 

sections. 

3.0 DOSS REQUIREMENT AND DEPTH DOSE DISTRIBUTIONS 

A fundamental concept for the electron treatment process is the dose 

within the treated material. The dose is defined as the amount of 

energy absorbed per unit mass of material and is usually stated in rads. 

One rad equals 100 en;s per gram and one megarad equals 10 watt-seconds 

per gram. The recommended treatment dose for sludge disinfection is 

0.4 megarads (5). This corresponds to a thermal energy density of about 

1.0 calorie per gram, which would cause a temperature rise of about 

1.0 degree centigrade. This illustrates the very low energy requirement 

for the electron treatment process. 

Another important characteristic of this process is the dose distribution 

within the treated material. The dose is not uniform in depth because 

the incident " igh-energy electrons are scattered in all directions by 

electronic and nuclear collisions within the absorbing material. Dose 

distributions have been calculated for a few common materials and for 

a wide range of electron energies (6, 7). The shapes of these distri

butions are influenced by the average atomic number of the absorbing 

material but are nearly the same for most organic substances and for 

water. 

A set of dose distribution curves for normally incident electrons in 

water are shown in Fig. 1. These curves are also applicable to municipal 

sludge with a low concentration of suspended solids. It is evident 

that the dose rises to a maximum value of about 1.5 times the surface 

dose in the middle of the treated zone and then falls off to zero beyond 

the effective range of the electron beam. For energies up to 2.0 MeV 

(million electron volts) the maximum dose and the surface dose per 
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electron decrease with increasing electron energy whereas above 2.0 MeV 

the surface dose is nearly independent of electron energy. The effective 

depth of penetration increases with increasing electron energy. The 

information contained in these dose distribution curves will be used in 

the following sections to develop the basic specifications for the 

electron beam treatment process. 

4.0 ACCELERATING VOLTAGE vs STREAM THICKNESS 

In order to guarantee that all parts of the sludge stream receive the 

minimum dose that is require for disinfection it is prudent to limit 

the stream thickness so that the exit dose is equal to the entrance 

dose. The "optimum" thicknesses thus defined are indicated by the 

horizontal dotted lines in the depth dose curves in Fig. 1. The shaded 

zone on the left hand side represents the effective thickness of the 

accelerator window (40 microns of titanium) plus 10 centimeters of air 

between the window and the sludge stream- These intervening materials 

are unavoidable and have to be accounted for as shown to obtain the 

optimum thickness of the sludge stream. The optimum thickness increases 

almost linearly with the incident electron energy. The relationship 

between T(opt) and the incident electron energy, E, is well represented 

between 1.0 and 5.0 MeV by the formula, 

T(opt) = 0.38 (E,- 0.31) (1) 

where T(opt) is in g/cm2 (cm of H,0) and E is in MeV. Values of the 

optimum thickness for various electron energies between 1.0 and 5.0 MeV 

are listed in Table I and Fig. 2. 

In practice, the thickness of the sludge stream must be somewhat less 

than the optimum value to allow for the angulation of the electron 

beam with respect to the surface of the stream. The electron beam 

will usually be scanned to cover a wide stream and the sludge conveyor 

may be inclined to increase the velocity of the stream. The effective 

thickness at the edges of the stream will then be greater than the 

actual thickness by the factor, l/(cos 9 cos 0) where 9 is the scan 

angle and $ is the conveyor inclination. These angles may each be as 

great as 30 in which case the apparent thickness will be greater than 

the actual thickness by a factor of 1.33. 

Another effect which influences the practical thickness of the stream 

is backscattering of electrons from the sludge conveyor. If this device 

is made of stainless steel the exit dose will be increased by a factor 

of about 1.3 which will permit an increase in the stream thickness by 

abour 1% for equal exit and entrance doses. If this increase is combined 

with the reduction discussed above, the net result is that the thickness 

of the sludge stream should be less than the optimum value by a factor 

of 1.07/1.33 = 0.80. The practical thicknesses, T(pra), are listed in 

Table I and are also shown in Fig. 2. 
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Electron 
Energy 
(MeV) 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

TABLE I 

SLUDGE STREAM THICKNESS 

Opt imum 
Thickness * 
T(opt) (mm) 

2.6 

4.5 

6.4 

10.2 

14.0 

17.8 

Practical 
Thickness** 
T(pra) (mm) 

2.1 

3.6 

5.1 

8.2 

11.2 

14.2 

*For equal entrance and exit doses (theoretical) 

••Adjusted for the effects of scan angle (30 ), conveyor 
inclination (30°) and electron backscattering from 'stainless 
steel, T(pra) = 0.80 T(opt). 

Electron 
Energy 
(MeV) 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

ELECTRON ENERGY AND 

Optimum 
Energy 
Efficiency 
Fe(opt) 

0.61 

0.63 

0.64 

0.66 

0.68 

0.69 

TABLE 

POWER 

* 

II 

UTILIZATION Er 

Practical 
Energy 
Efficiency 
Fe(pra) 

0.49 

0.50 

0.51 

0.53 

0.54 

0.55 

t'ICI 

** 

ENCIES 

Practical 
Power 
Efficiency** 
Fo(pra) 

0.42 

0.43 

0.44 

0.45 

0.46 

0.47 

•Surface dose efficiency for equal entrance and exit 
doses (theoretical) 

**Adjusted for the effects of scan angle (30°), conveyor 
inclination (30°) and electron backscattering from 
stainless steel. Fe (pra) = 0.80 Fe (°P

fc) 
***Adjusted for 15% loss of beam current at the edges of the 

stream. Fp (pra) = 0.85 Fe (pra) 
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Experience has shown that it is difficult to maintain uniform sheet flow 

in a sludge stream that is thinner than 2 millimeters (4, 5). Therefore, 

an electron energy of 1.0 MeV is probably the lower limit for a single-

pass treatment process. However, this is not the only criterion for 

energy selection. The flow conditions in the sludge stream will determine 

the stream depth and therefore will have an important influence on the 

electron energy requirement. These aspects will be discussed further 

in the example given in Section 6.0. 

5.0 BEAM POWER VS MASS FLOW RATE 

In addition to the voltage selection criteria which have been discussed 

in the previous section it is necessary to determine the electron beam 

power requirement. The beam power is the product of the accelerating 

voltage and the beam current and is related to the mass flow rate of 

the sludge and to the treatment dose. This relationship has been 

discussed in detail in Reference (8). The basic formula for the incident 

beam power, P, is 

P = D (M/T) / (0.36 F ] (2) 

where P is in kilowatts, (M/T) is the mass flow rate in metric tons/hour 

(including both water and solids), p is the beam power utilization 

efficiency and D is the minimum (surface) dose in megarads. 

The power efficiency, F , is composed of two faccors, i.e., F = F x P., 

where F is the energy absorption efficiency and F. is the beam current 

utilization efficiency. In a treatment process where the material is 

flowing in a wide, uniform stream the only loss of beam current is at 

the edges and p. can be as high as 0.85. 

The energy efficiency, F , can be obtained from the depth dose distribu

tion curves in Fig. 1. The shaded area on the left hand side of these 

curves represents electron energy thafc is dissipated in the accelerator 

window and the intervening air. The shaded area on the right represents 

energy that is dissipated in the sludge conveyor. The clear area in 

the middle is a measure of the useful energy deposited in the sludge 

stream. 

If the minimum dose at the surface of the stream is sufficient to achieve 

disinfection, then the higher dose in the middle of the stream is wasted 

due to overkill, and the useful energy is represented only by the rec

tangular areas under the horizontal dashed lines in Fig. 1. The energy 

utilization efficiency, F , can be obtained from the ratio of the clear 

rectangular area to the total area. This ratio has been calculated 

for several electron energies and the results are given in Table II. 

The theoretical "surface dose" efficiency is' 61% at 1.0 MeV and about 

69% at 5.0 MeV. Values of these efficiency factors for other electron 

energies are given in Table II in the column 1. belled F (opt). 
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The choice of the optimum stream thickness (such that the exit dose is 

equal to the entrance dose) provides the maximum efficiency for electron 

energy utilization. If the stream thickness were greater than the 

optimum value, then the exit dose would be less than the entrance dose 

and the useful energy (area below the exit dose level) would be diminished. 

On the other hand, if the stream thickness were less than the optimum 

value, then a greater fraction of the electron energy would be dissipated 

in the sludge conveyor and the useful energy would again be diminished. 

In a practical situation where the stream thickness must be less than 

the optimum value (as discussed in Section 4.0) the energy utilization 

efficiency will be proportionately reduced. Practical values of ? 

for the reduced practical thicknesses in Table I are listed in Table II 

in the column labelled ? (pra), The last column in Table II lists the 

practical beam power efficiencies, F (pra) = ?. x F (pra) , which are 

to be used in Formula (2) for calculating the incident beam power. 

With these derived values for the practical efficiency, Formula (2) 

can be used in the following form to obtain the mass flow rate per 

kilowatt of incident beam power, 

(M/T)/P = 0.36 FD/D (3) 

Values of this basic processing rate in metric tons per kilowatt-hour 

are given in the middle column of Table III. The surface dose, D, is 

assumed to be 0.4 Mrads. It is clear that the beam power requirements 

for this process are nearly independent of the choice of electron 

energy between 1.0 and 5.0 MeV. When both the beam power, P>( and the 

accelerating voltage, V, are known, then the beam current, I, can be 

calculated from the simple relationship, I = P/v, and the basic 

accelerator specifications are determined. The use of the information 

presented in Sections 2.0, through 5.0 will be illustrated by working 

out the accelerator specifications for a large sludge treatment plant. 

6.0 A TYPICAL PROCESS DESIGN 

As an example of how the information presented above can be used, the 

accelerator and stream specifications for a plant processing 40 metric 

tons per hour will now be determined. The surface dose is assumed to 

be 0.4 Mrad to be consistent with the data given in the tables. 

First, the electron beam power requirements, P, will be determined for 

various electron energies using Formula (2). These results are given 

in Table IV and Fig. 3. The power level is nominally 100 kW at 2.5 MeV, 

slightly more at lower energies and slightly less at higher energies. 

The beam current requirements, I, for these power levels come down 

rapidly as the electron energy (voltage) increases. The corresponding 

values of beam current are .also listed in Table IV'and Fig. 3. 
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TABLE III 

MASS AND AREA FLOW RATES FOR WATER* 

Elect ron 
Energy Mass Rate .Area Rate 
(MeV) (MT/kw-hr) ftn2/mA-sec) 

1.0 0.38 .049 
1.5 0.39 .045 
2.0 0.40 .043 
3.0 0.41 .042 
4.0 0.41 .041 
5.0 0.42 .040 

•Calculated from Formulas (3) and (5) using data 
from Tables II and VI for a surface dose of 0.4 Mrad 

TABLE IV 

ELECTRON BEAM POWER AND CURRENT REQUIREMENTS* 

Electron Beam Beam 
Energy Power Current 
(MeV) (kw) (mA) 
1.0 106 106 

1.5 103 69 

2.0 101 51 

3.0 99 33 

4.0 97 24 

5.0 95 19 

*For a surface dose of 0.4 Mrad and a sludge 
thruput rate of 40 metric tons per hour 
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TABLE V 

STREAM DEPTH AND AREA FLOW RATE vs ELECTRON ENERGY* 

Electron stream Area 
Energy Thickness Flow Rate 
(MeV) t (mm) w x v (nr/sec) 

1.0 2.1 5.30 

1.5 3.6 3.10 

2.0 5.1 2.18 

3.0 8.2 1.36 

4.0 11.2 0.99 

5.0 . 14.2 0.78 

*For a volumetric flow rate of 40 cubic meters 
per hour 

TABLE VI 

ABSORBED ENERGY PER ELECTRON (SJ/e) IN WATER* 

Electron Average Surface 
Energy (SJ/e) (SJ/e) 
(MeV) (MeV-cm2/q) (MeV-cm2/q) 

1.0 3.1 2.30 

1.5 2.8 2.10 

2.0 2.7 2.00 

3.0 2.6 1.97 

4.0 2.5 1.93 

5.0 2.4 1.90 

•Obtained from data given in References (6, 7) 
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Any of these combinations of voltage and current are available as 

standard commercial products (9). As a general rule the Lowest voltage 

would give the least expensive facility, but the sludge, handling technique 

would be simplest and most reliable at the highest voltage where the 

stream thickness can be the greatest. Therefore, the choice of accelerato 

voltage must be a compromise between cost and process simplicity. These ' 

aspects are best illustrated by calculating the stream flow conditions 

for the above example. 

It is assumed here that the volumetric flow rate, Q, is given by the 

simple formula, 

Q «= w x t x v (4) 

where Q is in cubic meters/sec, w and t are the stream width and thickness 

respectively, in meters and v is the average stream velocity in meters/sec 

The concept of an average velocity is applicable to a sludge transport 

device such as a drum or belt conveyor as well as turbulent flow down 

an inclined trough or a free fall. Laminar flow on a stationary trough 

should be avoided because this would produce a non-uniform dose distri

bution and permit the accumulation of sediments on the trough. For a 

given accelerator specification, Q is determined by the available beam 

power and the dose, while t is determined by the voltage. Therefore, 

w and v are constrained to an inverse relationship. If the width is 

decreased, the velocity must be increased. 

The product of w x v, which gives the area flow rate in square meters 

per second, decreases as the voltage (electron energy) increases since 

the stream thickness increases with the voltage. The corresponding 

area flow rates are given in Column 3 of Table V. Using these w x v 

products a set of curves have been generated to show the range of choices 

in stream flow conditions and to show how these choices are affected by 

the accelerating voltage and beam current. These curves are shewn in 

Fig. 4. 

The dashed lines at the lower left corner of Fig. 4 are suggested limits 

for the specifications of the sludge stream. The width limits are some

what arbitrary but are based on the sizes of existing electron beam 

scanners. The largest of these in service at present is 1.8 meters wide. 

The velocity limits are based on experiences with an inclined-plane 

type of presentation system using digested municipal sludge with 3.8% 

solids (4). With a device 0.5 meters wide at an inclination of 20 

degrees, a stream velocity of 1.2 m/sec occurred at a volumetric flow 

rate of 6 m /hr. The stream thickness was 2.8 mm. If the width were 

increased to 2.0 meters the equivalent flow rate would be 24 m /hr, 

somewhat less than the example being considered here. At 40 m /hr both 

the thickness and the velocity would increase, perhaps to as much as 

1.5 m/sec and 3.7 mm. 



- 48 -

If, in fact, these conditions can be realized, then the assumed flow 

rate of 40 m /hr could be processed with an electron accelerator rated 

at 1,5 MV and 70 mA. This is shown by the proximity of the intersection 

point of the outer-limit lines in Pig. 4 (2.0 m width and 1.5 m/sec 

velocity) to the 1.5 MV curve. However, these accelerator specifications 

would not provide any margin for error. A more prudent choice would 

be a 2.0 MV, 50 mA (100 kW) unit. This could process the full output 

of the plant with a stream width of 1.75 m, a stream velocity of 1.25m/sec 

and a thickness of 5.1 mm. 

These figures would be easy to achieve without pushing the present 

state of the art for sludge presentation systems. 

7.0 CONCLUSION 

The discussion given in the preceeding section suggests a logical 

procedure that will lead to reasonable accelerator specifications for 

any sludge treatment plant. 

First - Determine the maximum volumetric or mass flow rate for the plant. 

Second - Choose a set of practical limits for the width and velocity 

of the sludge stream. 

Third - Calculate the maximum area flow rate (width x velocity) of 

the stream. 

Fourth - Calculate the minimum thickness of the stream (volumetric 

flow rate/area flow rate) . 

Fifth - Determine the minimum accelerator voltage from the thickness 

using Formula (1) or Fig. 2. If this result is below 1.5 MeV 

beware of the practical difficulties that have been encountered 

with very thin streams. 

Sixth - Calculate the beam power requirement using Formula (2) or the 

data in Column 2 of Table III. 

Seventh - Calculate the beam current requirement from the voltage and 

power specifications, i.e. I = P/V. 

Eighth - Adjust the voltage specification upward to correspond to an 

available commercial unit. 

Ninth - Consider the question of reserve capacity for future growth 

in plant loading. 

Tenth - If the plant requirements substantially exceed the capacity of 

any commercial accelerator then look into the question of 

minimizing the investment and operating costs by utilizing the 

smallest number of the largest available units. 
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The selection of the accelerator specifications for an electron beam 

treatment plant can be a confusing task because of the large number of 

factors that must be considered. The design guidelines and technical 

information presented in this paper can reduce this task to an orderly 

procedure leading to an optimum set of specifications. 

A P P E N D I X 

BEAM CURRENT vs AREA FLOW RATE 

An alternative method of calculating the beam current requirement is to 

use the relationship between electron current and area flow rate. This 

has been discussed in Reference (8) and is given by the formula, 

I = 100 DtA/Tj/^SJ/e) (5) 

where I is the beam current in milliaraperes, D is the surface dose in 

megarads, (A/T) is the area flow rate of the sludge stream in square 

meters per second, l\ is the beam current utilization efficiency 

(introduced in Section 5.0 ) and (SJ/e) is the absorbed energy per 
2 

electron in MeV/(g/cm ). The proportionality between current and area 

rate which is expressed by this formula is understandable because the 

dose can be translated into an electron intensity, i.e., the number of 

electrons per unit surface area. 

The quantity (SJ/e) is the product of the stopping power (S/e) of the 

sludge for high energy electrons (10) and the energy dissipation function 

(J) which accounts for the scattering and diffusion of the electrons 

throughout the stream (6). This quantity can be obtained from the dose 

distribution curves given in Pig. 1. If the dose is specified at a 

particular depth in the stream then the value of (SJ/e) must correspond 

to that point. Values of (SJ/e) for the average depth dose and the 

surface dose are listed in Table VI. 

As an example of the application of Formula (5) the area flow rates 

per milliampere of beam current have been calculated for several electron 

energies using another form of Formula (5) , 

(A/T)/I = F^Sj/eJ/lOOD (6) 

Values of this basic processing rate in square meters per milliampere-

second for a surface dose of 0.4 Mrads are given in the right-hand 

column of Table III. It is clear that the beam current requirements 

per unit area of sludge are nearly independent of electron energy above 

1.0 MeV. However the energy does enter into the total current 

requirement because the area flow rate diminishes as the energy (voltage) 

and the stream thickness increase. 

As an example of the use of this method of analysis, the area flow 

rates givan in the right-hand column of Table V can be used in 

Formula (5) to obtain the beam current values listed in the right hand 

column of Table IV. The current utilization efficiency, F., has to 

be 0.85 in this example to be consistent with the practical power 
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eff-.Jiencies listed in the right-hand column of Table II. 

The current-area relationship is instructive in this application 

because it shows that an upper limit on the area flow rate implies 

an upper limit on the beam current that can be utilized on a single 

sludge stream. If the practical upper limit on the area flow rate 
2 

is, in fact, 3 m /sec as indicated in Pig. 4 then the beam current 
2 2 

limit (at 1.5 MeV, for example) would be 3 (m /sec)/0.045 (m /mA-sec)= 

67 IOA (using the area rate for 1.5 MeV from Table III) . This con

clusion is essentially the same as that reached by the analysis given 

in Section 6.0 which is that a current of almost 69 aA would have 

to be used to process 40 m /hr at an energy of 1.5 MeV. 

This comparison shows that the two methods are equivalent. Either 

the beam power can be calculated from the mass flow rate or the beam 

current can be calculated from the area flow rate. In either case 

the voltage is determined independent.j by the stream thickness to 

complete the basic accelerator specifications. 
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Abs t rac t 

PERSPECTIVES AND PROBLEMS OF APPLICATION OF THE EFFECTS OF IONIZING 
RADIATION IN WATER TREATMENT TECHNOLOGY IN CZECHOSLOVAKIA 

Investigations of the possibilities of the utilization of phys ico-chemical 

and biological effects of ionizing radiation in water treatment technology 

h a s been carr ied out in Czechoslovakia s ince 1976. 

In the a r ea of water sou rces the radiation recovery of weCs 

clogged with Pe (ill) hydroxyoxides a s a resul t of activity of some 

microorganism begins to be used. Other possible methods of the 

application of ionizing radiation as i n c r e a s e of disinfection efficiency of 

chlorination during irradiation, radiation deodorization and dis-ioloration 

of drinking water a re not utilized for econonic r e a s o n s . 

In the a r ea of waste water the radiation destruction of solution of 

some dyestuffs in the p r e sence of charcoa l was Investigated. This 

p r o c e s s i s complicated and cannot compete with current technologies . 

Radiation hyglenization of sewage s ludge with their perspect ive 

utilization a s fertilizers was a lso investigated. At present a part of s ewage 

sludge Is agrotechnlcally used, yet with var ious restr ict ions. Technica l 

and economic ana lys i s showed that hygienization using electron 

acce le ra to r s would be very desirable a s soon a s renewed hygienic 

regulations of sludge deposit ions become valid. 

INTRODUCTION 

Owing to accumulated Information from radiation phys ics , chemistry 

and biology, ionizing radiation begins to find application in t echno

logical p r o c e s s e s . The experience in constructing and exploiting 

powrft'l s o u r c e s of ionizing radiation, emitting IO - IO quanta or 

a ccelera ted e lectrons per second, permits to plan facilities operating 

up to 8 OOO hours per year . One of the a r e a s in which technical and 

economic evaluations demonstrate possibilit ies to make use of ion iz ing 

radiation is the a r e a of water economics. 
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with the m o l e c u l e s of the m e d i u m ) lO™ - l O s e c . 

In 1976 w o r k h a s b e e n s t a r t e d to e v a l u a t e p r e s e n t t r e n d s in th i s 

a r e a , with the ob jec t ive to make a s e l e c t i o n of s e v e r a l t o p i c s , that might 

be p romis ing u n d e r the c o n d i t i o n s of C S S R , a n d to d o s o m e p re l imina ry 

e x p e r i m e n t s . 

B A S I C P A C T S 

T h e effects of i o n i z i n g rad ia t ion may b e spl i t on time s c a l e into 

following s u c c e s s i v e s t a g e s : 

a) p h y s i c a l s t a g e ( ion iza t ion a n d exc i ta t ion) 10~ - l O " s e c . 

b) p h y s i c o - c h e m i c a l s t a g e ( r ecombina t ion of 

i o n s , d e e x c i t a t i o n , s o l v a t i o n and diffusion 
— 12 — 9 

of i n t e r m e d i a t e s ) l O - l O s e c . 

c) c h e m i c a l s t a g e ( r e a c t i o n of i n t e r m e d i a t e s 

with the m o l e c u l e s of the m e d i u m ) 

d) b io log ica l s t a g e (modification of b i o c h e m i c a l 

r e a c t i o n s , d e s t r u c t i o n of l iving o r g a n i s m s ) l O - l O s e c . 

T h e a q u e o u s medium p r o m o t e s the r ad i a t ion e f fec t s , s i n c e w a t e r 

d e c o m p o s e s efficiently to r e a c t i v e i n t e r m e d i a t e s ( s o l v a t e d e l e c t r o n s , 

H a n d OH free r a d i c a l s ) which e r e r a t h e r u n r e a c t i v e t o w a r d s m o l e c u l e s 

of w a t e r a n d t h u s r e a c t e v e n with t r a c e c o n c e n t r a t i o n s of s o l u t e s 
/ - 5 -7 \ 

( l O - l O M). In di lute s o l u t i o n s , a s they o c c u r in w a t e r t r e a t m e n t t e c h n o l o 

gy , d i r e c t ac t ion of r a d i a t i o n on the m o l e c u l e s of c o n t a m i n a n t s (i .e. t h e 

p h y s i c a l s t a g e ) c a n b e n e g l e c t e d . 

F o r quan t i t a t ive e v a l u a t i o n of c h e m i c a l e f fec ts of r a d i a t i o n 

G - v a l u e s ( r ad ia t ion y ie ld ) h a v e b e e n i n t r o d u c e d that e x p r e s s the n u m b e r 

of m o l e c u l e s c h a n g e d on a b s o r p t i o n of l O O eV e n e r g y of ion iz ing 

r ad i a t i on . In d i lu te a q u e o u s s o l u t i o n s the G- -va lues for s o l u t e s c a n 

amount up to the v a l u e of G ( w a t e r d e c o m p o s i t i o n ) - 5.8 u n l e s s the 

r a d l o l y s i s p r o c e e d s t h r o u g h a c h a i n mechanism. It m e a n s tha t for c o m p l e t e 

c h a n g e of a s u b s t a n c e RH p r e s e n t in c o n c e n t r a t i o n of l O M 

(i .e. O . l g/l a t m o l e c u l a r m a s s M ^ of l O O ) the n e c e s s a r y amount of 

e n e r g y of i on i z ing r ad i a t i on c a n b e c a l c u l a t e d a s given be low: 
E - l O O x 6 A l O 2 3 RH / 6.2 x l O 2 1 x 5.8 x M D „ - 1.93 kJ/kg = 

- 1.93 k G y (k i logray) - 0 . 1 9 3 M r a d - 0 . 4 6 1 k c a l / k g 
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The biological efficiency of ionizing radiation Is higher s ince even 

slight d a m a g e of macromolecules of vital importance become more 

evident in subsequent biochemical p r o c e s s e s . It is known that biological 

efficiency of radiation i n c r e a s e s with increasing complexity of organisms 

so that e. g. the absorption of energy of O.Ol kJ/kg is lethal to mammals. 

The efficiency i s lower in the c a s e of microorganisms and can be 

e x p r e s s e d statistically by the folioring relation : 

N ~ N n x n x e x p (~kD) • 

where N Q and N_ denote the amounts of bacteria before and after the 

irradiation, the constants n and k specify the sensitivity of microorganisras 

towards ionizing radiation at a given temperature and for given medium, 

and D re presents the dose of ionizing radiation in kJ/kg - KG-y, 

The values of n a n d k for most microorganisms in aqueous solutions 

at 20 C range between 0.5 - 2.0 and 0.4 - 4 .5 , respect ively . 

In aqueous solutions the following succes ion of the var ious types of 

efficiency of ionizing radiation is valid : biological *>chemical^> physical . 

The limiting factor in radiation technologies i s the high price of 

energy unit of ionizing radiation and it is to be expected that biological 

effects of ionizing radiation will find technological application first. 

APPLICATIONS IN THE AREA OP WATER SOURCES 

A method has been developed (Wissel and G e r s t n e r ) using 

radiation for the recovery of veils clogged with P e and Mn hydroxy-

oxides a s a result of microbial activity of some bacter ia (Thiobacillus 

ferroxidans, G>allionella et al.). 

When the filtration zone in such wells i s equipped with hermetically 

sea led Co radiation s o u r c e s , there occurs not only suppress ion of the 

activity of the bacteria mentioned but a lso gradual dissolution of the 

deposit previously formed. Water yield of the well i n c r e a s e s often up the 

original value . The effect of the radiation sou rces Installed in the well 

i s shown in Fig. 1. 

To attain the required effect Co radiation s o u r c e s of relatively 
1 2 

low activity (of the order of about IO Bq, i. e. 5 0 •- lOO Ci) a re 

sufficient, giving rise to dose r a t e s in the range of O.OOl -

- 0 . 0 0 5 kJ/kg. hour in the filtration zone. 
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This procedure h a s been used for severa l yea r s in GDR, where there are 

more then 4 0 0 wells being recovered in this way. In Czechos lovakia 

experimental verification of the efficiency of this procedure i s car r ied out 

in wells which are recovered by mechanico - hydraulic methods only 

with difficulty. An example of economic evaluation for an a v e r a g e well 

is given in Table I. 

T a b l e I. 

Water well, depth 2 0 m, length of filter lO m 

Mean investment cos t s « ~. - . . . 2 0 0 OOO K c s 

Mean useful life ..«. .^................. 15 y e a r s 

Costs of mechanical recovery every two y e a r s ........ 15 OOO K c s 

Depreciation a n d recovery cos t s per y e a r .... ..' 20 8 0 0 K c s 

Costs of radioactive s o u r c e s ..... .... 80 OOO K c s 

Technical equipment .. 8 OOO K c s 

Extension of useful life to 3 0 y e a r s 

Depreciation of well per year , 6 7 0 0 K c s 

Depreciation of radioactive s o u r c e s .•. 5 20 0 K c s 

Totcl depreciation ............................ 11 90 0 K c s 

Benefit per y e a r .~..^.............. 8 9 0 0 K c s 

Almost one half of community supply of drinking water in CSSR u s e s 

surface s o u r c e s . It i s n e c e s s a r y to treat this water (disinfect, deodor ize , 
3 4 remove colour etc.). A s is known from literature s o u r c e s * , deodorization 

and reduction of discolouration and of concentration of microorganisms 

below the given limit can be achieved by the action of a 1 kJ/kg dose . 

By simple calculation of radiative power n e c e s s a r y lor a medium-size 
3 

water supply station with a throughput of lOOO m per hour: 

P [kw] - Q [kg/hour] x D £kj/kg*] / 3.6 x l O 3 x ^[utilization factor] » 

- l O 6
 x 1 / 3.6 x l O 3 x 0.75 » 3.75 x l O 3 kW 

it can be shown that such a powerful source is not real izable. It would 

be r ep resen ted by the capacity of a five - y e a r production of e lec t ron 

acce l e ra to r s by the firm Radiation Dynamics Inc. (USA) or by th ree -yea r s 

world production of Co. Neither the d e c r e a s e of the required dose 

by 1 order of magnitude would make it possible to use radiation technology 
Inr t h = Sra.-ih-Tsmrst r-J ririnkinc w a t e r . 



- 56 -

APPLICATIONS IN THE AREA OP WASTE -WATER TREATMENT 

In principle it is possible to make u s e of chemical effects of 

ionizing radiation for the destruction of contaminants in waste water. 

Prom the ecomomic standpoint it is c lear that the va lues of radiation 

yields of destruction must be at leas t about 5 molecules per lOO eV 

of absorbed energy. 

It Is known that in aqueous solutions G-va lues increase with 
- 2 - 1 

increasing solute concentrations of up to lO - lO M, However in 

most waste waters these concentration a re not attained. Nor is the 

occurence of chain mechanism of radiation destruction to be expec ted 

in the multicomponent systems of real waste waters . One p r o c e s s that 

appea r s to be promising is radiation oxidation catalyzed by active 
, 5 carbon . 

Por laboratory model experiments the follwing organic dyes were 

chosen (methylene blue, methylene orange, bromocresol green and 

Congo red). Their concentrations were followed spectrophotometrically. 

Solutions in distilled water and in waste water taken from sedimentation 

tank contained O.l g/'l dyestuff. Samples v/ere irradiated in the p r e s e n c e 

of lO 70 by weight of active carbon which was kept for 16 hours 

before the experiment in contact with 30-fold quantity of dye solution. 

Doses ranged from 0.5 to 7 kj/kg, the dose rate was 0.95 kJ/kg.hour. 

During irradiation air at atmospheric p r e s s u r e was bubbled through the 

system at a rate of 4 0 liter per hour. An example of the d e c r e a s e of 

dye concentration plotted against dose is shown in Pig. 2 for the 

methylene blue. Similar dependencies were found for the other d y e s and 

a re given in Table II. 

In the p re sence of active carbon the yield of dye destruction is a l 

ways ra ised . With the solutions in waste water the i nc rease of 

Gf-values is higher than with the solutions in distilled water. However , 

the G/-values never exceeded the limit of G> «• 3 , ' T h e mechanism of r a -

diolysis in the p re sence of active carbon is complicated and the 

G--values obtained are charged with a rather high error. Since the r i se 

to G - va lues of at leas t 5 was not attained it is not to be expected 

that this procedure finds technological u s e . 
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CAPACITY m^hour 

60 

kO 

20 

Hh / • / / ' • / ' ' 

O-r 

2 months 

Lj^i 
e ^ > 

•10 ih 

Pig. 1. Recovery of biologically clogged well by gamma 

Irradiation. The arrow indicate installation of Co s o u r c e s , 

methylene blue 0,1 p l̂ 

GfA) 

2.0 

* o distilled water 

A a waste - • -

fr 
44-

•f 0 
k/kg 

Pig. 2. Radiation destruction of dyestuff in water solutions 

in p re sence of charcoa l and air . ' 
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T a b l e II. 

G 

in distilled 

water 

G 

in waste 

water 

Enhancement of 
in p r e s e n c e of 

charcoa l 

Dose : 2 kJ/kg 

G 

Methylene blue 

+ charcoal 

Methylene orange 

-t- charcoal 

Bromocresol green 

+ charcoal 

Congo red 

•+• charcoal 

0,75 - 0,9 0,28 -0 .25 
1,8 - 2,5 \7 - 1 ,9 

0,4 - 0 .45 0 , 0 8 - 0 , 0 ^ 

1,5 - 1,7 1,2 -1 ,3 

0,4 - 0,5 0 , 0 7 - 0 , 0 9 

0,9 - 0,6 0,9 -1 ,2 

0,2 - 0 ,15 O.l - 0,15 

0,9 - 0,5 0,7 - 0,9 

in distilled in waste 

water water 

2,3 x 6,2 x 

3,8x 14 x 

1,8 x 13 x 

4 x 6,4 x 

HYGIENIZATION OF" SEWAGE SLUDGES 

About one third of sewage s ludges in CSSR are consumed for 

agrotechnical u s e s . Table in. contains v a l i d recommendations for the 

utilization of individual types of s ludges . At present a Czechos lovak 

s tandard i s being prepared that fixes the highest admissible 

concentrat ions of pathogenic microorganisms in the s ludge to be used for 

agrotechnic purposes . 

Two competing methods decreas ing the concentrat ions of patho

genic microorganisms - viz. pasteurization and hygienization by radiation 

- a re therefore being studied under the conditions of CSSR. An 

experimental pilot station for the pasteurization of s l udges should- s tar t 

operating in 1979, while hygienization by radiation i s in the s tage of 

technico-economic evaluation and preliminary experiments. 



T a b l e I I I . 

Recommendation for agricultural utilization of sludge from waste water treatment plants in CSSR 

.Type of s ludge Agrotechnlcal ly Arab le land 

not utilized land 

Pas tu re and Vineyard Orchard T r e e Vegetables 
g rass land nurse ry cultivation 

R a w Yes , only on 

demarcated a r e a s 

O O O 

Biologically 

treated 

Y e s Yes.after ha rves t 

on unsowed land 

a l s o In winter 

Y o a 

V.O 

Aerobically or 

anaerobical ly 

stabilized 

Y e s Yes,after ha rves t 

on unsowed land 

a l so in winter 

Yes,after las t In winter In winter 

cut or end of only only 

pas ture 

Y e s 

Composted or 

thermally treated 

Y e s Yes.after harves t ' 

on unsowed land 

a l so In winter 

Y e s In winter .In winter 

only only 

Y e s Y e s 
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Three possible s o u r c e s of ionizing radiation have been considered: 

Co, Cs, and electron accelerator with maximum energy E - 1 MeV. 

Costs of 1 kW radiative power in CSSR are a s follows : 

cos t s of installed year ly cos t s of 

power [kcs/kWJ isotope replenishment 

[Kcs/kWJ 

6 ° C o 4- 2 0 0 OOO 53 5 OOO 

1 3 7 C s 6 250 OOO 145 OCO 

accelera tor (lMeV) 250 OOO — 

Most municipal sewage treatment plants in CSSR have a da i ly 
3 

production of about 50 m sludge. When a hygienization dose of 

4,5 kJ/kg is considered, then the n e c e s s a r y power of radiation energy at 

two-shift operation is : 

P - 3.2 x 1 0 3 x 4.5 / 3.6 x l O 3 x 0.8 - 5.0 kW 

Total investment to the irradiation facility for each of the three 

irradiation sou rces can be estimated as follows : 

Source of radiation 

6 0 „ 137_ . . 
Co Cs accelera tor 

Building 3 0 0 OOO 3 0 0 OOO 3 0 0 OOO 

Equipment 250 OOO 250 OOO 350 OOO 

RadiaUon source (5 kW) 21 OOO OOO 31 250 OOO 1 250 OOO 

Total investment K c s 21 550 OOO 31 SOO OOO 1 8 0 0 OOO 

Comparison of investments unambiguously prefers the use of an 

accelera tor a s irradiation sou rce . With this sou rce operating cos ts of 
3 3 

hygienization of 1 m sludge at a capacity of 50 m per day can be 
estimated a s follows : 
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Depreciation of equipment (20 yea r s ) 1.8 K c s 

Depreciation of accelerator ( lO years ) 6,9 „ 

Electric power 0.6 "-

Wages of staif, maintena nee 3,3 u 

Total 12.6 K c s 

A s there are not very many acce le ra tors of 5 kW power output in 

the market it appea r s more practical to plan sewage hygienization plant 

with a daily capacity of 150 m sludge. A s a first suggest ion an 

acce lera tor produced by High Voltage Engineering Corporation of type 

ICT 0.7 5 MeV (l8.7 kW power output) with two interchangeable 

accelerat ing tubes h a s been chosen. Fig. 3 p resen t s schematically c r o s s 

section tl. -ough the proposed irradiation facility. Th i cknes s and velocity 

of s ludge stream is controlled by means of variable s lots and slope 

of desk situated below scan horn of accelerator . Th ickness of s ludge 

is equal to the maximum penetration depth of acce le ra ted e lec t rons . 
3 Estimated cos t s for hygienization will not exceed l O , - K c s per m 

s ludge , which is comparable with the cos t s for pasteurization of s ludge. 

CONCLUSION 

Two applications of high energy radiation in water treatment 

technology in Czechoslovakia a r e promising. F i r s t , the r ecovery of 

clogged wells, which is technologically and economically favourable and 

second, the hygienization of sewage sludge by electron acce le ra to r s 

which still needs technological and economic examination, 
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Abstract 

MECHANISMS OF GAMMA-IRRADI AT ION INDUCED CONDITIONING OF SEWAGE SLUDGE 

Ionizing radiation has been found to disinfect sewage sludge and 
simultaneously ease the separation of suspended solids in sedimentation 
and filtration processes. Because separation of solids from water is a 
most important operation in the processes applied in treating sewage 
sludge, studies were performed to investigate the rationale of gamma 
irradiation on dewatering characteristics of anaerobically digested 
sludge and aerobically activated sludge. Improvements of dewatering 
characteristics of anaerobically digested sludge by gamma irradiation 
was indicectly caused by the oxidizing OH radical produced by irradiation 
in the water. A nonlinear model is derived from radiation chemical 
concepts and competition kinetics. This model enables an evaluation of 
the reactivity of OH radicals with the solid and liquid phase of 
anaerobically digested sludge using data of stationary-state and pulse 
radiolysis. Experimental evidence indicates that in the sludge the OH 
radical reacts with fines and slimes, that decrease the permeability 
of the filter cake by plugging pores during filtration or by clogging 
channels in the subsidizing mass through which displaced water egresses 
to the liquid-solids interface during sedimentation. The oxidation of 
these components by OH radicals leads to their solubilization, which 
results in the improvement of dewatering characteristics and an increase 
in total organic carbon concentration in the liquid phase. A gaschrornato-
graphic investigation programme revealed that among the solvated organic 
compounds there were no short chained aliphatic compounds. Results of 
particle and aggregate size distribution analyses indicated that sludge 
consisting mainly of small components (< 32 um) is more reactive to the 
conditioning effect of gamma irradiation than sludge consisting mainly 
of larger components (> 50 um). 
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INTRODUCTION 

In recent years, interest in the practice of disposing or recycling 
municipal sludge on recreational and agricultural land has grown rapid
ly in many parts of the world. Land application of sludges is economical 
and has the advantage that it uses the nutrient value of sludge and 
reduces pollution of streams and seas. However, land application may 
also bring human being into closer contact with toxic substances and 
with pathogens with possible adverse effects on animal and human health. 
Generally, the problem of toxic substances is addressed by regulation 
of their entry into the collection system but the potential threats to 
man and to ecosystems have to be approached by disinfection of sludges 
in which pathogens are concentrated. 

Ionizing radiation is a powerful disinfecting agent and may be used 
in the disinfection of sludges. Further evidence has been obtained of 
other benefits such as the destruction of toxic chemicals and improve
ment in sludge dewatering characteristics. Disinfection by irradiation 
has been fairly intensively studied but comparatively little work has 
been carried out to elucidate mechanisms involved in the effects of ir
radiation on sludge dewatering characteristics in order to optimize 
desi rable effects. 

The present paper deals with radiation induced mechanisms, which im
prove dewatering characteristics of sludges and that will be explained by 
means of radiation chemical concepts. 

MATERIALS AND METHODS 

Stationary-state radiolysis experiments were performed with sludge 
samples of 500 ml, that were irradiated in closed one liter glass 
bottles at a dose rate of 12.5 kGy/h delivered by a 5.6 GBq 60Co-source 
in the pilot plant for food irradiation of the Association Euratom-ITAL 
(1). The samples were mixed by magnetic stirrers during irradiation to 
assure an homogeneous dose. 

In some experiments, nitrous oxide gas was bubbled at a rate of 
1.9 +_ 0.1 1/min for 30 min prior to and during irradiation. 

Anaerobically digested sludge was sampled from a waste water treat
ment plant near the town of Zeist in the Netherlands. Samples of raw 
sludge were taken from a Pasfeer oxidation ditch with a total capacity 
of 16500 population equivalents near the village of Bennekom in the 
Netherlands. 

Pulse radiolysis experiments were performed using centrifugants 
(6900 x g for 30 min) from the sewage sludges. The solutions were first 
saturated with N2O and then irradiated with 2 MeV electron pulses from 
a 2 MV Van de Graaff accelerator in the laboratories of the Department 
of Molecular Biophysics of the University of Utrecht. Details of the 
procedure and equipment are given elsewhere (2). 

Specific resistances to filtration were determined by a Buchner 
funnel test (3). Prior to treatment sludge samples were screened through 
a sieve with 2 mm dia openings to remove large particles such as debris 
of branches, coarse sand etc. in order to avoid erratic results. 

Particle and aggregate size distributions of the sludges were 
determined with a Haver and Boecker sieving machine (EML 200-67) 
according to the method proposed by Leshber and Haacke (h). 

*1 Ci = 37 GBq and 1 Gy = 100 rad 
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The quantitative analysis of short-chain fatty acids were performed 
with a Packard-Becker ^09 Gaschromatograph equipped with a flame 
ionization detector at the laboratory of the Department of Water 
Purification of the Agricultural University of Wageningen. The carrier 
gas, nitrogen, saturated with formic acid had d flowrate of 60 ml min"1. 
Air flowrate was 370 ml min-1 and hydrogen flowrate was 55 ml min"1. 
A glass column packed with 80 - 100 mesh Chromosorb W-AW and coated with 
20% Tuleen 80, was used. 

The computer programme "Tarsier" was employed for fitting the non
linear kinetic functional model (5). This programme uses a modified 
Gauss-Newton method, and is an iteration procedure developeJ by 
Hartley (5) and implemented by Atkinson (6). 

DISCUSSION AND RESULTS 

Water is the major component of fluid sludges. The suspended solids 
are 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 (8). 

Since fast electrons resulting from the interaction of gamma rays 
with matter are able to excite and ionize molecules along their tracks 
rather indiscriminately, there will normally be far more excitations 
and ionizations of water molecules than of other sludge components. 

The radiolysis of water. 

The radiolytic decomposition of pure neutral water may be represented 
by the simplified overall equation: 

H20 •* e a q (2.8), H(0.6), H 2(0.5), OH-(2.8), H202(0.7) 

H30+(2.9), and OH"(0.1) 

The number in brackets represents the yield of the transient species, 
expressed in G values (11), defined as the number of radicals, ions or 
molecules formed per 100 eV absorbed. 

A major reactive species in irradiated aqueous systems is the 
hydrated electron , eaq . It reacts by charge transfer or adcfe quite rapid
ly to compounds such as carboxylic acids, disulphides, etc. and is 
a powerful reducing agent. eaq reacts at every collision it makes with 
oxygen molecules. (k(e + 0 2 ) = 1.? x 10 1 0 M"1 sec"1 (Anbar et al. (12)). 
In sludge, where oxygen concentrations are low because of microbiological 
consumption, the residual oxygen concentration is quickly depleted by the 
reaction with electrons in anoxic conditions. 

An other reactive species is the hydroxyl radical, OH. It is a powerful 
oxidizing agent. OH radicals add rapidly to olefinicand aromatic com
pounds and a reaction takes place at practically every collision (Dorfman 
and Adams (11)). This because the reaction rate constant is in the order 
of 109 to 10 1 0 M"1 sec-1 for small molecules. OH radicals also abstract 
hydrogen atoms from carbon-hydrogen bounds in aliphatic compounds such 
as carboxylic acids, ketones and others but the reaction rate constants 
tend to be somewhat smaller, namely in the order of 108 to 109 M"1 sec"1. 
OH radicals also react rapidly by charge transfer with halides or pseudo-
hal ides with rate constants of 109 to 10 1 0 M"1 sec"1 and by displacement, 
but at lower rate constants, viz 107 to 108 M"1 sec"1. 

Hydrogen atoms, H, are formed in considerably lower yields in the 
irradiated water, amounting to only 10 percent of the total initial 
concentration of reactive radicals. H can add to olefinicand aromatic 
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compounds, but the reaction rate constants, ranging between 107 to 108 

/rUec'^are considerably less than for OH radicals (13)> H can also 
abstract hydrogen atoms from carbon-hydrogen bounds in aliphatic com
pounds, like carbohydrates, and from thiols. 

The molecular products are unreactive and their yields are low. 
H2 escapes from the open systems while the amounts of H2O2, formed by 
radiation doses employed for the treatment of sludges, are insufficient 
to cause extensive oxidations (2). 

Effects of radiation on sludges. 

Dramatic effects of gamma irradiation on the physical-chemical properties 
of sludge were exemplified by Groneman (8).. A dose of 20 kGy 
drastically changed the Interacting forces between sludge particles. 
But changes in physical-chemical properties of sludge occurred already 
at much lower dose and affected the dewatering characteristics of 
anaerobically digested sludges. Sludge dewatering properties as reflected 
by the specific resistance to filtration improved significantly by'an 
irradiation treatment of 300 daGy in laboratory experiments as well as 
in experiments at pilot plant scale (7-10). 
The largest rates of conditioning occurred in the first 100 to 200 daGy. 

In studies to determine governing mechanisms in sludge conditioning 
by irradiation, Groneman and Schubert (2) demonstrated by the use of a 
variety of scavengers, that it was primarily the action of the hydroxyl 
radical which leads to the improvement of the sedimentation and dewatering 
properties of anaerobical1y digested sludges. 

H2O2 moleci_les were ineffective in conditioning sludge, whether added 
directly or when produced radiolytical1y during the bubbling of oxygen 
through sludge.., 

Theory of competition kinetics in sludge. 

A general kinetic equation is developed in this section. In the following 
model, it is assumed for practical purposes, that solutes and solids are 
distributed throughout the solution and that homogeneous kinetic 
considerations can be applied. 

The OH radical, being a powerful oxidizing agent, reacts with solutes 
in the liquid phase, L, or with compounds of the solid phase, P. Addition 
of an OH-scavenger, S, is a mean to increase the competition of solutes 
in the liquid phase compared to the competition of compounds in the solid 
phase of sludge. A reaction of OH radicals with the solid phase results in 
improved dewatering properties of the sludge under investigation. 

One may consider the following simplified system: 
kl 

OH + S r-x No effect on dewatering properties (l) 
OH + L r~i No effect on dewatering properties (2) 
OH + P — r Effect on dewatering properties (3) 

From competition kinetics follows that the probability of an OH radical 
reacting with the liquid phase, L, and the solid phase, P, that results 
in an improvement of dewatering properties, is: 

k2 (L) + k3 (P) 
ki (S) + k2 (L) + k3 (p)" W > 

where ki, k2, and k3 are reaction rate constants of OH radicals with the 
molar concentration of the OH scavenger (S), the solutes of the liquid phase, 
L, and with the solid phase P, respectively. 

Because unidentified compounds are present at unknown concentrations 
in the liquid and solid phase, (L) and (P) indicate overall concentrations 
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in undefined units. However, the "scavenging power", which was 
defined by Groneman and Schubert (2, 9) as the product of the rate 
constant, k, and the effective concentration of reacting molecules, 
can be estimated from the added scavenger and from the liquid phase. 

By modifying the nonlinear model CO and employing results from 
stationary-state and pulse radiolysis, the scavenging power of the 
solid phase can be evaluated. This will be developed in a following 
sect ion. 

Effects of irradiation on dewatering properties of sludges. 

Improvements on dewatering characteristics were evaluated by the 
determination of the specific resistance to filtration. This parameter 
was selected because it has a sound theoretical basis (1*0 and is well 
related to the bed yield expressed in dry weight of solids per area 
per year as Ifftable sludge (15) as well as to the performance of drum 
filters and fi1terpresses (16). Sludge dewatering properties improve as 
the specific resistance decreases. 

Earlier experimental evidence indicated that the OH radical is the 
major radiolytically generated chemical agent, that results in the 
conditioning of sewage sludge (2, 9 ) . To exploit the ramification of 
these findings, experiments were performed with raw sludge from Bennekom 
that normally did not respond to irradiation treatments (7). This sludge 
was irradiated in the presence or absence of N20 and the irradiation effects 
on the specific resistance to filtration were compared with the effects 
of irradiation on anaerobically digested sludge treated under the same 
experimental conditions. 

N2O was used, because it reacts at an almost diffusion controlled rate 
with the eaq to form the hydroxyl radical according to the following 
overall reaction: 

N.O + e + H.O — > N„ + 0H-+ OH- (5) 
Z aq 2 2 

The value of the reaction rate constant k (e + ^20) = 8.7 x 10~9 M-1sec 
The N2O technique is normally a means to double the yield of OH radicals and 
to obtain an approximately uni-radical system, in which the OH radical 
is by far (90%) the major radical component. 

The typical results presented in Fig. 1 show that the dewatering 
properties of raw sludge from Bennekom are not improved by irradiation 
in the absence of nitrous oxide, which is in agreement with earlier 
reported findings (7). 
When N2O was present, however, a slight but clear conditioning effect of 
irradiation became apparent. The irradiation treatment of anaerobically 
digested sludge from Zeist was also more effective in the presence of f^O-
This confirms the hypothesis that the OH radical is the species, that 
improves the dewatering properties of both sludges. So the conditioning 
effect of irradiation can be improved by choosing proper experimental 
conditions that result in greater yields of OH radicals. However, Fig. 1 
also clearly shows that the conditioning effect of irradiation was far 
from doubled in the presence of N2O. This suggests that N2O increases the 
OH yield but is not adequate enough in converting all e in OH radicals at 
a scavenging power for eaq of approximately 2.2 x 10"

2 n M2 0 * 8.7 x 109 

M _ 1sec _ 1 = 1.9 x 108 sec"'. Apparently the sludge system competes with N2O 
for the solvated electrons. eaq adds quite rapidly to organic substances sue 
as for example most aromatic compounds, carboxylic acids and disulphides. 
Rate constants can be as high as about 2 x lO1^ M - 1sec - 1 for small molecules 
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soecldc resistance(<10,3m/kg ) 

100 2C0 300 
dose (da Gy ) 

Fig. 1. Effects of nitrous oxide and gamma irradiation on the specific 
resistance of anaerobically digested sludge and raw sludge 
with both 2.6% suspended solids. 

Reactivity of OH radicals with the different phases of the sludge system. 

For the estimation of the reactivity of OH radicals with the solid phase 
of sludge, it was appropriate to modify the general equation (4) for this 
specific case. In Fig. 2, AR indicates the improvement of the dewatering 
properties by an irradiation treatment of 300 daGy in the absence of 
the OH scavenger KCNS. 

The increase of the scavenging power in the liquid phase by the 
addition of the OH scavenger, KCNS' had at first no influence on the 
conditioning effect of gamma irradiation. Only when the scavenging power 
of the added scavenger exceeded values of IxlO 7 s e c - 1 , then the conditioning 
effect of gamma irradiation AR was being reduced. 

In this case the specific resistance, r, is a function of the scavenging 
power of the added scavenger and can be, expressed in symbols, using the 
derived equation {k), a s : 

AD k2 (L) + k3 (P) 
r = ro - AR x - , , /, < ,-, T K T (°) t 

Iq (S) + l<2 (L) + k3 (P) ' 
where ro is the specific resistance to filtration of the untreated sludge 
and AR is the decrease in specific resistance due to an irradiation treat
ment. 

Since the scavenging power of the liquid phase can be evaluated by means 
of a pulse radiolysis method (2,9), the scavenging power of the solid phase 
can now be estimated, for instance by a graphical method. From the non
linear equation (6) one can see that the conditioning effect of irradiation 
is reduced by half, when the sum of the scavenging powers of the solid and 
liquid phase equals the scavenging power of the added OH scavenger. 



- 63 -

32-

30 

„ 2 8 

•S'26 

£ 22 
x 

— 20 
<u 
£ 10 

f '6 
W 1 ^ J QJ 1 4 " 
i— 

o 12 

u 10 

?3 

Level of specific resistance ol untreated control samples 

A R X 0 . 5 .1 1.23 

A R > 2 2 . < 1 6 

1 . 5 6 X 1 0 " 

K 0 + 1 . 5 6 X 1 O 8 

gnjl ical solution • 1.6x 10 sec' 

-m/kg 

Level of specific resistance after 300doGy rodlotlon 

// // [r& 2 3456'8i'n7 2 3 -i 56V.',, 8 2 3 -1 o68;'n9 2 ii&bW' 1Q2 3 4 5fi'£ 10' O^Q / ^ j ' i j o c i n ° * ** J O i n -

Scavenging power K[S] (sec" ' ) 

10" "10' 

Fig. 2. Effect of an added OH scavenger, KCNS, on the conditioning 
effect of 300 daGy of gamma irradiation in anaerobically 
digested sludge with l.k +_ 0.3% suspended sol ids. 

In other words, equation (k) equals 0.5 in that case. The corresponding 
graphically estimated total scavenging power of liquid and solid phase 
is qiven in Fiq. 2. 

The best value of the total scavenging power of the liquid and solid 
phase with their standard deviations could be estimated by an itterative 
nonlinear regression method. The observed r values were regressed on the 
scavenging power of the added scavenger k x (S), using the nonlinear 
model (6) in a computer regression programme. 

The results are presented in Table 1 and in Fig. 2 for the case of 
the 300 daGy irradiation treatment. 

It should be realized that the liquid phase as well as the solid 
phase are ill defined in this complex sludge system. As a starting-point 
the liquid phase was arbitrarily chosen to be the solution, that was 
obtained after centrifugation at 6900 x G for 30 min. This treatment was 
required for the pulse radiolysis determinations. 

The scavenging power of the liquid phase was increased to some extent 
by an irradiation treatment of 100 or 300 daGy, which was in agreement 
with earlier published results (2, 9 ) . However, it is noteworthy that 
the scavenging power of the suspended components of the solid phase 
increased considerably with an irradiation treatment. The scavenging 
power of the solid phase of anaerobically digested sludge irradiated at 
300 daGy was ample 3 times as large as the scavenging power of the solid 
phase irradiated at 100 daGy. 

Also should be noted that the effective scavenging power of the solid 
phase can only be estimated by this method as far as irradiation affects 
dev/atering properties. Investigations are now underway to determine the 
scavenging power of the solid phase by means of a benzoate radiolytic 
decarboxylation method. 
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Table 1. Values of the conditioning effect of irradiation and of the 
scavenging power of the OH scavenger KCNS, the liquid phase, 
and the solid phase of anaerobically digested sludge from 
Zeist. 

Radiation 
treatment 
daGy 

0 

100 

300 

Condi t ioni ng effect of 
rad iat i on 

x 10 1 3 m/kg 

17.7 

22.5 

standard error 
x 10 1 3 m/kg 

0.5 

0.5 

Scavencjina Dower 
Scavenger 
KCNS 
sec"1 

1.5x106 to IxlQ9 

1.5x105 to IxlO9 

1.5x10s to IxlO9 

Liquid* | Soli d 
phase 
sec-1 

2.2x10° 

2.9x10° 

2.7x10° 

phase 
sec"1 

I»2x106 

IS^xlO6 

Standard 
error 
sec-1 

7.Axl05 

26.3x10s 

Scavenging power of the liquid phase is determined by a pulse radiolysis method 
described by Groneman and Schubert (2). 

Effects of elutriation and radiation. 

Comparing the effects of elutriation and irradiation on the dewatering 
characteristics of anaerobically digested sludges from Zeist, Groneman (7), 
reported earlier that irradiation and elutriation improved the dewatering 
properties to an approximately similar degree, decreasing the specific 
resistance from 35 x 10 1 3 m/kg (3^ x 109 sec2/g) to about 9.8 x 10 1 3 m/kg 
( 1 0 X 1 0 9 sec2/g). Elutriation is basically a washing process in which the 
sludge is mixed with water and then allowed to settle until the initial 
concentration of suspended solids is reached. As a result much of the 
fines and polymeric substances are washed away. This results in improver1 

dewatering characteristics. 

Presumably elutriation and irradiation improved the structure of the 
sludge mass to a point where another factor began to govern the dewatering 
properties. These findings, together with repetitive observations that the 
largest rate of conditioning effects of irradiation always occurred in the 
first 100 daGy lead to the hypothesis that irradiation partly improved 
dewatering characteristics of anaerobically digested sludges by changing 
the properties of washable polymeric fines and slimes. The basic complex 
of polymeric substances, that makes up part of the organic fraction of 
sludges, may be degraded by irradiation to considerably smaller 
constituents, or even may go in solution. It was anticipated that the fines 
andslimes plug the pores of the filter cake through which the water is 
drained during filtration or clog the channels in the subsidizing mass 
through which displaced water egresses to the liquid-solid interface 
during sedimentation. 

Polymers endure substantial physical changes with relative low doses 
of irradiation because of their high molecular weights. This is easily 
understood if one considers that 10 kGy induces 6.2*42x1015 eV g" l x 1 x 
104 Gy x G x 10"2 chemical changes . If a polymer is exposed to a dose of 
10 kGy and the G value from a directly or indirectly induced reaction is 5, 
then 3-12 x 10 1 8 chemical changes per gram occur in a material of unit 
density. Henley and Johnson (17) elucidated that if the irradiated 
substance consists of small molecules with a molecular weight of 100, then 
a fraction of 3-12 x 10*8/6 x 10 2 1 = 5 x lO"4 or 0.5 °/ 0 0 of the molecules 
present in one gram is affected. However, if the molecular weight is 106, 

'1 Gy = 6.242 x 10 1 5 eV g _ 1 
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then one gram contains 6 x 10 1 7 molecules and each molecule undergoes 
an average of 3.12 x 10l8/6 x 10 1 7 = 5 chemical reactions. 

If the chemical change results in a bound rupture, then the polymer 
will suffer a 6 fold decrease in molecular weight and may result in 
measurable changes in physical properties. 

To verify the hypothesis mentioned above a series of experiments was 
performed. The elutriating water was irradiated in the presence or 
absence of an OH scavenger with an adequate scavenging power and in the 
presence or absence of sludge. 

Fig. 3 shows typical results. The dewatering properties of anaerobical-
ly digested sludge were improved to some extent by an irradiation treaty 
ment when only the washed out polymeric fines and slimes in the elutriating 
water or elutriate was irradiated in the absence of sludge. The maximum 
conditioning effect was already obtained at 100 krad and this effect was 
eliminated when 0.02 M phenol was present with an adequate scavenging power 
of 0.02 x 1.*t x 10 1 0 = 2.8 x 108 sec"1. 

The conditioning effect of gamma irradiation was more pronounced when 
the elutriating v/ater was irradiated in the presence of sludge, possibly 
because the elutriation had not washed out all polymeric fines in a sludge 
with \% suspended solids. Fines may adhere to sludge particles in sludge 
flocks. 

When the sludge with \% suspended solids was irradiated in the presence 
of an adequate concentration of an OH scavenger, 0.02 M phenol, then the 
conditioning effect was eliminated. 

Fig. 3 also demonstrated that the specific resistance to filtration of 
a sludge with k% suspended solids decreased with increasing dose. However, 
still a considerable conditioning effect from irradiation was obtained. 

specific resistance ( x 1013 m /kg ) 

40ar 

30 

10 

N 
\ sludge ol 4 V. SS 

\ 
\ 

\ 
\ 

\ 
\ 

S - * - _ . sludge of IV.* 
s' " ^ C — ' — pherK* 

r^sC. '— elutriate • phenol >. 
Irradiated only 

elutriate Irradiated only 
-a 

sludge o( IV.SS 

100 200 300 
dose (daGy ) 

Fig. 3. Effects of 60Co-gamma irradiation and of an OH-scavenger, 
0.02 M phenol, on the specific resistance to filtration of 
anaerobically digested sludge of \% and k% suspended solids. 
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Effects of particle and aggregate size distribution. 

The influence of the size of particles and aggregates on the general 
physical composition of sludge, on the specific resistance and on the 
conditioning effect of irradiation was determined in a series of ex-

per iments. 
Anaerobically digested sludge with particles and aggregates < 50 urn, 

obtained by a sieving technique, was irradiated and the conditioning 
effect of gamma irradiation compared with unsieved samples under similar 
condi t ions. 

As shown in Figure b sludge with \% suspended solids and aggregates 
of < 50 urn had a higher initial specific resistance to filtration than 
the unsieved control sludge. The specific resistance to filtration was 
increased by decreased particle and aggregate size and subsequently by 
the reduced porosity of the filter cake. 

SPECIFIC RESISTANCE U l 0 1 J m 7 k g ) 

2C0 300 

F i g . k. 

4CO SCO 
OOSE(daGy) 

Effects of size of particles and aggregates eoCo-gamma 
irradiation on the specific resistance to filtration of 
anaerobicalIy digested sludge. 

A dose of 100 daGy decreased the specific resistance to filtration 
by 33 units in the sludge with fine particles whereas the decrease in 
the control was 17 units. 

The conditioning effect of gamma irradiation on the fine sludge 
leveled out at about 21 x 10 1 3 m/kg and the control samples leveled 
out at about 10 x 10 1 3 m/kg. This indicates that irradiation affects 
the sludge to a certain degree after which other factors, such as the 
overall porosity of sludge govern the dewatering characteristics of 
the sludge. 

To explore in more detail the effects of small sized constituents 
in sludges the particle and aggregate size distributions within the 
size range k to 1000 um were determined. 
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Fig. 5. Particle and aggregate size distribution of raw sludge from 
Bennekom and anaerobicaIly digested sludge from Zeist, summarized 
in three particle size classes. 

Summarized results in Fig. 5 show that the aggregate and particle size 
distribution of raw sludge, that mostly does not respond to irradiation, 
differs considerably from the size distribution of the anaerobically 
digested sludge. The major weight fraction (50%) consisted of small 
components of 32 to k urn in the anaerobically digested sludge, whereas 
raw sludge from Bennekom, that has normally a distinct flocculated 
appearence, contained much less of this small fraction (5%). The latter 
demonstrated also better initial dewatering properties than anaerobically 
digested sludge. 

Experimental evidence also indicated that neither. an irradiation treatment 
of 100 daGy, nor one of 300 daGy significantly changed the particle and 
aggregate size distribution. 

Dissolution of organic compounds. 

The results presented in previous sections indicate that OH radicals 
generated by ionizing radiation oxidize polymeric fines and slimes. 
These polymeric components, which plug the pores and channels through 
which water is released and drained during filtration or sedimentation 
disintegrate into smaller component parts or even liquidize. As reported 
earlier by Groneman (2, 7, 8) an irradiation treatment normally results 
in an increase of the carbon concentration in the liquid phase. The 
adequate addition of an OH scavenger counteracts the conditioning effect 
of irradiation but also counteracts the dissolution of organic compounds 
as shown by Groneman and Schubert (2). 

The dissolved organic compounds are possibly humic and not likely to 
be biologically decomposable, because they are derived from organic 
components that endured the anaerobic digestion. 
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This view is confirmed by the data in Table 2 where the Total Organic 
Carbon concentrations in the filtrate of anaerobically digested sludge 
increases with the dose of the irradiation treatment. 

Table 2. Effect of gamma irradiation on the concentration of Total Organic 
Carbon and free fatty acids in the filtrate of raw sludge and 
anaerobically digested sludge. 

Treatment 
Dose 

(daGy) 

0 

25 

75 

100 

300 

Raw Sludge 
Total 
Organic 
Carbon 
(ppm) 
912 

927 

950 

894 

1084 

C2 CT iC/j C/j iCc, Cr 

( ppm ) 
822 625 90 390 155 100 

603 522 87 287 135 72 

821 574 87 345 135 72 

744 574 87 339 146 44 

910 632 64 363 156 89 

Anaerobically diqested sludge 
Total 
Organic C2 C3 i C/j Cj, iCj C^ 
Carbon 
(ppm) ( ppm ) 
219 tr tr 0 0 0 0 

278 *- - - -

285 

305 tr 0 0 0 0 0 

326 0 0 0 0 0 0 

—not determined; tr = trace. 

The absence of short chained aliphatic compounds e.g. acetic acid (CHoCOOH) , 
propionic acids (CH3CH2COOH), butyric acids (C3H7COOH) and valeric acids 
(CL)HCJC00H) in the anaerobic digested sludge characterizes this sludge as 
well stabilized. It is also seen that a gamma irradiation treatment is 
not detaching these short chained compounds either from the anaerobically 
digested sludge or from the raw sludge. It appears that an irradiation 
treatment is detaching organic compounds from the solid phase of the 
sludge other than volatile acids. 

The considerably higher concentration of Total Organic Carbon in the 
liquid phase of the raw sludge compared to the anaerobically digested 
sludge suggests that the scavenging power of the liquid phase in raw 
sludge is much higher, in this case a smaller amount of irradiation 
generated OH radicals will react with substances that obstruct the 
dewatering of sludge. 

CONCLUSIONS 

This research confirms that improvements of dewatering characteristics 
of anaerobically digested sludge by gamma irradiation was indirectly 
caused by the oxidizing OH radical produced by radiolysis of the water. 

The nonlinear model, derived from radiation chemical concepts and from 
competion kinetics, describes the effects of an OH scavenger in the 
conditioning properties of gamma irradiation reasonably well. This model 
also provides a means to define and to determine the reactivity of the 
solid phase for OH radicals and its standard error in cases when sludges 
respond to an irradiation treatment. The obtained data indicate that the 
scavenging power of the solid phase significantly increases with an 
irradiation treatment and that the reactivity of the solid phase is 15 
to 57 times larger than that of the liquid phase. The scavenging power 
of the liquid phase increases to some extent by an irradiation treatment 

Results of elutriation experiments suggest that the conditioning 
effect of gamma irradiation is partly due to the degradation of polymeric 
slimes and fines. These plug the pores of the filter cake through which 
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the water is drained during filtration or clog the channels in the 
subsidizing mass through which displaced porewater egresses to the 
liquid-solid interface during sedimentation. When the degradation 
of the polymeric substances was prevented by the addition of an 
adequate concentration of an OH scavenger, then the conditioning 
effect of gamma irradiation was counteracted. 

Particle and aggregate size distribution studies indicated that 
a sludge consisting mainly of small aggregates (primary particles and 
flocks) are more likely to be affected by an irradiation treatment 
than sludges having mainly large aggregates. Sludge having mainly 
large particles and aggregates is relatively porous, resulting in a lower 
initial resistance to filtration. Sludge consisting mainly of small 
components is more likely to be affected by radiolytically generated 
OH radicals because the specific surface increases drastically with 
decreasing diameter of particles. The initial specific resistance is 
high due to the smaller interstices between aggregates, that are readily 
plugged by fines and slimes. 

Organic compounds, dissolved as a result of a reaction of OH radicals 
with the solid phase, are not short chained free fatty acids. 
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Abstract 

NEW INVESTIGATIONS AT THE SLUDGE IRRADATION PLANT IN GE1SEL8ULLACH 

A f t e r f i v e years o f cont inuous o p e r a t i o n the G e i s e l b u l l a c h s ludge i r r a d a t i o n 
p l a n t i s s t i l l successfu l l y w o r k i n g . I nves t i ga t i ons about the dewa te rab i1 i t y 
in f i l t e r presses and c e n t r i f u g e s showed the d i f f e r e n t i n f l u e n c e of the 
i r r a d i a t i o n treatment i n t h i s aspect . New economical cons ide ra t i ons took 
the secondary e f f e c t s ( b e t t e r sed imenta t ion , o v e r f l o w i n g water q u a l i t y ) i n t o 
account . Other i n v e s t i g a t i o n s gave as resu l t the minimum l i m i t o f the 
r e c i r c u l a t i o n r a t e , which is necessary for a homogereous i r radat i 'on a p p l i 
c a t i o n . New exper iments , which w i l l s t a r t on ly in September 78, w i l l i nves 
t i g a t e the e f f e c t s o f combined treatments o f i r r a d i a t i o n toge ther w i t h 
oxygenat ion or ae ra t i on on one hand and w i t h a p r e - h e a t - t r e a t m e n t on the 
other hand. Aim o f these exper iments is to look out f o r methods to op t im ize 
the f l e x i b i l i t y and the economy o f the p lant o p e r a t i o n . By adding new Cobalt 
60 sources In November 1978 the p lan t capac i ty w i l l increase to \kS cbm o f 
sludge per day. 

1. Introduction 

In the FRGermany the ha rmles s removal of the digested sewage 
sludge is the most s incere problem of a sewage water purifi
cation plant. The most widely practised way of removing the 
sludge i s its application on agricultural land. Beside this solution 
for the sludge removal i ts application to agr icul tural land recycles 
also in a very reasonable way the organic and anorganic ma te r i a l 
from the sludge. However the fert i l izer value is not very high; 
sewage sludge can cover only 0, 83 % of the total nitrogen need in 
the FRG. In other countries in Europe and oversea the application 
of sewage sludge to agr icul tura l land is even more important since 
it i s known that digested sewage sludge animates the creat ion of 
humus soil. 

In the FRG there a re two l imitations for the land application of 
digested sewage sludge: 

the content in organic and anorganic toxic substances must 
not lead to a demage of plant growth or a contamination of 
soil and plants, 
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sewage sludge applied to a g r i c u l t u r a l land du r ing the vegeta t ion 
per iod m u s t be free of pa thogenes . 

Since five y e a r s a mu l t i -d i s c ip l ined group of i n s t i t u t e s a r e working 
at the Ge i se lbu l l ach i r r a d i a t i o n plant on a wide r e s e a r c h p r o g r a m , 
which i s suppor ted by the G e r m a n Min i s t ry of R e s e a r c h and T e c h n o 
logy and which should find out, if the i r r a d i a t i o n of sewage s ludge 
i s a r e a s o n a b l e method for hygieniza t ion. 

2. S u m m a r y of the f o r m e r r e s u l t s 

The plant and economic ca lcu la t ions 
Designed for a dai ly capac i ty of 150 cbm of s ludge the plant was 
f i r s t ly o p e r a t e d at about 30 cbm of s ludge pe r day and then at about 
100 cbm p e r day. The plant i s comple te ly i n c o r p o r a t e d in an exis t ing 
sewage wa te r pur i f ica t ion plant and it h a s been cont inous ly o p e r a t e d . 
In the m e a n t i m e m o r e than 100 000 of cbm of s ludge had been 
i r r a d i a t e d and appl ied on f a rm land in the n e a r su r round ing . The 
exposure dose was defined of 300 k r a d . The ope ra t ion i s a u t o m a t i 
cally cont ro l led and r u n s ove r 24 h o u r s a day. No s p e c i a l t r a ined 
pe r sona l is n e c e s s a r y although the ins ta l led r ad i a t i on energy i s the 
mos t powerful r ad ioac t ive s o u r c e in the FRG outs ide of r e a c t o r s . 

Dur ing 5 y e a r s of cont inous opera t ion no rad ia t ion p r o b l e m s occu red . 
To avoid p r e c i p i t a t i o n s of Mg (NH4) P O d , c r e a t e d by the e scape of 
COo-gas dur ing the r e c i r c u l a t i o n , was avoided by swi tching of the 
forced vent i la t ion . Radia t ion r e s i s t e n t b a c t e r i a , m i c r o b a c t e r , that 
clogged the f i l ter in the cooling and cont ro l c i r c u i t , w e r e ki l led by 
adding m e r c u r y sa l t . 

As the plant i s ope ra t ed batch by batch and the s ludge i s r e c i r c u l a t e d 
through a pipe s y s t e m , which i s l eav ing the i r r a d i a t i o n zone, the 
r e c r e a t i o n and re infec t ion of the s ludge could be o b s e r v e d in dead 
zones of the pipe s y s t e m and in the j o i n t s . Modif ica t ions of the pipe 
s y s t e m and exchanging the va lves caused a b e t t e r hygien ic effect. 

Economic ca l cu la t ions found out that the tota l c o s t s for the i r r a d i a t i o n 
of sewage s ludge a r e in the s a m e r a n g e a s for p a s t e u r i z a t i o n . At the 
Geise lbu l lach plant we ca lcu la ted an i n t e r e s t of 8 % plus an a m o r t i z a t i o n 
of 2o y e a r s for the capi ta l c o s t s . F o r s e r v i c i n g and r e p a i r s we 
exper i enced 1 h p e r day . 

Table 1: Cost ca lcula t ion for the pilot plant in Ge i se lbu l l ach 

Daily capaci ty ( m 3 / d ) 30 100 150 
1. Capi ta l cos t s (DM/m 3 ) 

(annuity for DM 1 139 000) 11 , 62 3 ,36 2 ,24 
2. Opera t ion c o s t s ( D M / m a j 

r ad ia t ion ene rgy (Co 60) 1,85 1,85 1,85 
e l e c t r i c power , r e p a i r s , 

s e r v i c i n g 1,95 0, 63 0 ,38 
total ope ra t i on cos t s 3 ,80 2 ,48 2 ,23 

3. Total co s t s (DM/m d ) 15 ,42 5 ,84 4 ,47 
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This calculation does not take into account the better dewaterability 
of the sludge, the fact that the sludge is free of obnoxious smells 
and the better hygienic resul ts . 

- Hygienic effect 

The average concentration of salmonella in raw and digested 
sludge varies between 2 and 4 log per kg, depending on seasonal 
changes. The maximum number of salmonella which could be 
found was 5 log per kg digested sludge. 

Reduction of viable microorganisms in digested sludge could be 
attained by irradiation with 300 krad. In the average the reduction 
of total bacterial count and Enterococces was 2 log and Entero-
bacteriaceae 5 - 6 log. After irradiation the average value of 
total bacterial count in digested sludge was 4 log/g and Entero
cocces 2 log/g. In 1 g sludge less than 10 Enterobacteriaceae 
were detected. Salmonella still could be isolated in several 
sludge samples after irradiation. 

Parasitological model experiments were conducted with Ascaris 
suum ova. No embryonation was noted after irradiation at a dose 
of 300 krad, the development ceased after a few atypical segmen
tations. (Proc. IAEA 1975, ESNA 1976). 

Viruses analysis showed in 8 out of 33 samples one or several 
viruses in untreated sludge, while after irradiation (dose: 300 
krad) only in 2 samples viruses could be detected. Model 
experiments with alternated polio virus type I showed after the 
application of 300 krad an inactivation rate of more than 90 % 
(Ref. 3). 

Physical changes 

The irradiation process does not change the chemical compounds 
of the sewage sludge (Ref. 4). 

As the irradiation treatment takes place at temperatures between 
25 and 30 C, no breakdown of organic nitrogen compounds are 
induced and no obnoxious smell s are observed. 
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The irradiated sewage sludge showed a much better sedimen
tation than untreated or pasteurized sludge, so transportation 
costs or costs for dewatering facilities can be saved. Fa rm
land treated with irradiated sludge could much earl ier be culti
vated. Humus creating micro-biological activities in the sludge 
are advanced compared with untreated or pasteurized sludge. 

The specific filter resistance of sewage sludge is significantly 
reduced by a 300 krad dose. Pasteurization deteriorated the 
dewatering properties and increased the filter resistance. 
(Ref. 5 ) 

Effect on soil and plants 

Green house experiments with vermiculite as an inert medium 
and different soil types investigated the effect of differently 
treated sludges on plant youth growth. A slight decrease in the 
production of dry matter could be oberserved with irradiated 
sludge in comparison to the untreated control. The pasteurized 
sludge brought in most of the experiments the lowest yields. 
(Ref. 6 ) 

Pet experiments with increasing amounts of sewage sludge, 
different soil types and different water contents of the soil 
stated that the plant yield is only slightly influenced by the 
treatment of the sewage sludge while soil type and water supply-
to the soil is much more important. On the average irradiated 
sludge give the same or slightly lower yields compared to the 
potwith untreated sludge, while pasteurized sewage sluge with 
few excepcions showed the lowest yield. It could be proved that 
the nutrients in the mineral fertilizer can be replaced by the 
sewage sludge. Potassium, however, has to be added. 

Field t r ia ls at 4 different locations in Bavaria proved the pract i
cal value of different applied amounts and differently treated 
sewage sludge. A slight decrease in plant yield - dry mat ter as 
well as grains - was indicated with irradiated sludge ;amounts of 
130 m /ha resulted in about 10 % less yield than the control, 
while 400 m 3 / ha brought about 10 % and 800 m 3 /ha 20 % higher 
yields, both in total yield and grain yield. 

Positive influence^ of sludge treatments were observed for soil 
water balance, s t ructure and stability of soil aggregates. To
gether with an increased microbiological activity a higher 
mineralization rate in the irradiated sludge was the reason for 
the higher plant yields. 



In water balance studies irradiated sludge give often the best effect. 

3. New investigations 

3.1 Study of the improving sedimentation effect on different sewage 
sludges 

Beside the Geiselbullach unaerobically digested sludge, which is 
only very few influenced by industry, a second sludge with high 
industry influence and a third sludge from domestic origins which 
had been aerobically stabilized, was studied. 

The sedimentation was observed only during the first 24 or 72 hours. 
The sludges were irradiated with different doses and then filled into 
laboratory glas thickeners of about 30 l i ters volume (diameter 
30 cm, heigth 45 cm) (Ref. 7 ) 

It was proved that a relatively low dose caused already a good 
improvement of the thickening effect. (Fig. 1,2) 

rtst /oturr. 

— - f l k r a d 
Fig. 1 + 2: 
Sedimentation experiments with 
Geiselbullach sludge (dry matter 
content 3 To) after irradiation 

n cna 

No thickening effect could be achieved with the relatively high 
concentrated (8 % of dry solids) aerobically stabilized sludge. The 
sludge floes were destroyed by the recirculation pumps, the more 
the longer the sludge was recirculated. (Fig. 3) 

'««• 
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Fig. 3: Sedimentation of aerobically stabilized sludge 
(dry matter content 8 %) after irradiation 

The sedimentation qualities of the sludge with a high influence from 
industry were almost the same as those of the Geiselbullach sludge. 

At the same time the BOD and COD of the overflowing sludge water 
were determined (table 3) 

Table 3: Sludge water BOD and COD of differently treated 
Geiselbullach sludge 

BOD (mg/1) COD (mg/1) 

440 

773 

1219 

1300 

2215 

2926 

untreated 

irradiated 

pasteurized 

3. 2 Dewateribility of irradiated sludges in filter p resses 

Untreated, irradiated and pasteurized sludge from Geiselbullach 
were studied. Laboratory investigations stated first the influence 
of the specific filter resistance and the flocculation agents on the 
behaviour of the sludge in filter presses . (Ref. 9 ) The specific 
filter resistance measured with the Btichner-funnel proved to be a 
valuable parameter . As flocculation agents Ca (OH) and Fe Cl3 

turned out to be adaptable and were used. 

The experiments resulted in a specific filter res is tance of about 
35 to 40 %, compared with the untreated sludge whereas the specific 
filter resistance of pasteurized sludge resulted in about 110 to 115 % 
(table 4). 



- 83 -

T a b l e 4: Specific f i l te r r e s i s t a n c e (10" 1 2 c m " 2 ) of d i f ferent ly 
t r e a t e d sewage s ludge f rom Geise lbu l lach 

ave rage r ange 

u n t r e a t e d 

i r r a d i a t e d (300 krad) 

p a s t e u r i z e d (70° C, 30 min) 

The e x p e r i m e n t s with the f i l t e r p r e s s e s were va r i ed at an o p t i m u m 
condi t ioning effect with different p r e s s u r e s and different p r e s s 
t i m e s and different th i ckness of the cake l a y e r . The a v a r a g e of 
t h e s e r e s u l t s can be seen in t ab le 5. 

Table 5: Resu l t s of the f i l t e r p r e s s - e x p e r i m e n t s with d i f fe rent ly 
t r e a t e d sewage s ludges from Geise lbu l l ach 

460 

143 

522 

357 - 571 

110 - 177 

514 - 529 

f i l te r cake : 
. solid subs t ances 

o rgan ic '' 

f i l t r a t e : 
BOD- (mg/1) 

COD (mg/1) 

(%) 
(7o) 

u n t r e a t e d 

38, 6 
32 ,0 

66 

273 

i r r a d i a t e d 
(300 krad) 

4 3 , 3 
31 ,3 

88 

347 

p a s t e u r i z e d 
(70°, 30 min) 

25, 2 
3 9 , 0 

200 

938 

The c leaning of the f i l t e rc lo th was difficult with p a s t e u r i z e d s ludge ; 
i r r a d i a t e d s ludge could be r e m o v e d without p r o b l e m s . 

The r e s u l t s of some c o r r e s p o n d i n g e x p e r i m e n t s show qui te c l e a r l y 
the inf luence of the i r r a d i a t i o n on the behav iour of sewage s ludge in 
f i l ter p r e s s e s (table 6). 

T a b l e 6: Influence of the condit ioning on the dewate r ib i l i ty of sewage 
s ludge from Ge i se lbu l l ach in f i l te r p r e s s e s 

u n t r e a t e d i r r a d i a t e d 
E x p e r . No 1 2 3 4 5 6 7 8 

Fe Cl3 (%/Ts) 1 5 # 0 1 9 > 0 1 1 # 4 1 4 # 5 1 5 # 3 1 9 # 1 1 2 > 0 1 5 > 1 

Ca (OH2) (%/Ts) 4 5 - 0 4 6 . 5 6 8 . 0 6 6 . 0 4 6 . 0 4 6 . 0 7 3 . 0 6 9 . 0 
n~2T Spec, f i l te r r ( 1 0 - 1 ^ ) 7 . 3 3 . 3 3 . 1 2 . 4 1.9 1 .8 1 .8 1.2 

filter^ cake _ \%/ Ts) _ 2 9 . 3 3 g 7 £ j 7 T _ <U._4 3 9 . 6 4 5 . 8 4 6 . 2 4 7 . 6 
f i l t e r p e r f o r m a n c e " 
r e l a t e d to d ry 2-2A 2 ' 9 8 3 - 3 4 3 - 2 6 3 • 8 0 4 - 0 2 4 - 2 6 3 . 7 0 

m a t t e r (kg /m h) 



- 8^ -

to 

The relation between specific filter resistance and filter performance 
is to be seen in Fig. 4 

.[em-* I012] 
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Fig. 

10 10 10 4.0 

4: Relation between specific filter resistance and filter 
performance with differently treated sewage sludges 
from Geiselbullach. 

From these results it can be seen that the irradiation of the sludges 
improves the filter-performance to between 114 and 162 % compared 
to untreated sludge. This effect can cause capital cost savings for 
the filter press more than one DM per m of sludge. 

3. 3 Dewateribility of irradiated sludges in centrifuges 

These experiments are not yet concluded. The results give however 
some important limits. The studies were carried out with three 
different types of sewage sludge: 

Typ I: unaerobic digested sludge with a low industry influence 
(Geiselbullach) 

Typ II: unaerobic digested sludge with a high industry influence 
(Dachau) 

Typ III: aerobic stabilized sludge with a low industry influence 
(Haimhausen) 

For the experiments a centrifuge with the following data was used: 

drum diameter 47, 5 cm 

drum speed 2250 tpm 

difference speed 5 and 10 tpm 
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As flocculation agents only polyelectrolytes were used. The 

quantity of the flocculation agents were varied-

F i r s t results are summarized in table 7. (P.ef. 8 ) 

Table 7: F i rs t resul ts of experiments for the dewateribility of 
different sewage sludges in centrifuges after different 
treatments 

sludge floccul. t reatment sludge cake centrifugate 
Typ 

I 

II 

Hi 

agents 
g/kg 
solids 

6 

6 

7 

untreated 
irradiated 
pasteurized 

untreated 
irradiated 
pasteurized 

untreated 
irradiated 
pasteurized 

(% so 

18,0 

19,0 

16, 5 

lids) 

- 2 1 , 5 
22 ,0 

- 2 2 , 5 

19,0 
18 ,5 

- 18,0 

24 ,0 
24 ,5 
28,0 

BOD:, 

(mg/1) 

450 
900 

1500 

200 
800 

1350 

100 
250 

1:300 

COD 

(mg/1) 

2000 
3500 
4800 

500 
2200 
3000 

1000 
3000 

These results make already clear, that neither irradiation nor 
pasteurization improves the dewateribility of sewage sludges in centri
fuges. Expecially the BOD or the COD of the centrifugates were higher 
when the sludges had been treated before. 

3.4 Economical study of the treatment combination: sludge thickening 
by sedimentation and land application 

This study was carr ied out to evaluate the economic influence of the 
better sedimentation effect after the irradiation. The resul ts were 
related to those for untreated and pasteurized sludge (Ref. 10 ). 
Unfortunately the costs for the pasteurization treatment are published 
mostly by the producers of pasteurization plants and they do not take 
into account the reviewed costs for fuel and electric power and for the 
civil construction. 

Under these circumstances the results of table 8 were found: 
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Table 8: Specific c o s t s (1975) for Geise lbu l lach sewage s ludge with 
4 % of solid s u b s t a n c e s 

Size of pur i f ica t ion plant 

s ludge quanti ty 

cos t s for p a s t e u r i z a t i o n 

sed imenta t ion 

BOD of sludge w a t e r 

sludge t r a n s p o r t a t i o n 

tota l c o s t s with 
pa s t eu r i za t i on 

cos t s for i r r a d i a t i o n 

sed imenta t ion 

BOD of sludge w a t e r 

s ludge t r a n s p o r t a t i o n 

tota l co s t s with 
i r r a d i a t i o n 

SO 000 

25 000 

4 ,00 

1,97 

0 ,20 

3,60 

9,77 

5,80 

1,66 

0 ,11 

3,00 

10 ,57 

100 000 

50 000 

1,60 - 3,00 

1,22 

0 ,17 

3 ,60 

6, 59 - 7, 99 

4 ,00 

1,09 

0 ,08 

3 ,00 

" 8,17 

200 000 

100 000 

1,40 

0 ,84 

0, 14 

3 ,60 

5,98 

3, 50 

0, 69 

0 ,06 

3,00 

7 ,25 

inhab. + 
equiv. 

3 / m / a 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

D M / m 3 

As the total cos t s r e s u l t s a r e mo s t l y influenced of the c o s t s for the 
t r e a t m e n t and the se f igu res a r e sens ib ly va ry ing u n d e r different 
suppos i t ions , the total cos t r e s u l t s a r e to be taken with caut ion. 

N e v e r t h e l e s s it can be seen from these r e s u l t s , that the b e t t e r 
sed imenta t ion af ter i r r a d i a t i o n c a u s e s savings of about 11 to 18 %, 
the t r a n s p o r t a t i o n 20 % and the lower BOD in the s ludge w a t e r even 
savings of about 50 % c o m p a r e d with the p a s t e u r i z a t i o n t r e a t m e n t . 

3 . 5 Study of a homogenous d i s t r ibu t ion of the i r r a d i a t i o n dose 

Dur ing the r e c i r c u l a t i o n in the i r r a d i a t i o n plant the s ludge p a s s e s 
zones with different d o s e p e r f o r m a n c e s . Ca lcu la t ions of the to ta l 
dose p e r f o r m a n c e a r e not pos s ib l e . The re fo re a spec i a l adapted 
technic for the d e t e r m i n a t i o n of the dose p e r f o r m a n c e was n e c e s s a r y , 
which i s a lmos t independent of the energy and t e m p e r a t u r e and h a s 
a sufficient p r e c i s i o n of + 10 %. Th i s technic has been d i s c n b e d . 
(Ref. 11 ) 

The homogenous d i s t r ibu t ion of the i r r a d i a t i o n dose in the t r e a t e d 
sludge i s a fundamental supposi t ion for the hygienic effect. In the 
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Geiselbullach irradiation plant the homogenous dose distribution 
can be achieved by a sufficient turbolence of the sludge in the 
irradiation chamber. The turbolence is mainly influenced by the 
performance of the sludge-recirculation pump. 

Experiments at the Geiselbullach plant with a Mangan 56 - t r ace r 
proved a perfect distribution after 1,15 minute with a pump-perfor
mance of 650 m^/h and after about 7 minutes with a pump performance 
of 460 m 3 / h . A pump performance of 130 m /h resulted in no perfect 
sludge distribution within 60 minutes (Ref. 12). 

The judgement of a homogenous distribution was measured by the 
relative standard deviation of single measurement readings. 
Hygienic experiments stated a sufficient hygienic effect with a 
dose of 300 krad when the relative standard deviation was lower 
than 8, 5 %. During the practical operation with sludges of a dry 
mat ter content up to 3 %, a recirculation time of 75 minutes and 
a pump performance of 460 m 3 / h , the relativ standard deviation 
with 24 dosimeters 'vas found between 5 and 6 % on 11 dosimeters 
in the average. 

The dependence of the relative standard deviation by the recirculation 
time and by the dry matter content is shown in fig. 5 and 6. 
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With a pump performance of 460 m /h a minimum time for the 
recirculation of about 50 minutes was determined with a sludge 
of 3. 3 % of dry matter . 

For sludge with a higher content of dry matter the pump performance 
must be improved. Furthermore, it was stated that a higher pump 
performance is also necessary for achieving a higher plant capacity 
alter recharging the plant with additional radiation sources, as the 
recirculation time will then be only about 40 minutes. 

3. 6 Further comparative bacteriological studie.s of unirradiated, 
irradiated and stored sewage sludge 

Investigations auf raw and digested sludge were carr ied out before 
and after irradiation and after storage in open drying beds and in 
containers of different volumes and under different temperature 
conditions (Ref. 13). 150 samples taken from 50 irradiated batches 
of digested sludge 2 contained salmonella in 100 g sludge. These 
two species irradiated in pure culture solution showed no special 
radiation resistance compared to other species and the initial 
load of salmonella before irradiation was not extremely high in 
comparison to other negative batches. In contrast to previous 
investigations the hygienic effect could be improved by eliminating 
of dead zones in the circulation system. But in spite of this there 
is a possibility for a reinfection shown in the results by less 
recirculated and less irradiated sludge part icles. Eut the results 
of the following studies indicated, that this small number of 
surviving Salmonella is not able to remultiply during storage time. 

Of 15 irradiated sludge batches one 3 1 - vessel was incubated at 
37 C, while one 30 1 - vessel was open stored at room temperature. 
Several samples taken during 14 days showed no Salmonelle in 1, 
10 or 100 g sludge. 

To follow the problem of reinfection with Salmonella of irradiated 
sludge by open air influences and storage under natural conditions 
in a drying bed 18 samples were taken during different seasons. 
Only 1 sample was positive in 100 g. Belonging to our experiences 
the probability for reinfection is low (Ref. 13). 
In contrast to these observations, in Switzerland reinfection of 
pasteurized sludge was detected; consequently during the investi
gation period all pasteurization plants were taken out of service 
in 1977. 
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3. 7 Study of the raw sludge irradiation 

The hygienization of raw sludge is interesting because of the 
efforts the designers for sewage purification plants, to make the 
digestion of the sludge unnecessary as this part of sewage purification 
plants is very expensive. 

Investigations were carr ied out with 6 batches of raw (not digested) 
sludge with a dry matter content of about 4. 5 %. 28 samples were 
taken after the irradiation and 20 samples still contained salmo
nella. 

Even an increased dose up to 600 krad (by extending the irradiation 
time) could not sufficiently improve the hygienic effect (Ref. 13). 

Raw sludge,-that had been irradiated with 400 krad and 600 krad. 
was stored in open 10 1 - vessels at room temperature (10 - 18 C); 
the bacterial multiplication was observed. During 14 days the sal
monella titre rose up to 10 g in all tested containers ar.d decreased 
then slowly; after 3 weeks storage time no salmonella could be found 
in 100 g (fig. 7). 

i 
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Fig. 7: Sample of Salmonella - invest igat ion in irradiated raw 
sludge 

It was interesting that the coli t i t re showed an analogue tendency. 
The unsufficient hygienic effect of the irradiation treatment on 
raw sludge can be explained by the supposition that large sludge 
part icles, i.e. textiles, stick to pump-wheels or joints or dead 
zones and do not participate in the same way in the recirculation 
process as the small part icles. Therefore, a homogenous dose and 
an equal dose distribution in the sludge is not achieved. 

We believe, therefore, that it is necessary to homogenize the raw 
sludge before the treatment in our irradiation plant. As no adaptable 
kit was available, we shall repeat the experiments for irradiation of 
raw sludge later with homogenized sludge. 
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3. 8 Study of the mineralization in different soils after application of 
differently treated sludges 

Model experiments were carried out with 3 different soil types; 
varied quantities of the differently treated sludges were added to 
2 kg of each soil; the samples were kept at 60 % of the water capa
city and at a temperature of 20° C. The dry matter content of the 
sludge was between 5. 05 % and 6. 23 %. 

The mineralization rate was measured in the C0 2 re laese and 
calculated in %. The results can be seen in table 9. 

Table 9: Average mineralization rate (%) of 4 experiments with 
3 different soil types 

after 10 davs after 1 month after 2 months 

10.32 19.27 24.16 

12.35 21.38 25.87 

11.19 20.64 25.97 

260 ml sludge 

untreated 11.00 19.65 24.70 

pasteurized 12.56 21.49 . 26.08 

irradiated 11. 59 21. 24 26. 51 

130 ml sludge: 

untreated 10,90 20.31 

pasteurized 13.33 22. 12 

irradiated 11.97 . 21.80 

No significant differences were observed. 

3. 9 Yield experiments 

After the fourth year of field experiments at different locations in 
Bavaria the former results were confirmed. Summarized the following 
conclusions are important concerning the plant jield experiments: 

a) The fertilizing effect of each of the differently treated sludges 
is significantly higher, especially on sandy soils, when the 
sludges are applicated during the springtime compared with 

390 ml sludge: 

untreated 

pasteurized 

irradiated 

26.04 

27.26 

27.70 
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an au tumn-app l i ca t ion a s the n i t rogen of the s ludge i s pa r t l y 
washed . du r ing the winter s ea son . 

b) The g ra in y ie lds and the tota l y ie lds of p l an t s fe r t i l i zed with 
the di f ferent ly t r e a t e d s ludges do not show signif icant d i f f e rences 
for the s ludge t r e a t m e n t . Only u n d e r high s ludge d o s e s the p a s t e u r i z e d 
s ludge caused signif icantly the lowes t y i e l d s . 

c) G r a i n y i e ld s and to ta l y ie lds mounted with the quanti ty of 
app l ica ted s ludge . 

d) The f e r t i l i z ing effect of each of the d i f ferent ly t r e a t e d s ludges i s 
on sandy so i l s r e l a t ive ly h igher than on heavy so i l s and humus 
s o i l s , when the appl icat ion of the s ludge i s c a r r i e d out in s p r i n g 
t i m e . 

e) The bes t yield r e s u l t s w e r e obtaind dur ing t h r e e y e a r p e t e x p e r i m e n t s 
a f te r s ludge appl ica t ions of 130 m 3 / h a p e r y e a r . A 400 m / h a 
sludge dose only one t ime appl ica ted in 3 y e a r s brought about 
30 - 50 % lower r e s u l t s over 3 y e a r s and a 600 m ^ / h a s ludge dose 
brought about 10 - 40 % lower r e s u l t s . 

4. Studies in ope ra t i on 

New e x p e r i m e n t s inves t iga t ing the effects of combined t r e a t m e n t s a r e 
jus t p r e p a r e d . A i m of these e x p e r i m e n t s i s to look out for new m e t h o d s 
to op t imize the f lexibil i ty and the economy of the plant opera t ion . Bes ide 
these e x p e r i m e n t s the i r r a d i a t i o n plant wil l be r e c h a r g e d in D e c e m b e r 
1978 with 250 000 C u r i e Co - 60, which b r i n g s the plant capaci ty to 
145 m^ p e r day. 

4 . 1 I r r a d i a t i o n t r e a t m e n t combined with oxygenat ion 

L a b o r a t o r y s t u d i e s proved that the sens ib i l i t y of b a c t e r i a and p a r a s i t e s 
to i r r a d i a t i o n i n c r e a s e s in a su r round ing of f ree oxygen. 

To inves t iga t e t h e s e s tud ies in a p r a c t i c a l s c a l e we buil t in two 
in s t a l l a t i ons for different oxygenation p u r p o s e s , and we p rev iewed 
an oxygenation by a i r and oxygon (Fig. 8). 
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pump shaft 

Fig. 8: Sludge i r r a d i a t i o n plant in Ge i se lbu l l ach 
In s t a l l a t i ons for s ludge oxygenation 

a) Oxygenation before i r r a d i a t i o n 

Ai r o r oxygen can be injected into the s ludge in the m e t e r i n g si lo 
before the s ludge i s let into the i r r a d i a t i o n shaft . The oxygenation 
t ime will be defined by the d e s i r e d oxygen content in the s ludge 
and can l a s t up to 30 minu t e s in the m i n i m u m . We u s e s t a i n l e s s 
s tee l pipel with ho les of 3 m m d i a m e t e r and 30 ho les p e r m e t e r . The 
oxygenation c a u s e s a tu rbu lence of the s ludge In the s i lo which 
e n s u r e s a homgeneous oxygen content in the s ludge . 

b) Oxygenation du r ing i r r a d i a t i o n 

A i r o r oxygen can be injected into the s ludge in the r e c i r c u l a t i o n 
pipework behind the r e c i r c u l a t i o n pump. We wil l u s e a special des igned 
very s imple in j ec to r and a s ludge mixing diffusor. The r e c i r c u l a t e d 
sludge quanti ty can be v a r i e d between 400 and 650 m

3 p e r hour . 
The oxygenat ion t i m e can l a s t as long a s the r e c i r c u l a t i o n but for a 
be t t e r efficiency it will be n e c e s s a r y to ach ieve the d e s i r e d oxygen 
content in the s ludge a s soon as pos s ib l e . The i n j e c t o r s th rupu t can 
be v a r i e d between 5 and 50 m 3 of gas p e r hou r . 

These s tud ies will be executed under the p r e s e n t plant act ivi ty 
(approx. 340 000 C u r i e , c o r r e s p o n d i n g to l capac i ty of about 90 m 3 

of sludge p e r day and at an i r r a d i a t i o n dose of 300 I:rad) and af ter 
the r e c h a r g i n g of the p lan t (total acl ivi ty approx . 570 000 C u r i e , 
capaci ty about 145 m 3 p e r day, 300 k rad ) , so two dif ferent t r e a t m e n t 
t i m e s will be ava i lab le for the s a m e i r r a d i a t i o n dose . The s tud ies 
will s t a r t in Sep tember 1978. 
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4.2 Irradiation combined with a pre-heating-treatment (thermoradiation) 

Laboratory studies proved an increase of sensibility of bacteria, 
parasi tes and viruses to irradiation under temperatures of 4 0 - 5 5 C 
(Ref. 14 ). To repeat these investigations under practical conditions 
a special installation has been built in the heating central of the sewage 
water purification plant with an isolated connecting pipe to the metering 
silo of the irradiation plant (Fig. 9 ). 

heating central sludge irradiation plant 

sludge 

from 
digestor 

heating heat-exchanger 

c titf&A C 
3) 

-®-
about 150 m 

W*.WIJWJP» 

Fig. 9: Sewage water purification plant in Geiselbullach: 
Installation for a pre-heating treatment before irradiation 

The sludge pre-heating installation is designed for heating 5, 6 ' m^ 
of sludge from 28° C to between 40° and 58° C within 30 minutes. 
The loss of temperature in the connecting pipe and the metering 
silo is calculated to a maximum of 2 C, so the sludge has not to 
be exposed to a significtutly higher temperatur as it is intended 
for the experiment. 

These studies, too, will be executed under the present and future 
plant conditions, so that the influence of the irradiation time can 
be observed. The studies will s tar t in September 1978. The resul ts 
will be reported and published. 

4. 3 Other investigations 

The irradiation of digested sewage sludge in the Geiselbullach plant 
is presently possible with contents of solids in the sludge up to 4 %. 
Whenever the content of solids is more than 4 % the hygienic effect 
of the irradiation is not sufficiently homoge nous. As the gamma-
radiation is qualified to i r radiate sludges with much higher contents 
of solids the origin of the inhomogenous hygienic resul ts must be found 
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in the fret that particles of less liquid sludges stick to angles or 
joints in the pipework or the irradiation shaft and do not participate 
in the recirculation process. We will find out if we can improve the 
plant or if this effect does not occur when the sludge has passed a 
homogenizer. It should be possible to irradiate digested sludges with 
contents of solids up to 7, 5 %. The flow of sludges with even higher 
contents of solids is not homogenous and causes problems to the 
recirculation and evacuation pumps. Digested sludges between 8 
and 10 % of solids generally are viscous. The question we want to 
answer by our investigations is : How high can be the solid content' 
in the sludge be for an irradiation treatment with a homogenous 
hygienic effect? 

As we know the sensibility of bacteria to irradiation can also be 
increased by addition of chemicals. We preview hygienic investigations 
that give more results of the possibility to increase the hygienic 
effect or to save irradiation time. For this aspect it is only necessary 
to install a dosing pump next to the recirculation pipe in the pump 
shaft and a tank of about 100 1 volume for the chemicals above ground 
for easy filling. 

These studies will executed only in the beginning of next year. 

5. Summary 

The results of the investigations during 1977/78 at the Geiselbullach 
pilot plant for the irradiation of sewage sludge confirmed the tendencies 
of the former results and stated some new and important facts 
concerning che dewaterability of irradiated sewage sludge and the 
reinfection of this sludge after the treatment. It was found that an 
irradiation does not change significantly the contents of dry matter 
after tVie dewatering in a filter press compared to untreated sludge, 
but that the irradiated sludge dewaters to the same content of dry 
matter in a shorter time. A pasteurization decreases in any case 
the sludge qualities for a dewatering in filter presses . 

The qualities of sewage sludges for a dewatering in centrifuges are 
not improved neither by an irradiation nor by a pasteurization 
treatment. 

Experiments with a Mangan 56 t racer proved that for a homogenous 
distribution of the irradiation treatment a defined recirculation rate 
has to be achieved, and that for the homogenous irradiation of sludges 
with more than 4 % of dry matter content the plant in Geiselbullach 
has to be changed. 
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There was no reinfection of salmonellas observed during the 
storage of irradiated sludge in drying beds, while the total 
enterobacterial counts arose back to the values before the treatment. 
The faecalcoli count decreased further during the storage time. 

The irradiation of raw sludge brought unsufficient hygienic effects. 
We believe that the raw sludge has to be homogenized before the 
treatment. 

Important experimentewill be carried out in the next year to study 
the combination of the treatments oxygenation (or aeration) with 
irradiation and a pre-heat-treatment with irradiation. 
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Abstract 

A SUMMARY OF RECENT DEVELOPMENTS IN THE SLUDGE IRRADIATION PROGRAM AT 
SANDIA LABORATORIES 

Sandia Laboratories has shifted the emphasis of its Sewage Sludge 
Irradiation Program toward treating dried sewage sludges rather than 
liquid sludges for the following reasons: (1) cities' interests in compost
ing sewage sludge before final disposal; (2) need for disinfection of the 
product before sale to the public; and (3) low cost of disinfection by radia
tion processing. 

As a result of this shift, the Sandia Irradiator for Dried Sewage Solids 
(SIDSS), was designed and is near completion. The irradiator will treat 
up to 8 tons/day of solids with a 1 megarad absorbed dose. A bucket 
conveyor will transport the sewage sludge past a 1 megacurie cesium-137 
y-ray source. If a lower dose than 1 megarad is acceptable for disinfec
tion, the daily throughput of the irradiator will be correspondingly in
creased. The irradiator is designed so that the cesium-137 y - r ay sources 
used to charge the facility can be manipulated underwater. After source 
unloading is complete, the water will be drained and the irradiator v/ill be 
operated dry. Either bagged or bulk solids can be irradiated with the sys 
tem. In April 1979, the facility will be charged with cesium-137. 

Recent results indicate that the moisture level in sludges greatly 
affects the rates of radiation and /or heat inactivation of bacteria and fungi. 
In dried sludges, some coliform samples showed radiation D n~values ten 
times higher than those typically measured for liquid sludges. Heat inacti-
vation rates are also significantly reduced in dried vs wet sludges for both 
fungi and bacteria. The effects of various environmental factors on growth 
of fungi and of bacteria have been measured. 

Studies on the inactivation of reovirus have shown that sludge contains 
ionic detergent agents that destablize this virus reducing the heat required 
for its inactivation. At physiological pH these same detergents protect 
enteroviruses against heat and are probably somewhat responsible for the 
increased stabilization of the viruses against heat observed in dewatered 
sludges. 

INTRODUCTION 

For the past 18 months Sandia Laboratories' Sludge Irradiation Program 
has emphasized irradiation of dried sewage sludge. The program's work 
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has shifted for three reasons: (1) increased interest in drying sludges 
before final disposal with processes such as composting, so that large 
amounts of dried sludge are available for radiation processing; (2) disin
fection may be required for increased public use of dried sludge; and 
(3) disinfection of dried sludge costs less than disinfection of liquid sludge. 

As a result of this shift, the Sandia Irradiator for Dried Sewage 
Solids (SIDSS). was designed; its construction is nearly complete. The 
facility is intended (1) as a high-gamma-dose-rate research facility, (2) 
to be a testbed for the unique electrical and mechanical components to be 
used in larger facilities, (3) to fulfill the formal requirements of a pilot 
plant so that design and construction of a demonstration facility can pro
ceed, and (4) to provide accurate data based on construction and operating 
costs for an environmental assessment for the Safety Analysis Report 
(SAR) and for further cost analyses. 

Recent work in bacteriology has centered on the effects of moisture 
on parameters for inactivation of bacteria by heat or by ionizing radiation, 
and on inhibition of repopulation of a treated system by pathogenic species. 

In parasitology, inactivation of Ascaris eggs by heat, radiation, and 
thermoradiation have been studied in liquid systems. More recent studies 
have examined the effects of these treatments in composted sludge sys
tems. 

The effects of most normal sludge treatment processes on viral 
pathogens are poorly understood. Dewatering of sludge is a case in point. 
Because dewatering is so little understood, Sandia conducted a study and 
determined the effect of dewatering on radiation inactivation and heat 
inactivation of enteric viruses (a group of human pathogens found in 
large numbers in sludge). 

Fungi are also present in sludge. The responses of several im
portant sludge fungi to ionizing radiation, heat, and other critical param
eters, such as moisture have been measured. Work to date has concen
trated on two species of Aspergillus. 

SANDIA IRRADIATOR FOR DRIED SEWAGE SOLIDS 

General Description 

A cutaway of the SIDSS and its major components are shown in 
Figure 1. The facility is designed to treat up to 8 tons/day of sewage 
solids to a radiation dose of 1 megarad. Larger quantities of solids can 
be processed at a lower total dose by adjusting conveyor speed. Both 
bulk and bagged dried materials can be irradiated. 

A pool lined with stainless steel is to be temporarily filled with 
water for loading or unloading gamma-source pins from the shipping 
cask used for transport. When installed in the facility, the gamma-
source pins are secured in a 2x6 ft source plaque. When the plaque is in 
the pool area, a lead shutter closes to prevent radiation from streaming 
into the conveyor area. After the pool cover is secured and the water is 
drained from the pool, a water seal is manually removed in the conveyor 
access area. Once the facility is properly secured, the lead shutter is 
opened to allow the source plaque to be driven on tracks into the conveyor 
side of the facility. With the source plaque in place, the conveyor can be 
operated to transport material past the gamma-source pins. 
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Figure 1. Cutaway of Sandia Irradiator for Dried Sewage Solids 

Component Descriptions 

The irradiator components are designed to limit the radiation expo
sure dose rate to 1 rem/yr for workers using the facility, and to 
170 mrem/yr above natural background for personnel not directly con
nected with the use of the irradiator, such as janitors, maintenance 
personnel, or material handlers. 

As illustrated in Figure 1, shielding requirements for a 1 MCi 
cesium-137 gamma source are considerable. The upper portions of the 
pool walls are 4 ft thick; the cover consists of three separate layers and 
is 4 ft thick. These thicknesses are adequate to reduce dose-rate levels 
in working areas outside the building to less than 0. 035 mrem/hr over 
background when the source plaque is on the pool side. On the conveyor 
side of the facility, a section of concrete 5 ft thick separates the source 
from the upper part of the system. The 5 ft thick wall between the pool 
and the conveyor area is adequate to provide protection from the radia
tion. 

The conveyor system shown in Figure 2 transports dried sewage 
solids past the radiation source. The conveyor system has unusual 
features and is well suited to its task. The buckets are supported by a 
heavy link chain that is extended to allow the buckets to round corner 
sprockets without contact; but in the radiation field or in the fill section, 
the chain sections collapse to allow the buckets to come together. In 
the radiation zone, this feature permits very efficient use of the gamma-
source. In the fill sections, bulk material either 8 in. deep or two 40-lb 
bags fill the buckets. 

The sprockets allow sharp turns to be made by the chain-bucket 
assembly. The buckets are irradiated from both above and below for a 
more uniform dose distribution. Normal operating speed for a 1 Mrad 
dose is approximately 4 in. /min. The upper limit of the recommended 
design speed for this type of conveyor is 30 ft/min. Automatic air jets 
clean and lubricate the chain continuously. The Max-Econ conveyor is 
manufactured by Gough-Econ, Inc., of Staffordshire, England. 
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LOADING COLLAPSE SECTION 

IRRADIATION COLLAPSE SECTIONS 

Figure 2. Gough Max-Econ Conveyor System 

The function of the source plaque is to provide a secure assembly 
for the gamma-source capsules of cesium-137. The plaque shown in 
Figure 3 holds 15 capsules for a total of ~ 1 MCi of cesium-137. The 
four wheels attached to each of two sides of the plaque roll on a track. 
The track allows movement of the plaque between the pool and conveyor 
a reas . The tracks are designed so that any inadvertent granular ma
terial buildup will be pushed off by the wheels. A cable assembly oper
ated from outside the facility is connected to arms that attach to a plaque 
to drive it. The plaque is open to enhance heat dissipation by convection. 

Figure 3 . Gamtr.a Source Plaque 
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The lead shutter shown in Figure 4 shields the conveyor access area 
when the shutter is in the closed position and the gamma-source plaque 
is retracted into the pool area. The 9-in. thick stainless-steel-lined 
lead shutter is supported and aligned by rollers above and below. In the 
closed position, the shutter compresses a bellows that provides fluid 
pressure to release the access cover lock if the system is in the access 
mode. Magnetically actuated reed switches also indicate when the 
shutter is in the closed position. Magnetically actuated reed switches at 
both ends of the travel of the shutter limit the motion by turning off the 
drive motor. With the source plaque in the pool and the lead shutter 
closed, the radiation field is less than 1 mrem/hr at the location of the 
water seal in the conveyor area. 

Figure 3 shows the gamma-source pins that contain cesium-137 in 
the form of cesium chloride held in the source plaque. Each capsule 
contains approximately 70 kCi of cesium-137, doubly encapsulated in 
316L stainless steel. The length of the outer capsule is 20. 775 in. and 
it is 2.625 in. in diameter. The other dimensions of the capsule compo
nents are tabulated in Figure 5, as are the pertinent physical character
istics of the capsule. The capsules are fabricated by Rockwell 
International at the Waste Encapsulation and Storage Facility (WESF) at 
Richland, Washington. The welds on the capsule are ultrasonically 
tested. 
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Figure 5. Hanford Waste Encapsulation and Storage Facility Capsules 

Interlock and Control Systems 

These criteria were paramount in designing the interlock and control 
systems: 

1. Failure of any single interlock component or interlock sys
tem cannot result in radiation exposure to operating personnel; 

2. No administrative control is required to prevent radiation 
exposure to operating personnel during any operation, except 
for loading or unloading radiation-source capsules. 

Properly followed Safe Operating Procedures (SOPs) provide operat
ing personnel with a third level of safety from exposure during all opera
tions that could result in personnel exposure following a failure of both 
the electrical and mechanical interlock systems. These SOPs will 
prescribe radiation surveys by qualified health physicists before workers 
can enter the conveyor access area. The procedures will also prescribe 
the use of "chirpers" and dosimeters at all times when personnel are 
within the security fence surrounding the facility. 

Because there are two independent interlock systems (one electrical 
and one mechanical), the possibility of common-mode failures is mini
mized. Additionally, at least two steps of holding (with radiation moni
toring before or after the steps) are provided to prevent release of 
radioactive material to the environment either through air or water dis
charges. These systems are described in detail later. 

Outputs from radiation sensors play a key role in controlling the 
electrical interlock system. Sensor positions are shown in Figure 6, 
and the sensitivity of the detector in each position is given in Table I . 
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Figure 6. Radiation Sensor Locations 

TABLE I 

Sensitivities of Radiation Monitors 

Sensor 

1 

2 

3 

4 

Sensitivity 

0.1 - 1000 mR/hr 

0.1 - 1000 mR/hr 

0.05 - 50 mR/hr 

0.05 - 50 mR/hr 

500 - 50,000 counts/min 

500 - 50,000 counts/min 

0.05 - 50 mR/hr 

The sensors and the associated circuitry have self-consistency checks 
that are performed each time the system is used. The sensors are in 
use throughout Sandia and will be recalibrated annually by qualified health 
physicists or following maintenance or malfunction. Sensors 1 and 2 
monitor whether the source plaque is on the pool side or the conveyor 
side of the system, and whether the lead shutter between the pool and 
conveyor areas is open or closed. Sensor 3 is located inside the con
veyor system before the final right-angle bend of the system, so that if 
any radioactive material is brought up by the conveyor, the system shuts 
down before the material can reach a position to expose operating person
nel. Sensor 4 warns the operator whether any radioactive material is 
being loaded inadvertently into the conveyor, and also whether a radiation 
field exists in the dry solids loading zone. Because the sensitivity of the 
sensor is 0. 05 mR/hr, serious exposure to the operators would be pre
vented. Sensor 5 is a p-y air monitor that senses whether radioactive 
material is in the air stream supplied to the High Efficiency Particulate 
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Air (HEPA) filters. Sensor 6 is a /3-y air monitor that samples the air 
stream after the HEPA filters. The air passing through the air monitor 
is passed through an air filter on a continuous basis for a permanent 
record of any radioactive release. If any air release of radioactive ma
terial through the HEPA filters should occur, the sensor will detect any 
leak in the filters and alarms will be activated. The blowers will be 
switched off in the event of a release combined with a HEPA filter failure 
so there will be little or no release to the environment. An air sampling 
port is provided just before as well as after the HEPA filters so that 
samples can be taken with Millipore Filters for more sensitive measure
ments. If the HEPA filters are not compromised, the ventilation system 
will be kept operating to prevent radioactive particles from settling and 
contaminating the entire facility. Sensor 7 monitors the output of the 
sump pump. If water were to enter the conveyor side of the system, the 
sensor would prevent the sump pump from pumping high concentrations 
of radioactively contaminated water to a holding tank. This measure
ment is not particularly sensitive and must be supplemented by taking a 
sample from the holding tank and analyzing it in a counting chamber 
before the water can be released to the environment. 

The electrical control system is designed to operate in four separate 
modes depending on the operation being carried on at the facility. The 
four modes (Figure 7) are as follows: 

1. The OFF mode conditions the alarm system to allow the 
facility to be left unattended for long periods of time. If 
the radiation or fire sensors are triggered, the local 
audible and visible alarms (with emergency power backups) 
operate until the problem is corrected. 

2. The ACCESS mode is used whenever it is necessary for 
scmeone to enter the conveyor access area. The main 
interlock feature of this mode is that the access cover 
lock, which prevents removal of the access cover leading 
to the conveyor side of the facility, is released only when 
the radiation sensors register within preset limits. This 

OFF 
MODE 

.ACCESS 

MODE 

.NORMAL 

MOOE 

IMPROPER RANATION OR FIRE 
SIGNAL SHUTS DOWN SYSTEM. 
AND SETS AU0I8LEAHDVISIBLE 
ALARM 

SHUTTER -CLOSED SWITCH 
RELEASES ONE ACCESS 
COVER LOCK 

IMPROPER RADIATION OH FIRE 
SIGNAL SHUTS DOWN SYSTEM 
AND SETS AUDIBLE AND VISIBLE 
ALARM 

ACCESS-COVER-OPEN SWITCH 
LOCKS 5HUTTER OR IVE AND 
TURNS Off POWER TO SHUTTER 
DRIVE MOTOR 

LOAO-UNLOAD 

MOOE 

POOL-WATER-LEVEL SWITCH 
RELEASES ONE POOL-COVER 
LOCK 

POOL COVER OFF 
TURNS OFF DISCHARGE 
PUMP 

Figure 7. Electrical Interlock System 
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interlock system prevents the access cover leading to the 
conveyor from being removed unless the lead shutter is 
closed; this prevents radiation exposure of personnel 
entering tho cavity alongside the conveyor. When the ac
cess cover is lifted, a switch on the cover provides the 
signal to lock the shutter drive mechanism, and power to 
the shutter drive motor is automatically turned off. If 
radiation levels exceed preset alarm limits or if high 
temperatures activate the fire sensors, the system,_ ex
cept for ventilation, is shut down, and audible and visible 
alarms (with emergency power backup) operate until the 
problem is corrected. 

3. The NORMAL operating mode is used whenever the only 
operation to be carried out is irradiation of material in 
the conveyor system. In this mode, if the radiation or 
fire alarms go into an improper state, the conveyor sys
tem Is shut down and audible and visible alarms (with 
emergency power backup) operate until the problem is 
corrected. 

4. The LOAD-UNLOAD mode is used when it is necessary 
to transfer gamma-source pins to or from a shipping cask. 
The principal fes.ture of this mode is that the pool cover 
cannot be removed unless the pool is full of water, as 
indicated by a iloat switch. When the pool cover is re 
moved, a switch turns off the pool water discharge pump. 

As a result of the design philosophy used for the interlock system, 
parallel backup, interlock systems mechanically operated were designed 
for the critical operations. These operations are those that could result 
in direct exposure to operating personnel if the electrical system failed. 

The critical events were identified as follows: 

1. the conveyor access cover could be removed with the lead 
shutter open, 

2. the lead shutter could open while a person was in the con
veyor access area, and 

3. the pool cover could be removed with the gamma-source 
plaque at the bottom of the pool, but with no water in the 
pcol. 

To prevent these events from occurring, even in the event of an 
electrical system malfunction, a mechanically actuated hydraulic system 
was designed. The hydraulic pumping action of the system is provided by 
bellows. The bellows are either compressed by mechanical action to 
provide fluid pressure or are expanded by hydraulic action to provide 
mechanical motion. 

The actions of the basic systems are described in Figure 3. In the 
first system, the final quarter-inch closure of the lead shutter pumps a 
bellows that provides mechanical action to unlock the access cover. 
When the access cover is removed, a bellows action provides motion to 
lock the shutter drive in the closed position. The second system uses 
water pressure from filling the pool to unlock the pool cover. Stainless-
steel hydraulic lines and Inconel bellows have been selected for the sys
tem. 
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In the design of the system, several problems have arisen and been 
resolved. A hydraulic operating fluid had to be selected that would not 
freeze at temperatures down to -30°C but could stand the high radiation 
field without deterioration of physical or chemical properties. No such 
fluid was found, but as a solution a transfer bellows was placed in the 
hydraulic line immediately after the line left the radiation zone. Water 
is used in the portion of line inside the pool, and ethylene glycol is used 
in all other hydraulic lines. Problems occur even with water because 
the radiation field very slowly converts water to H , O , and H O. . The 
hydrogen peroxide is slightly corrosive but decomposes rapidly ana is no 
problem. However, pressure from the hydrogen and oxygen gases will 
build steadily. To correct this problem, palladium, which catalyzes H9 
and 0_ to H„0 at room temperature, is vacuum deposited onto the inside 
of the Dellows from the water-filled section of the hydraulic line to pre
vent gas pressure buildup. 

SHUTTER-CLOSED SENSING 
BELLOWS RELEASES ONE 
ACCESS COVER LOCK 

ACCESS-COVER OPEN 
SENSING 3ELL0WS LOCKS 
SHUTTER DRIVE 

POOL-WATER-LtV:L SENSING 
SELLOWS RELEASE ONE PCOL 
COVER LOCK 

Figure 8. Mechanical Interlock System 

Several features of the system are controlled electrically. The 
source plaque drive and the lead shutter are motor-driven and are turned 
off by magnetically actuated reed limit switches in the radiation zone. 
Manually operated switches that can turn off the sump pump, ventilation 
system, conveyor, feed hopper, and electrical outlets are provided on 
the control panel. Indicator lights are provided on the control panel for 
all electrically actuated equipment. 

Ventilation and Cooling System 

The system for transporting air through the facility serves two func
tions. First, clean air flowing over the capsules in the source plaque 
tends to cool them; second, the small pressure differential between the 
air outside the facility and the air inside helps confine any radioactive 
aerosols that might be generated by a leak in the capsules or by an ac
cident inside the facility. 

Airflow in the ventilation system is shown in Figure 9. Air that 
enters the conveyor system is contained by the metal on the sides of the 
conveyor frame. The conveyor air system, aside from small leaks, is 
separate from the main air system for the rest of the facility. Air that 
flows past the gamma-source pins enters through a prefilter beside the 
hole through which the conveyor system enters the concrete structure. 
The air flows down beside the conveyor to the 1 jcation of the gamma-
source plaque, which is contained in a stainless-steel-lined cavity be
tween the upper and lower collapse sections of buckets. The air flows 
axially along the cylinders through a section of the stainiess-steel-lined 
cavity to the pool area and out through a 4-in. stainless steel pipe to a 
vertical 12-in. polyvinyl chloride plastic-lined air shaft to ground level. 
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A fan pulls the air through a double HEPA filter to contain any potential 
radioactive release. This filter never comes in contact with combustible 
materials. If radioactivity is detected beyond the HEPA filters by one of 
the permanently mounted j3-y radiation sensors, audible and visible 
alarms are triggered and the fans are switched off. The air stream from 
this fi-y monitor is continuously passed through an air filter for a perma
nent record of any radioactive release. 

The geometry of the gamma-source pins and the airflow past them is 
shown in Figure 10. The thermal properties of the pins and plaque have 
been examined. In the case of no airflow, the centerline temperature of 
the capsules would be expected to reach 450°C. A j3 -transition accom
panied by a volume change of approximately 17 percent occurs if the 
temperature of 451 °C is exceeded by the cesium chloride. The capsules 
were filled with molten cesium chloride at greater than 648°C and allowed 
to cool, so the volume expansion that accompanies the phase transition 
could cause no problems. Because of the convective heat transfer to the 
steel liner and concrete and subsequent conductive heat transfer to the 
earth, no excessive temperature could occur even if the airflow were 
stopped. 
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Fire Control System 

Basic elements of the fire control system are shown in Figure 11. 
Heat detectors are placed in the conveyor at the locations shown because 
the dried sewage solids are the only materials that could possibly burn in 
the facility. If a temperature of 57 °C is reached in the upper section of 
the conveyor access area, the heat detector senses it and an audible and 
visible alarm activates, causing a solenoid actuated valve to open and the 
conveyor system to be flooded with carbon dioxide. The CO2, being 
heavier th\n air, fills the conveyor. An override valve is provided to 
switch off pressure to the valves so that personnel would not suffocate if 
the valve opened while they were working in the conveyor access area. 

Figure 11. Fire Control System 

Miscellaneous Equipment 

Miscellaneous equipment such as a sump pump, interior lighting, 
and an intercom system is provided in the facility. In addition, pool-fill 
and pool-empty pumps, as well as water-level controls, are temporarily 
installed during pin loading and unloading operations. 

Cost of Irradiation of Dry Sludge 

Joint studies with Battelle Pacific Northwest Laboratories have r e 
sulted in capital and operation-and-maintenance cost estimates for Sandia-
designed dried sludge irradiators of 10, 25, 50, and 100 ton/day process
ing capacity. '•' 

Dry sludge radiation-processing costs are based on design experience 
with a pilot plant constructed at Sandia Laboratories in .Albuquerque, 
New Mexico. The costs presented here are based on a gamma-source of 
cesium-137 large enough to treat material to 1 Mrad. 

The capital costs shown include site preparation, concrete work, 
grouting, stainless-steel tank materials, steel reflector plates, access 
ladders, pumps, ventilators, filters, a lead shield door, source plaques 
and drives, a fire-suppression system, a radiation alarm system, me-
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chanical and electronic interlock systems, conveyor, hopper, miscella
neous mechanical work, and installation. Labor requirements include 
loading the feed hopper, maintaining the conveyor assembly, and periodi
cally checking the air filters. Electrical power requirements include the 
conveyor drive, air blower, and alarm system. Materials and supply 
costs include replacement of air filters and maintenance of the conveyor 
assembly. The gamma-source material cost was calculated under a 
rather complex set of assumptions outlined in another paper. A purchase 
price of $.10/curie is assumed. Radiation-processing costs for compost 
(50 percent solids content) are given in Table II. 

TABLE H 

Component Costs for Padiation-Processing of Compost 

Component Cost 
Capital (0% interest) 

(7% interest) 
Labor 
Electric Power 
Maintenance Materials 
Cesium-137 Cost (0% interest) 

(7% interest) 
Total Cost per Ton of Compost 

(0% interest) 
(7% interest) 

Quantity Irradiated (tons of compost/day 
50% solids) 

10 
7.41 
14.00 
2.68 
.24 
.10 
1.55 
3.94 

11.93 
20.96 

25 
4.68 
8.85 
1.80 
.14 
.05 
1.30 
3.64 

7.97 
14.48 

50 
2.90 
5.48 
1.50 
.10 
.03 
1.22 
3.57 

5.75 
10.68 

100 
2.16 
4.08 
1.35 
.05 

' .02 
1.22 
3. 57 

4.80 
9.07 

The total costs are presented in graphical form in Figure 12 for 
both 0 percent and 7 percent interest rates with a 20-year amortization 
scheme. The component costs are presented in Figure 13. Keep in mind 
that these costs are normalized per ton of compost, which has approxi
mately a 50-percent moisture content. To obtain the cost per dry ton, 
the costs must be doubled. 
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Figure 12. Cost to Radiation-Process Compost 
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Figure 13. Component Costs of Radiation-Processing 

Conclusions 
The detailed design of an 8-ton/day dry sewage sludge irradiator 

that has been constructed at Sandia Laboratories has been presented. 
Specific features of the mechanical and electrical interlock systems that 
are required for safety reasons have been detailed. The cost to radiation-
process compost with this facility, and with larger facilities of a similar 
design has been summarized. For larger facilities, the cost can be less 
than $10/ton of compost. 

BACTERIOLOGY 

Recent work has centered on the effects of moisture on parameters 
for inactivation of bacteria by heat or by ionizing radiation, and on inhibi
tion of repopulation of a treated system by pathogenic species. 

Radiation Inactivation 

It had been suspected for some time that the sensitivity of bacteria 
to ionizing radiation may depend to some degree on their state of dessica-
tion. Table in shows results of a recent experiment where the "starting" 
materials were samples of sludge which had been air dried to £ 90 per
cent solids but which still contained relatively high populations of viable 
bacteria. (In the case of salmonellas, the sludge had been autoclaved 
and inoculated with a mixed salmonella culture; the salmonellas were 
then allowed to multiply in the liquid sludge to high levels prior to drying. ) 

In contrast to their behavior in liquid systems and in compost,5 

the bacteria in the dried samples exhibited a wide range of sensitivities, 
probably due to their varying states of dessication within individual 
samples (heterogeneity within these dried samples was unavoidable). The 
most striking case is seen to be that of coliforms, where the apparent 
D lO" v a l u e i s ten-fold higher (arrows) for two samples than that measured 
routinely in liquid systems. This resistance to inactivation is seen to a 
lesser extent in the case of fecal streptococci (three-fold difference in one 
case) and salmonellas (generally somewhat higher). 
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TABLE HI 

Irradiat ion of Dried Raw and Digested Sludges 

Species and 
D, . -Values / 1 

in Liquids 

Col i forms 
(20-30 krads) 

Feca l Strep 
(120-130 krads) 

« 

Salmonellas 
(25-30 krads) 

Dose 
(krads) 

20 

40 

60 

80 

100 

120 

240 

60 

100 

150 

240 

360 

480 

40 

60 

80 

100 

150 

240 

Apparent 
D 1 Q -Va lue a 

in Dried 
Raw Sludges 

(krads) 

17 

19 

16 

30 

322 -*— 

32 

353 •«— 

67 

67 

75 

185 

360 *— 

100 

67 

35 

38 

48 

58 

77 

Apparent 
D -Value* 

in Dried 
Digested Sludge 

(krads) 

18 

18 

16 

30 

-

-

-

50 

45 

52 

92 

-

-

31 

-

38 

45 

50 

D, -value is the dose requ i red to effect a 90 percent reduct ion in 
Dopul ation. 

The indicated range of D -values applies to both raw and digested 
s ludges . 

An at tempt was made to de te rmine whether desiccat ion effects were 
in fact responsible for the sporad ic inc rease in r e s i s t ance in these dried 
s a m p l e s . Radiation inactivation curves for sal ine suspens ions of mixed 
co l i fo rms , one intact and one having been desiccated by s t r eaming dry a i r 
over it a r e shown in Figure 14. Clear ly there is a significant difference 
in the "wet" and "d ry" sens i t iv i t i e s . Even though glycerol was p resen t 
in both s a m p l e s , and may have provided some degree of radiat ion p r o t e c 
t ion, r e su l t s of a subsequent exper iment without glycerol indicated that 
this increased res i s t ance is due to the desiccation effect. 
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Heat Inactivation 
It had been shown earlier that the sensitivities of some enteric 

bacteria to heat differed in compost and liquid sludges.6 Figure 15 shows 
this difference for salmonellas at 50°C. Although some difference might 
be expected between a mixed culture and a single strain, it should not 
account for the 5-log difference (105-fold reduction) observed. 

The effect of 61 °C heat was determined for sludge samples that had 
air-dried but which still had relatively high residual populations of coli-
forms and fecal streptococci. This was done in order to compare the 
sensitivities of these bacteria to those of the normal flora in liquid 
sludges, as well as to those of similar bacteria allowed to grow to high 
levels in composted sludge. Figure 16 shows that in the dried-sludge 
system coliform bacteria are much more resistant to heat than are con
forms allowed to grow in composted sludge. Limited data for liquid 
sludge show that the indigenous coliforms are even more sensitive here 
than in compost. A qualitatively similar effect is seen for fecal strepto
cocci (Figure 17), even though these bacteria are known to be generally 
hardier than coliforms or salmonellas.^ Experiments are planned to 
determine whether a sludge components) which would be concentrated 
during drying provides this protection or whether the resistance indeed 
depends simply on degree of desiccation. 

General Moisture Effects 

Even though dried sludges appear to protect bacteria from the effects 
of heat or ionizing radiation, few data are available on the effects of the 
dessication process itself in inactivating these microorganisms. In order 
to predict how effective air drying in the arid Southwest is in reducing 
pathogen levels in sludges, experiments were set up to monitor the popu
lations of several species as a function of time and of moisture content. 
The systems used were as follows: 

1. coliforms and fecal streptococci in raw and in digested 
sludges; 

2. salmonellas allowed to multiply to high levels in sterilized 
raw and digested sludges. 

In all cases, the sludge (initially 8 to 10 percent solids) was placed 5 cm 
deep in trays, and was mixed thoroughly at each sampling time (about 
twice per day), in order to minimize heterogeneity within the samples. 
In actual drying beds at a treatment plant, mixing is not done. 

For coliforms and fecal streptococci the outdoor drying was not very 
effective in reducing the populations. Viable coliforms were still found 
after three weeks and viable fecal streptococci were found after five weeks. 
On the other hand, the drying process appears to significantly reduce the 
salmonella populations, as shown in Figure 18. This is not unexpected 
because these bacteria are known to be less hardy than coliforms or 
fecal streptococci. It is interesting that the "break" in the curve occurs 
at about the time the sludge reaches 80 percent solids. 

A potential problem associated with sludge treatment and disposal is 
the possibility of repopulation by pathogenic bacteria following a disinfec
tion process. It had been previously demonstrated0 ' that Salmonella 
enteritidis ser . Montevideo bacteria can grow rapidly in composted 
sludge, in spite of the fact that the moisture content is only approximately 
40 percent. It was therefore important to determine the minimum mois
ture level that will permit such growth. Sterilized compost samples 
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Figure 18 

Effect of Sludge Drying on Mixed 
Salmonellas Allowed to Grow tn 
Sterilized Raw Sludges (e) and in 
Sterilized Digested (O) Sludges. 
The sludges reached 80% solids 
midway through Day 3. Initial 
populations were ~ 109 bacteria/g 
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Figure 20 

Growth (37 °C) of Salmonella 
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and saturated with a mixed coliform 
culture (0) prior to inoculation with 
salmonellas to a level of • 
bacteria/g. 
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were dried to various degrees, inoculated with mixed salmonellas to a 
level of ~ 4xl03 /g , and incubated for 24 hours at 37°C. The data p re 
sented in Figure 19 indicate that rapid growth to high levels can occur at 
moisture levels greater than approximately 20 percent. 

Thus, a 20 percent moisture content seems to represent a critical 
threshold; significant repopulation after disinfection should not occur in 
composted sludges at or below this moisture level. 

Inhibition of Growth in Composted Sludge 

Results of experiments demonstrating the potential for repopulation- „ 
of irradiated or pasteurized sludge systems have been reported earl ier . 
It has now been demonstrated9 that high levels of coliform bacteria (mixed 
culture) can inhibit growth of salmonellas in composted sludge, as shown 
in Figure 20. Inoculation of treated sludges with "innocuous" bacteria 
may be an effective method of dealing with this important concern. 

Future Work 

Sludies are underway to clarify mechanisms by which dried sludge 
systems protect bacteria from inactivation by heat or ionizing radiation. 
Effects of moisture and desiccation on survival and growth of bacteria 
continue to be studied. 

PARASITOLOGY 

Inactivation of Ascaris ova by heat, radiation, and thermoradiation 
had been studied in liquid systems.'-0 Recent studies have centered on 
these eggs in composted sludge systems. 

Radiation Inactivation 

Percent embryonation of Ascaris ova as a'function of absorbed dose 
of ionizing radiation is shown in Figure 21 for composted sludge. There 
appears to be some protection of the eggs in compost compared to liquid 
systems.^ In the latter case, 150 kilorads caused a reduction in 
embryonation ratio of > 99.9 percent. 

Samples of fresh filter cake and of composted digested sludge were 
irradiated to a dose of 1 megarad. Although Ascaris eggs were found in 
these samples, there was no embryonation following irradiation 
(Los Angeles County Sanitation District Laboratory measurements). This 
result apparently contradicts data obtained on similar samples irradiated 
with high-energy electrons.1 

Heat Inactivation 

Percent embryonation of Ascaris ova as a function of heat treatment 
is shown in Figure 22 for composted sludge. Although the "threshold" 
temperature is apparently the same as that for the liquid systems, 10> 1 2 

the inactivation rate is somewhat lower for a given temperature. For 
example, at 55°C, a 99.9 percent reduction in embryonation requires 
50 minutes in compost but only 7 minutes in liquid sys tems. 1 2 Apparently, 
the drier system protects the eggs to some extent, as is the case for 
bacteria. 
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Figure 21 

Radiation Inactivation of A s c a r i s 
Ova in Composted Sludge 
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Heat Inactivation of Asca r i s 
Eggs in Composted Sludge 
(60% sol ids) 
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Future Work 
Inactivation parameters for Ascaris ova in various stages of develop

ment are being determined. Moisture effect studies are continuing, as 
well as studies on naturally occurring ova in sludges. 

VIROLOGY 

A number of procedures are used during the treatment of sludge but 
the effects of most of these on the survival of human pathogens is poorly 
understood. Dewatering of sludge is a case in point. Therefore, the 
effects of dewatering on inactivation, by several methods, of one group of 
human pathogens found in sludge in large numbers was examined. This 
group is the enteric viruses. 

Effect of Dewatering Sludge Through Evaporation on Virus Survival 

The initial experiment was designed to measure the effect of the 
dewatering process on the survival of enteric viruses. For this experi
ment, raw sludge containing 5 percent solids was seeded with poliovirus 
and the loss of recoverable infectious viruses was measured as a function 
of water loss through evaporation at 21 °C. Samples taken throughout the 
drying period were tightly capped but kept at 21 °C. After four day-, the 
percentage of solids and recovery of plaque-forming units (pfu) in all 
samples were measured. As shown in Table IV, there was a gradual loss 
of recoverable infectious viruses with the loss of water until the solids 
content of the sludge reached 65 percent. When the solids content was in
creased to 83 percent, a more dramatic decrease in virus titer was 
observed. 

TABLE rV ' 

Recovery of Infectious Poliovirus From Sludge 
After Dewatering by Evaporation 

Sludge Solids Recovery of Infectious 
(final %) Viruses (pfu/ml) 

5 

12 

20 

30 

58 

65 

83 

91 

1.8 x 107 

1.7x 10? 

9.5 x 106 

6.4 x 106 

5. 5 x 10S 

4.0 x 106 

2.5 x 10 

1.0 x10 3 

(100%) 

(94%) 

(53%) 

(36%) 

(31%) 

(22%) 

(0.014%) 

(0.006%) 

Viral inactivation in these experiments was apparently caused by the 
evaporation process itself because (1) a similar loss of infectious polio-
viruses was observed in distilled water after only partial evaporation of 
water, and (2) there were no significant differences in the rates of polio
virus inactivation in sludges containing between 20 and 86 percent solids 
when the sludge samples were incubated at 21 °C without further evapora
tion. J 
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The effect on poliovirus caused by evaporation may be genera l ly appl i 
cable to enter ic v i ruses because coxsackievirus and reov i rus were also 
found to be inactivated in sludge unde.-r comparable conditions (Table V). 
Thus, dewatering by evaporation may be A feasible method of inactivating 
enteric v i ru se s in sludge, especial ly in a r e a s where the re la t ive humidity 
is normal ly quite low. 

TABLE V 

Effect of Dewatering on the Recover ies of Coxsackievirus 
and Reovirus F r o m Sludge 

Sludge Solids Recovery of Infectious 
• (final %) Vi ruses (pfu/ml) 

coxsackievirus 
Bl 

5 1.5 :c 107 (100%) 

33 1.1 x 107 (73%) 

93 1 x 10 (0.007%) 

Reovirus type 3 
s t r a in Dearing 

5 2.1 x 106 (100%) 

20 1.8 x 106 (36%) 

40 1.2 x 10 6 (57%) 

60 7. 1 x 10° (34%) 

73 4. 5 x 10° (21%) 

94 <2 x 102 (< 0.01%) 

Pol iovirus Inactivation with Radiation in Dewatered Sludges 

Another method of pathogen reduction in sludge that is being exten
sively investigated at Ssndia Labora to r i e s is t r ea tment with ionizing r ad i a 
t ion. In a previous r e p o r t * 4 it was shown that raw sludge p ro tec t s pol io
v i rus against radiat ion and causes the D _-value (the amount of radiat ion 
requi red to inactivate 90 percent of the virus) to i nc rease from 190 to 
340 k i lo rads . This protect ive effect is elicited with quite low concen t ra 
tions of sludge and li t t le difference was found between the effects of sludge 
containing 0.78 and 2.34 percent so l ids . 

Because of economic considera t ions it is probably more feasible to 
i r r ad i a t e sludges with reduced mois ture contents . However, it is possible 
that dewatering may significantly affect the r a t e of v i rus inactivation in 
sludge with ionizing radia t ion. There fore , the ra te of poliovirus inact iva
tion with ces ium-137 was compared in raw sludge samples containing 5 
and 80 percent so l ids . Because i r radia t ion of composted sludge is also 
being considered, the Dio °f poliovirus in compost containing 30 percent 
solids was also determined. 

Very l i t t le difference was found in the ra tes of poliovirus inactivation 
in the three different sludge samples (Figure 23). The D^ 0 was approxi 
mately 350 ki lorads in each c a s e . This resul t indicates that the s ta te of 
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dryness has little effect on the rate of poliovirus inactivation by ionizing 
radiation and that this rate is comparable in raw and composted sludges. 

560 840 1120 1400 

Absorbed dole IVradsi 

Figure 23. Rates of Poliovirus Inactivation 
by Cesium-137 in Raw Sludge 
Containing 5 Percent (*) or 
80 Percent (a) Solids or in 
Composted Sludge Containing 
80 Percent Solids («) 

Heat Inactivation of Enteric Viruses in Liquid Sludges 

Pathogenic organisms can also be inactivated in sludge with heat. 
However, because of the expenditure of energy required to increase and 
maintain the temperature of the sludge, it is important to know the require
ments for adequate disinfection of sludge by heat. Although it is a re la
tively simple matter to measure heat inactivation rates of representative 
enteric viruses in buffered aqueous solutions, the inactivation rates of 
these same viruses can be considerably altered by various types of sludge. 
Properties of the sludge can influence its effect on virus inactivation by 
heat. 

A study conducted to measure the effects of liquid raw and anaerobi-
cally digested sludges on heat inactivation of polioviruses revealed that 
raw sludge is very protective of this virus but digested sludge can increase 
the rate of poliovirus inactivation by heat.*5 It was then shown that sludge 
contains components which have opposite effects on the rate of poliovirus 
inactivation with heat. The component that accelerates its rate of inacti-
vation is ammonia which causes the sludge to become virucidal v/ith the 

I f ! 1 fl 

increase in pH that occurs during anaerobic digestion of sludge. 1 D - i ° 
The identity of at least one of the protective components of sludge has 
now been established, in a rather backhanded fashion, to be the same 
component that accelerates the rate of heat inactivat on of reovirus. 

Because reovirus is insensitive to inactivation by ammonia, 16 n w a s 
feared that sludge may be extremely protective of this virus and other 
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m e m b e r s of the Reovir idae family. However, both raw and anaerobical ly 
digested sludges were shown to acce le ra te heat inactivation of r eov i rus 
(Table VI). The g r e a t e r effect was expressed by digested sludge, again 
because the virucidal agent is more active at the h igher pH of this ma
t e r i a l . 1 3 

TABLE VI 

Recovery of Infectious Recvirus After Heat Trea tment 
in Raw and Anaerobical ly Digested Sludges for 

20 MLnutos 

Tempera tu re Percentage (%) Recovery of pfu 

(°C) Buffer Raw Sludge" Digested Sludge 

45 100 15 0.010 

50 100 1.7 0.0093 

55 24 0.059 0.0021 

60 0.016 0.011 0.0003 

The identity of this new agent was investigated and found to be ionic de
t e r g e n t s . ^ However, detergents a r e not virucidal for poliovirus and other 
enterovi ruses but instead, were shown to protect these v i ruses against 
heat.1-8, 19 Therefore , detergents have opposite effects on heat Lnactiva-
tion of representa t ive member s of two different en ter ic v i rus groups . 

Heat Inactivation of Enter ic Viruses in Dewatered Raw Sludge and in 
Composted Sludge 

It is quite l ikely that the effects of the various components of liquid 
sludge on heat inactivation of enter ic viruses will be modified or enhanced 
upon dewatering. There fo re , the ra tes of heat inactivation of enter ic 
v i ru se s in dewatered sludges were examined. 

To prevent loss of v i ra l infectivity due to the evaporation p r o c e s s , 
sludge samples were dr ied, adjusted to the p rede te rmined mois ture con
tent, and then seeded with v i ru se s pr ior to heat t r ea tmen t . The f i rs t ex
per iment , ca r r i ed out with poliovirus, showed that the protect ive effect 
of raw sludge during heat inactivation of this v i r u s , as previously r e 
ported, 1 5 is grea t ly enhanced when sludge is dewatered (Figure 24). A 
s imi l a r observation was made with other e n t e r o v i r u s e s . 2 0 

There were two apparent explanations for this observat ion. The f i rs t 
explanation was that these v i ruses a r e l e s s sens i t ive to heat inactivation 
in a reduced mois ture environment . This explanation was d i smissed when 
it was shown that the ra te of poliovirus inactivation by heat in soi l did not 
appear to be dependent on mois ture content . 2 0 

The second and likely explanation for inc reased t h e r m a l s tabi l i ty of 
enteroviruses in dewatered sludge is that some protect ive component of 
sludge is concentrated during dewatering and p romotes increased stabi l i ty 
of v i r a l pa r t i c l e s . Because detergents are quite protect ive of en te ro 
v i ruses against heat and a r e not lost through evaporat ion, they a r e p rob
ably at leas t one sludge component responsible for this effect. 

The r a t e of heat inactivation of reovirus in dewatered raw sludge was 
also tes ted. Although inactivation was more rapid in sludge containing 
80 percent solids than in the absence of sludge, the ra te was considerably 
l e s s than in sludge with lower percentages of solids (Figure 25). Moisture 
content per se could again be d ismissed as the explanation for these ob
s e r v a t i o n s . 2 0 Instead, it appears that sludge conta ins , in addition to de -
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Figure 24. Heat Inactivation of Poliovirus Type 1 
Strata CHAT in Water (n) or in Raw 
Sludge Containing 5 (e», 40 (•»), o r 
80 (A) Percent Solids 
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Figure 25 

Heat Inactivation of Reovirus in 
Water (a) or in Raw Sludge 
Containing 5 (•), 40 (©). or 80 (A) 
Percent Solids 

200 0 

TIME (mini 

Figure 26. Comparative Rates of Heat Inactivation of Polio-
virus in Raw Sludge (3), Composted Sludge (A), 
and in a Lysate of Poliovirus-Infected Cells {*). 
Sludge samples contained 40% solids. 
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tergents which accelerate heat inactivation of reovirus, a substance that 
is protective of this virus against heat. .Although the presence of such a 
substance has been established, 19< 2 0 it has not been identified. 

It was also of interest to determine the effects of composted sludge 
on the rates of heat inactivation of enteric viruses. Although tempera
tures in excess of 55°C can be maintained for several days during this 
p rocess , 2 1 this may not be sufficient to cause thorough inactivation of all 
enteric viruses if composted sludge, which typically exceeds 50 percent 
solids by weight, is as protective of viruses as raw sludge of the same 
moisture content. However, composted sludge clearly does not protect 
polioviruses against heat as well as raw sludge (Figure 26). Further
more, the rate of heat inactivation in compost was comparable to that 
found in a lysate of infected cells which served as a control in this experi
ment. This result indicates that detergents or other substances protec
tive of poliovirus are present in compost in substantially reduced amounts. 

Further support for this supposition was provided by the finding that 
heat inactivation of reovirus is much more rapid in raw sludge containing 
5 percent solids than in composted sludge at this moisture content 
(Figure 27). From this it appears that detergents, the agents in sludge 
that reduce the heat required to inactivate reovirus, are degraded during 
composting. A subsequent analysis of detergent concentrations in raw 
and composted sludges confirmed the supposition. 

i _ i i u_ 

0 50 100 150 200 

TIME (mini 

Figure 27. Comparative Rates of Heat 
Inactivation of Reovirus at 
45°C in Raw (a) and Composted 
(A) Sludge Containing 5% 
Solids at pH 7.3 

Summary 

Several conclusions can be drawn from the results presented here. 
(1) Dewatering by evaporation is an efficient method of inactivating enteric 
viruses in sludge. (2) The rates of heat inactivation of enteric viruses are 
greatly modified by various components of sludge; heat inacuvation of 
enteroviruses is accelerated by ammonia but retarded by detergents while 
reovirus inactivation is accelerated by detergents but slowed by an uniden
tified sludge component. (3) The effects of these components are modi
fied or enhanced in dewatered sludge. (4) Composting of sludge appears to 
degrade or otherwise reduce the effects of these components. 
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MYCOLOGY 

Fungi a r e known to occur in sludge. It is therefore of in teres t to de 
te rmine the responses of important sludge fungi to ionizing radiation, 
heat, and other c r i t i ca l p a r a m e t e r s such as mois tu re . Work to date has 
concentrated on two spec ies of Aspergi l lus , A_. flavus, and A. fumigatus. 

Strains of_A_. flavus may, under favorable condit ions, produce 
aflatoxins which a r e potent carc inogens . A s t ra in of A_. flavus we 
isolated from dried sludge proved to be toxigenic and we used it for the 
studies described below. 

A. fumigatus is frequently found in compost and other decaying organic 
mat te r . When humans a r e exposed it may act as a secondary r e sp i r a to ry 
pathogen. A_. fumigatus infections a r e , however, uncommon and a r e typi
cally res t r ic ted to persons suffering from a p r io r infection or an immune 
deficiency. The USDA/SEA facility at Beltsvi l le , Maryland, supplied us 
with composted sludge from which we isolated s t r a in s of A_. fumigatus. 
A typical s t ra in was selected and used for the exper imenta l work de
scr ibed below. 

Radiation Inactivation 

Experiments were conducted with dried sludge (> 90 percent solids) 
containing A. flavus conidiospores . Spores in dried sludge have a 
D-value of 50 to 60 ki lorads per log.. This value is roughly equivalent to 
those for coliforms or sa lmonel las . These resu l t s agree fairly well with 
those previously repor ted by others for spores in aqueous suspens ion ." 2 

It is expected that A_. fumigatus will respond s imi la r ly ; this determinat ion 
as well as that of the effects of increasing mois ture on these D-values a r e 
current ly being made . 

Heat Inactivation 

The effects of heating A. flavus conidiospores in dried sludge and in 
aqueous suspension were determined. There is a marked protection 
afforded by the dried ma te r i a l against heat inactivation. More than an 
hour at 60°C is requ i red to reduce the population by 99. 9 percent , while 
in the aqueous suspension 99.9 percent viability is los t in 5 to 10 minutes 
(a four-log reduction is approaching the l imit of detectabili ty in this 
sys tem) . 

Moisture Effects 

In a labora tory simulation of a i r -dry ing , fungal populations were moni 
tored as functions of t ime and of moisture content throughout the drying 
period. Raw s t e r i l e (autoclaved) and raw untreated sludges were used. 
Each was inoculated to high levels with conidiospores of A flavus. (The 
indigenous population was too low to monitor r e l i ab ly . ) The sludge 
(initially 8 to 10 percent solids) was placed 5 cm deep in t r a y s , and mixed 
thoroughly at each sampling t ime in o rder to minimize heterogeneity in 
the medium. Under actual drying-bed conditions this mixing would not 
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occur . Drying appears to be relatively ineffective; population reduction 
did not exceed 99.5 percent , although the solids content was g rea te r than 
90 percent at the end of the four-day experiment . The final population of 
conidiospores was > 1 0 3 / g m . 

Growth Inhibition 

It had recently been demonstrated that sa tura t ion of composted sludge 
with mixed coliforms effectively inhibits growth of sa lmonel la bacter ia .9 
An attempt was made to determine whether these "innocuous" bacter ia 
could s imi la r ly inhibit growth of Aspergillus s p . in compost . Compar i 
son of Curves A and B of Figure 28 indicate that for A_. fumigatus only 
par t ia l inhibition is achieved. However, Curve C shows that the normal 
microbial flora of the composted sludge prevent growth of A. fumigatus. 
It is of in teres t to note the effect of 45°C incubation on the growth 
(Curve B ' ) . The init ial growth rate is g rea t e r than that of the A. 
fumigatus incubated at 20°C. This is expected, s ince A. fumigatus 
normal ly prefers somewhat higher t empera tu res for growth. However, 
after one week the fungal population drops, even though this t empera tu re 
is much lower than those normal ly reached in a compost operation 
(frequently > 65°C). 

w.o| 1 I I L 

0 1 2 3 4 
TIME , WEEKS 

Figure 28. Aspergillus Fumigatus 
Growth in Compost 
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Abstract 

CAN IRRADIATION CONTRIBUTE IN THE UPGRADING OF BIOMASS TO FUELS? AN INTRODUCTION. 

Generation of energy from biomasses, including organic wastes, has some 
attractive features. Biomasses and organic wastes may increase our energy 
resource base. Their use may also alleviate waste disposal problems. Host 
of the biomasses and organic wastes contain little sulfur, making them a 
clean energy source. A strategy for seeking opportunities for the generation 
of higher-grade energy from biomass and organic v/astes is to examine many 
possibilities and to determine their suitability for the manufacture of 
fuels. Three major types of energy upgrading systems will be discussed 
briefly and the potential use of ionizing radiation will be considered. 

INTRODUCTION 

It is timely to examine the relation between energy resources and 
agriculture, which has become more and more dependent upon outside sources 
of energy to produce the food, feed, and fiber necessary to sustain growing 
populations. Fertilizers are being increasingly used to produce the needed 
agricultural products. The manufacture of fertilizers requires considerable 
amounts of energy. The rapid depletion of fossil supplies has placed mankind 
in a precarious position. The question is how man can continue to meet the 
energy needs so vital to production of raw materials and food supply. 

Agriculture is the only large industry that converts solar energy into 
materials useful to man. Much of the generated biomass residues are under
utilized. Produced biomasses, agricultural wastes, and some other wastes 
are renewable resources capable to provide nonpolluting safe fuels. 

In the case of wastes, I refer to those organic wastes, that are not 
put to use in an existing technological system. Once one starts to use them, 
they will no longer be called wastes and, if they are in demand, one may 
even seek to increase their production. 
Organic wastes are really resources out of place. Ideally, the production 
of fuels from biomass should be integrated in adaptive systems with the 
production of food and materials. Adaptive systems alter themselves to 
respond to evolving necessities and constraints(Lazlo, 1972). 

A way to search for opportunities for the generation of higher-grade 
energy from biomass and organic wastes is to consider many possibilities and 
to assess their suitability for the production of fuels. Important quantities 
of inexpensive fuels can be produced by a shrewd choice of crop, conversion 
processes,and end-use markets. The producer of materials or food might 
benefit from reduced disposal costs and improved reliability in energy 
supply. 
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ENERGY PRODUCING SYSTEMS 

In order to discuss possibilities of integration of ionizing radiation 
in the chain of processes used to upgrade biomass and agricultural wastes 
to fuels, it is convenient to distinguish several types of energy pro
ducing systems. Such systems may be divided into: 
(1) Systems of direct burning of biomass and agricultural wastes; 
(2) Systems that obtain energy-rich chemicals; (3) Systems that convert 
biomass in energy from animals. These three types of systems are presented 
as a flow diagram in Fig. 1. 
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In the first type of systems biomass and agricultural wastes are 
burned, generally to generate process heat, steam,or electricity direct
ly. This approach requires engineering inventiveness to manufacture low 
moisture biomass or agricultural waste as boiler fuel and to obtain 
direct burning efficiently. The conditioning effect of ionizing radiation 
may be considered in processes for manufacturing low moisture organic 
wastes. Ionizing radiation can also be used as a technique for measuring 
and process control, for instance as moisture determination or density 
gauge. 

The second type of systems is of greatest scientific interest and a 
wide area of research and development efforts is open. The extensive 
employ of coal, gasoline,and natural gas as fuels is due to their high 
content of energy-rich chemicals. The chemical composition of energy-rich 
chemicals is mostly characterized by low concentrations of nitrogen, 
oxygen, and inorganic matter. The chemicals consist mainly of hydrogen 
and carbon, that burn readily, generating heat that can be used for 
heating or to perform work. 

A way to obtain energy-rich chemicals from biomass is by isolation 
through various biosynthetic routes. Such methods often employ inter
mediates such as glucose or acetic acid. These intermediates have as 
many oxygen atoms as carbon atoms, and are intrinsically low in energy, 
ranging between 10 to 14 gigajoules per ton. 

However, lipids, terpenoids,and steroids have much higher energy 
values, ranging between 35 to kO gigajoules per ton, due to the loss of 
many oxygen atoms from the intermediates. These energy-rich chemicals 
are manufactured biosynthetically from acetate by means of various 
secondary metabolic processes (Lehninger, 1975)- These products are 
employed primarily for pharmaceutic products and food now, but they are 
potential fuel sources. 

Very little work was found that deals with the use of ionizing radiation 
in order to increase the yield of energy-rich chemicals. Much research and 
development efforts in this area have still to be done. Cleland will 
discuss interesting original work performed in cooperation with the New 
York University later in this conference. 

Another way to manufacture energy-rich chemicals is by transformation 
of biomass through various thermochemical or microbiological pathways 
into products that have a higher energy content. (Fig. 1). 

By thermochemical reactions supplementary energy per unit weight 
is obtained from the addition of hydrogen by hydrogenation, or from the 
loss of carbondioxide and oxygen, or from the generation of energy-rich 
carbon-carbon double bounds or the production of energy-rich ring 
structures. 

The energy content of the fuel products generated from biomass by 
microbiological reactions such as methane or alcohol have higher energy 
contents than the intermediates. These gaseous and liquid fuels are 
convenient to transport and to store. 

The key to anaerobic digestion for methane production is to reduce 
retention time of the feed stock in the process and to increase conversion 
efficiency. The key to fermentation for ethanol products is to increase 
hydrolysis of cellulosic products to glucose and to improve conversion 
efficienci es. 

Very little work was found that investigated the possibilities of 
using ionizing radiation treatments to improve the production of fuels 
through microbiological processing pathways. 
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In the third type of energy producing systems, certain kinds of 
biomass can be used as supplemental feedstuffs for work animals. 
Actually animals as a source of power is of interest for developing 
countries but is not a serious general option for industrialized 
countries. In the latter countries, biomass such as agricultural 
wastes and municipal wastes can be used as supplemental feed for 
certain beef animals or as fertilizer in agriculture in order to 
save valuable fuels. 

The use of ionizing radiation for upgrading biomass in this type 
of energy producing systems has received more general considerations 
and appears to have good possibilities. Jackson (1971) described a 
waste treatment system using a radioisotopic irradiator. In this 
system waste of poultry is upgraded to animal supplemental feed for 
swine, sheep,and cattle. Pathogens in the poultry-waste were in
activated in an irradiator at a dose of 120 daGy. 

Sivinski (1976) reported on a 5 years development and research 
program, that would lead to the design and construction of a pilot 
plant irradiator for the disinfection of dried sewage sludge solids. 
These upgraded wastes could be used as feed supplement for range cattle 
or as suitable fertilizer. Lessel and Hennig (1976) and Sue.ss et al. 
(1977) discussed the technical and economic feasibility and operation 
experiences of a pilot plant for irradiation of fluid sludges to be 
used as fertilizers in agriculture. Trump et al. (1977) among others 
reported on the treatment of fluid sludges by means of high energy 
electrons to permit safe use on agricultural land. One is referred 
to ESNA proceedings of previous meetings on "Waste Irradiation" to 
obtain more information. 

CONCLUSIONS 

Ionizing radiation may offer possibilities for application in the 
many processing pathways that result in the conversion of biomass and 
organic wastes to energy, chemicals, or energy saving products. 

A few processes, that use radiation, are demonstrated to be economic 
and technically feasible at the plant scale level in one type of energy 
producing systems. A wide area of research and development activities 
is open in other types of energy producing systems and warrants 
evaluation. 
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Abstract 

RADIATION PRETREATMENTS FOR OPTIMIZING THE SUGAR YIELD IN THE ACID 
HYDROLYSIS OF WASTE CELLULOSE 

Cellulosic wastes are now recognized as an underutilized renewable 

resource for both materials and energy recovery rather than a solid 

waste disposal problem. Acid hydrolysis offers a potentially attractive 

route for upgrading the value of cellulosic wastes by converting them 

to glucose. The glucose can then be used as an alternate feedstock to 

petrochemicals for fuels/ intermediates and the synthesis of single cell 

protein. A key step in this developing technology is a cost effective 

cellulose waste pretreatment for optimizing the sugar yield. Various 

experimental approaches for achieving this objective are described. 

A combination waste cellulose pretreatment comprising the hydropulping 

of an electron beam irradiated cellulose waste feedstock followed by a 

short *-!nie dilute sulfuric acid hydrolysis has been found to be particul

arly effective. Data are given on the employment of various organic 

acids in place of sulfuric acid for the hydrolysis reaction. The 

power requirement and additional cost for the electron beam pretreatment 

are also discussed. 
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I. INTRODUCTION 

The utilization of biomass — forest and agricultural products, wastes, 

etc. — as an energy resource is receiving increased attention worldwide. 

In sharp contrast to fossil fuels, bioraass is both abundant anc1 renewable, 

thus making it a potentially most attractive feedstock for direct or indir

ect conversion to energy. Solid wastes are now widely recognized not 

merely as a major disposal problem, but also as an underutilized and re

newable biomass resource for materials and energy recovery. The large 

amounts of cellulose present in such wastes warrant their consideration as 

an alternate feedstock to petrochemicals for conversion to fuels, chemical 

intermediates and synthetic protein. A key step in this developing tech

nology is a waste cellulose pretreatment to assure the technically and 

economically viable conversion of the cellulose to its monomer glucose. 

While the acid hydrolysis of waste cellulose is a conceptually 

attractive bioconversion process because cheap glucose would be a most 

useful intermediate for chemicals and energy production, technical problems 

such as low glucose yields and long reaction times have thus far precluded 

its large scale usage. A critical problem for this technology is che 

development of a cost effective pretreatment in order to optimize the 

glucose yield. Experiments carried out at New York University over the 

past four years have shown that a combination pretreatment comprising ' 

the electron beam irradiation and subsequent hydropupling of a waste 

cellulose feedstock constitutes a promising approach to the solution of 

this problem. This combination pretreatment is then followed up by 

high temperature short time dilute sulfuric acid hydrolysis. Preliminary 

studies directed towards the development of a continuous acid hydrolysis 

process based on this process sequence are in progress. Data are also 

presented on exploratory investigations of various organic acids in 

place of the sulfuric acid in the acid hydrolysis reaction. 

II HISTORICAL REVIEW 

Interest in the utilization of waste biomass for energy production 

has developed on account of two apparently unrelated problems, i.e. 

the rising price of fossil fuels and the increasing problems of solid 

waste disposal. ^ The present methods which are employed for dealing 

with these solid wastes are admittedly inadequate for cost effective 
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utilization of their latent material and energy values, especially for 

cellulose which comprises a major portion of solid wastes. Waste cellu

lose conversions via glucose offer attractive possibilities for more 

effective usage of what is, in effect, a large and continuously growing 

yet grossly underutilized national resource since, as shown in Fig. # 1, 

glucose would be a uniquely versatile intermediate for chemicals and 

energy production. 

The wide availability of very large amounts of potentially inexpensive 

and renewable cellulosic wastes has revived consideration of their possible 

use as a feedstock to replace at least partially petroleum crudes for the 

production of fuels, petrochemicals and even synthetic proteins. Cellu

losic wastes can be hydrolytically converted via glucose into a great 

many volume chemicals especially ethanol, by know reactions such as are 

depicted in Fig. # 2. ' As a matter of fact, ethanol produced by fermen

ting glucose can be the source of a wide range of important volume 

chemicals, a technology which is now being developed on a large scale in 

Brazil. A simplified schematic for the manufacture of ethanol based 

chemicals is given in Fig. # 3. The glucose intermediate itself car. also 

be used for single cell protein (SCP) and methane production. 

Potential quantities of chemical feedstocks, etc., which could be 

obtained from waste cellulose conversions are quite large. Assuming a 

realistic 32% available cellulose in the wastes and only 16% conversion 

to ethylene, the estimated 550 million tons of farm waste alone would 

yield 28 million tons ethylene per annum. *•' This represents twice the 

U.S. consumption of the basic petrochemical building block in 1975. 3) 

The economic feasibility of waste cellulose utilization depends of course, 

on both the waste collection and the processing conversion costs as well 

as the quantities and values of the end products obtained. 

Acid hydrolysis of cellulose to glucose has been extensively studied 

for the better part of a century, especially in connection with producing 

ethanol from wood wastes. The discovery that cellulose can be hydrolyzed 

in acid solutions and converted to its monomer, glucose, was made by 

Bracconnot almost 160 years ago, in 1819. 2) Ev^r since then the reaction 

has been experimentally investigated, mostly on a strictly empirical 

basis, in order to develop a technically and economically viable process 
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for producing sugars from cellulose sources such as wood wastes. Research 

and development on the acid hydrolysis of cellulose was particularly 

active during the first part of this century both in this country and in 

Europe. These acid hydrolysis studies went beyond the laboratory scale-

up to construction and operation of limited production facilities for 

glucose and ethanol both in the U.S. and in Western Europe. e) The 

U.S.S.R. and Japan have likewise been very active in this field. 

The need for better understanding of the technical aspects of the 

acid hydrolysis process has been stimulated by the growing interest in 

the possibilities of waste cellulose for materials and energy recovery. 

Both technical and economic reasons make it necessary that a dilute acid 

hydrolysis of waste cellulose be conducted at high temperatures and for 

short time periods so that the glucose yield is maximized. Determination 

of the reaccion kinetics of waste cellulose conversion to glucose has 

been recognized as most helpful for establishing favorable reaction condi

tions and has consequently been studied in considerable detail. 4)5)°) 

Although the acid hydrolysis reaction of cellulose is heterogeneous, 

it can be considered a homogeneous reaction provided that the cellulose 

reactant is dispersed in the form of fine particles, e.g. 200 mesh or 

less. 6) ^ kinetic scheme for the acid hydrolysis of crystalline wood 

cellulose was proposed by Saeman over 30 years ago. ' This scheme 

was used to effectively model the hydrolysis of cellulose in wood chips 

and also cotton linters. 

Porteous and later Fagan et al. found that Saeman's model could 

likewise be used to describe the formation of glucose from commercially 

available waste paper. 4)5)6) Porteous predicted a maximum sugar yield 

at 230C. °' The Fagan experiments were carried out with very small 

samples (0.5 grams) of ball-milled Kraft paper. Such kinetics results 

are of considerable value for the development of improved process design 

and economic data of waste cellulose to glucose and/or ethyl alcohol 

production facilities. 4)5) 

The kinetically predicted maximum sugar yields assume that the 

cellulose reactant has appropriate chemical reactivity for the acid 

hydrolysis. The technical problems of cellulose hydrolysis are to a 

great extent due to the fact that this is not the case. The lack of an 

adequate amount of chemical reactivity in cellulose is called also a 
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lack of accessibility. This is related to the highly inert character 

and crystalline organization on a molecular level of the high molecular 

weight cellulose and also the presence of lignin. Hydrogen bonding 

almost certainly plays a very important role in the structure of cellulose 

and may be a key factor in explaining its chemical inertness. 

Over the years a very extensive amount of R & D has been carried 

out on physical and chemical pretreatments which will reduce the 

crystallinity and disrupt the hydrogen bonding of cellulose thereby 

rendering it more accessible to hydrolytic depolymerization reactions.7' 

This should make it possible to approach the predicted glucose yields 

more closely. Many different pretreatments have been proposed and a 

considerable number of them has been investigated experimentally. 

In general, mechanical treatments such as intensive ball-milling 

to a size below 60 mesh, have been found to be technically effective, 

but at an estimated cost of SS/Yb — economically prohibitive for 

industrial usage. Employment of high energy ionizing radiation has 'seer. 

shown to be at least equally effective when the cellulose is exposed to 

dosages in the order of 100 megarads. 8' Sugar yields as high as 10% 

based on the available cellulose have been reported for thusly irradiated 

wood pulp, for example, after dilute acid hydrolysis. The cost of such 

large dosages of ionizing radiation is however, economically prohibitive. 

Other less effective pretreatments which have been experimentally studied 

include exposure of the cellulose to various chemical reagents, heat, 

etc. 

Development of lower cost pretreatment technology such as would 

result in mechanical and/or chemical size and/or crystallinity reductions 

for maximizing cellulose accessibility, is recognized as an essential 

requirement for a more technically effective and economically viable 

waste cellulose-glucose conversion process. The pretreatment must 

furthermore be combined with a high productivity acid hydrolysis process 

which will result in optimal conversion of the pretreated waste cellulose 

feedstock to glucose. 

Ill EXPERIMENTAL 

Experimental investigations on the dilute acid hydrolysis of waste 

cellulose to glucose have been carried out at the Department of Applied 

Science of New York University over the past three years. The waste 
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cellulose feedstock used in these studies was used newspapers. The 

experimental work included an evaluation of the cost effectiveness of 

various pretreatments for cellulose accessibility; determination of the 

optimum reaction conditions for maximizing the sugar yields; techniques 

for glucose recovery; also fermentation of glucose to ethanol. 

The hydrolysis experiments were initially carried out batchwise in 

a 1 liter stirred autoclave equipped with appropriate accessories such 

as electrical heating units, a quick discharge ball valve for removal of 

the reaction mixture after hydrolysis from the autoclave, etc. The data 

obtained with the batch 1 liter stirred autoclave reactor experiments 

were then analyzed with respect to yield of glucose at various reaction 

conditions. This was followed by scaling up to a 5 liter stirred auto

clave reactor again with suitable accessory equipment. Very extensive 

experimental work was carried out with this larger reactor in order to 

develop an understanding of scale up and other problems for the dilute 

acid hydrolysis reaction. Stainless steel equipment was used for all 

these experiments. 

Waste newspapers were first subjected to various pretreatments and 

then charged in the form of water slurries with known cellulose concen

trations to the stirred autoclave reactors. These cellulose slurries 

were then heated with continuous stirring to predetermined reaction 

temperatures and pressures. The required amount of acid was injected 

only when the desired reaction conditions has been attained. This 

helped minimize acid corrosion problems with the equipment used. Con

siderable emphasis was also placed on rapid quenching of the reaction 

products after completion of carefully timed hydrolysis in order to 

optimize glucose recovery by minimizing the formation of acid decomposi

tion products of glucose. Cellulose concentrations in the slurries 

ranged from 5 to more than 20 Wt %. 

The batch scale hydrolysis experiments with these two stirred 

stainless steel autoclave reactors were encouraging in that they showed 

that glucose yields up to 50% of the available cellulose values charged 

could be obtained. It was furthermore found that economically accep

table yet technically effective pretreatments are possible for obtaining 

such glucose yields. The optimum reaction conditions which were found 

to be temperatures of around 220 - 230°C and reaction times of less than 
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30 seconds with about 1 Wt% of sulfuric acid, agree with the results of 

the kinetic data of Porteous and pagan. ' 3 ; 

Various pretreatments for the waste newspaper feedstock were 

experimentally investigated in order to enhance the cellulose accessibility 

to the dilute acid. These pretreatments included Wiley mill grinding, 

industrial dry grinding, hydropulping, hydropulping with a ferric ion/ 

hydrogen peroxide presoak and hydropulping followed by exposure to various 

dosages of high energy ionizing radiation. Figure 4 compares the effectiv

eness of these different pretreatments on the glucose yield for 450°F 

acid hydrolysis reactions. 

The technically most effective pretreatment is seen to be the 

irradiation of the hydropulped used newspaper feedstock. The irradiations 

were carried out at ambient temperatures and in the presence of air with 

a 3 MeV Dynamitron electron beam accelerator (Radiation Dynamics, Inc., 

Plainview, New York). The hydropulped waste newspapers were placed in 

the form of slurries in polyethylene bags and the bags were heat sealed. 

Each bag contained approximately 20 lbs of a hydropulped waste newspaper 

slurry of known cellulose concentration. The bags were placed on a 

conveyor which moved past the beam of the electron beam accelerator." 

Total dosage per pass was 5 megarads. While irradiation dosages in the 

range of 5 to 50 megarads were investigated, the 10 megarad dosage was 

selected as most cost effective. The combined costs of this hydropulping/ 

irradiation pretreatment has been conservatively estimated at 0.9 - l.l<?/lb 

waste cellulos- feedstock. Figure 5 highlights the significant improve

ment in the glucose yield obtained by irradiating the hydropulped 

waste cellulose. 

The effects of changing the hydrolysis reaction temperature and 

'cimes on glucose yield were experimentally investigated in considerable 

detail for used newspapers which had been subjected to this hydropulping/ 

irradiation pretreatment. The results of these hydrolysis experiments 

were carried out in the larger 5 liter autoclave reactor, are shown in 

Figure 6. The data indicate that 450°F temperatures and quite short 

reaction times in the 20 second range were optimal for this dilute acid 

hydrolysis. 

Experimental studies have been commenced on recycling the unreacted 

cellulose for obtaining additional glucose product. The unreacted 

cellulose was recovered from the reaction slurry by filtration and then 
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rehydrolyzed under analogous reaction conditions. Table # 1 shows 

typical initial results which have been obtained. The additional 

quantity of glucose obtained decreases sharply in terms of total glucose 

yield with the second recycle. An alternative procedure would be mixing 

of the unreacted cellulose with fresh used newspaper feed in various 

proportions. The cost effectiveness of such recycling techniques is 

being investigated. 

Recently the use of various organic acids in place of the sulfuric 

acid has been investigated for this acid hydrolysis. Preliminary da':a 

for selected acids and glucose yields are shown in Figure 7. Maleic 

acid has been found to be surprisingly effective in enhancing the 

glucose yield compared to the other organic acids studied to date. Use 

of this acid could be expected to ameliorate corrosive problems and 

possibly also the rate of the high temperature acid degradation of the 

glucose product. This acid is however, much more expensive than sulfuric. 

It must moreover, be used in a much higher concentration in order to 

obtain glucose yields equivalent to those realized with sulfuric. Further 

studies on the employment and possible utility of this and other organic 

acids are in progress. 

The conversion of the glucose product to ethyl alcohol has been 

studied on a limited scale. Conventional fermentation techniques were 

utilized for these experiments. No particular difficulties were en

countered as would be expected in view of the broad knowledge of glucose 

to ethanol fermentations. Ethanol product characteristics have been 

determined. 

Considerable effort has been devoted to an investigation of 

possible continuous processing technology as being clearly preferable over 

batch reactions for industrial scale waste cellulose to glucose conver

sion operations. 12' ~ *°) This investigation resulted in the design 

and costing of a continuous waste cellulose to glucose pilot plant with 

a 1 ton/day capacity. This pilot plant is based on the concept of 

employing irradiating and hydropulping for precreating a waste cellulose 

feedstock, and a screw type conveyor and reactor device for continuously 

reacting thusly pretreated cellulose in an aqueous slurry. 

The Department of Applied Science at New York University with 

United States Environmental Protection Agency (EPA) support has procured 
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the equipment required for construction of a 1 ton/day cellulose to 

glucose pilot plant facility with feedstock irradiations to be carried 

out on a toll basis at Radiation Dynamics, Inc., Plainview, L.I./ N.Y. 

These facilities are being installed at New York University's Westbury, 

L. I., N. Y. , Laboratories (Antonio Ferri Laboratories). The purpose 

of the New York University program is the development of a demonstration 

unit for waste cellulose utilization via an economically viable continuous 

acid hydrolysis process. 

IV SUMMARY AND FORECAST 

Recent major price increases in the cost of petroleum crudes warrant 

consideration of the large amounts of cellulose present in a steadily 

increasing volume of organic solid wastes as an alternate feedstock for 

the production of chemicals including both fuels and intermediates for 

the chemical industry, also synthetic proteins. Novel pretreatments 

combined with the optimization of the acid hydrolysis reaction conditions 

have considerably advanced the necessary technology to the point where a 

technically and economically viable continuous acid hydrolysis process 

appears within reach. A combination hydropulping/irradiation pretreatment 

followed by a high-temperature short-time acid hydrolysis process has 

been experimentally investigated on a batch basis and found to be capable 

of producing glucose yields up to 50% based on the available cellulose 

charged. A continuous version of this process is now being developed on 

a 1 ton/day pilot plant scale for further study and optimization. 

The acid hydrolysis of waste cellulose has usually been considered 

in conjunction with the fermentation of the glucose product to ethanol. 

Fermentation based ethyl alcohol must compete with synthetic i.e., petro

chemical ethanol which is derived from ethylene, to be economically 

viable.3' Synthetic ethanol usage is currently far below its-U.S. produc

tion capacity. It amounts to an estimated 175 million gallons equivalent 

to less than 60% of installed capacity. Fermentation grade ethyl alcohol 

production now accounts for some 86 million gallons and is obtained from 

various agricultural raw materials. 

Given current ethylene prices (around 12£/lb) and low plant utiliza

tion rates, synthetic ethanol has a definite cost advantage over fermen

tation alcohol.3'17' Fermentation ethanol-based chemicals such as are 
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outlined in Figure 3, are therefore at an economic disadvantage compared 

to their ethylene-based analogues. However, as prices of ethylene and 

other petrochemical feedstocks will in the future be substantially 

higher, fermentation ethanol-based chemicals can be expected to become 

increasingly competitive. Also if proper credit is given for helping 

to solve the admittedly costly solid waste pollution problems, the pro

cess becomes more attractive. 

Recently attention has been directed to anaerobic glucose fermenta

tion to methane as an alternative potentially more attractive approach 

for the utilization of waste cellulose derived glucose in the near 

future.^) According to admittedly incomplete preliminary experiments 

and cost calculations the use of glucose as a substrate for methane 

production can offer very real advantages over other substrates including 

cellulose itself in terms of both production costs and the value of the 

energy yields. This approach of producing fuel by combining acid hydro

lysis with anaerobic fermentation for methane production may well prove 

to be a very promising course of action, but remains to be both technically 

and economically proven especially on a large scale. A program of 

research and development leading to the development of a continuous pro

cess of this type for methane production is therefore recommended for 

consideration and early implementation in order to advance the better 

utilization of the waste cellulose resource. 
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APPENDIX 

COST ANALYSIS FOR RADIATION PRETREATMENT 

The effectiveness of high-energy electrons for cellulose degrada

tion has been known for many years.^8) However, the cost of this kind 

of treatment has been considered too high for use on waste materials.7) 

The on-going development of high-power industrial electron accelera

tors is changing the cost picture drastically. The principle of economy 
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of scale will bring the cost of electron beam processing down to 

acceptable levels for large waste-recovery plants. The added cost of 

radiation pretreatment of cellulosic wastes will be offset by the in

creased yield of glucose. 

The capital and operating costs for high-power electron facilities 

have been discussed in detail elsewhere. ' For a 150 kW plant (3.0 MV, 

50 mA) the total capital cost including the accelerator and its accessories, 

the material handling equipment, the radiation shield and the building is 

estimated to be $1.4 million. The annual operating cost including 

capital depreciation, interest on investment, equipment maintenance, 

operating labor and electric power is estimated to be $460 thousand. 

The annual processing rate of this facility (at 75% beam power 

utilization efficiency) would be 3.2 x 10^ Mrad - metric tons or 3.2 x 

10^ metric tons at an average radiation dose of 10 megarads (assuming 

8000 hours of operation per year). The cost per kilogram (at 10 Mrads) 

would then be 1.4 cents. 

With larger plants, which would be required for this application, 

the processing cost per kilogram would be substantially less. An 

extrapolation to a 1000 kW facility would increase the product thruput 

by a factor of 6.7 but would only increase the operating cost by a 

factor of 2.1. The net result would be a radiation cost per kilogram 

(at 10 Mrads) of only 1.4 x 2.1/6.7 = 0.44 cents. This would be the 

cost per kilogram of waste cellulosic material fed into the plant. The 

cost per kilogram of glucose produced would be higher depending on the 

con/ersion efficiency of the acid hydrolysis plant. 

The radiation cost derived above is relatively small compared to 

the estimated operating cost of a large hydrolysis plant. A con

ceptual dei'gn and cost analysis for such a plant has recently been 

published. 20) The assumed input capacity of the plant was 805 metric 

tons/day of dry cellulosic material (newsprint). The annual thruput 

would ba 2.8 x 10^ metric tons (350 days/year). The total capital 

cost of the hydrolysis plant would be about ?13.8 million and the annual 

operating cost about $4.1 million. The net cost per kilogram of feedstock 

would be 4.1 x 106/2.8 x 108 = 1.45 cents. 

If the radiation cost were added on, the total cost per kilogram 

of feedstock would be 1.45 + 0.44 = 1.89 cents. The radiation would 
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then represent about 0.44 x L00/1.89 = 23% of the total processing cost. 

The radiation pretreatment could increase the glucose yield from about 

37% to 48% (see Fig. 5). The increment would be about 11 x 100/48 = 23%. 

Therefore, the increase in process cost due to the irradiation of the 

feedstock would be offset by a corresponding increase in glucose yield. 

The net cost of the glucose produced would depend upon the overall 

conversion efficiency of the hydrolysis plant. For a typical conversion 

of 50% the cost per kilogram of glucose would be twice that of the feed

stock, i.e. 2 x 1.89 = 3.8 cents (1.7 cents/pound of glucose). An 

alternative design for the hydrolysis plant utilizing a more dilute slurry 

in the reaction vessel (10% solids vs 30% solids in the first case) gave 

an estimated cost per kilogram of feedstock of 2.06 cents for the hydro

lysis process.20' The total cost including radiation would then be 

2.06 + 0.44 = 2.50 cents/kg of feedstock and the cost per kg of glucose 

(at 50% conversion) would be 5.0 cents (2.3 cents/pound of glucose). In 

this case the radiation cost would be only 0.44 x 100/2.50 = 18% of the 

total process cost and the cost per kilogram of glucose would actually be 

reduced if the radiation pretreatment were used. 

The assumed input capacity of these plants (805 metric tons/day) 

would require an electron beam power of 1200 kilowatts (at 75% beam 

utilization) to irradiate this much material. This capacity would re

quire the development of a 1000 kW electron accelerator as assumed in 

the cost analysis given above. 

The justification for the radiation pretreatment would not be based 

on an anticipated cost reduction although this might actually be obtained. 

It would more likely be based on a reduction in the severity of the 

hydrolysis conditions, i.e. lower acid concentration and less critical 

reaction timing (see Fig. 5), or on the increased utilization of the 

waste feedstock. Since the residue after hydrolysis will entail some 

disposal cost, a greater conversion efficiency will definitely be 

advantageous. 
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CONCLUSIONS AND RECOMMENDATIONS 

The Working Group on "Waste Irradiation" met in five sessions, of which 
one was joined with the Working Group on "Radiation Analysis" and "Environmental 
Pollution". The sessions were devoted to: 
1. Disinfection and microbiological problems of liquid and solid wastes. 
2. Radiation Chemistry of irradiated waste waters and sludges. 
3. Design and experiences of Irradiation plants using high energy electron beams. 
k. Design and experiences of Irradiation plants using gamma irradiation. 
5. Use of liquid and solid wastes as fertilizers and animal feed. 
6. Possibilities of irradiation for upgrading biomass and wastes to fuels. 

The sessions were attended by 30 to 6 0 scientists and delegates from 
research Institutes, universities, Industries, and governmental authorities 
from 11 countries In and outside Europe. 

A total of II communications was presented of which two were illustrated 
with movies. The following summarizes the general conclusions, that were 
discussed in the final session. 

t)iS£29i9.l29¥' Difficulties in interpretation of data regarding the level 
of Irradiation doses required for inactlvation of microorganisms encountered In 
waste waters and sludges lead to a special effort to standardize experimental 
protocols for microbiological studies. A working committee on standardization 
of methods for microbiological examination of sludges in the special outlook 
of disinfection by radiation reported that laboratories of several nations 
were asked to submit information on the microbiological examination of sludge 
samples and the problems encountered. A draft paper has been prepared to 
collate the problems of detecting the levels of bacteria, viruses and parasites. 

Since a complete analysis of all the microorganisms present in any sample 
is very difficult and costly, the possibility of selecting indication organisms 
for the three types of organisms, is discussed with the appropriate techniques. 
More research is necessary to establish a reliable technique for the assay of 
viruses In sludge, because the standard methods for viruses in water are not 
suitable for sludge. 

At the moment, It is not possible to recommend the degree to which sludge 
should be disinfected because In each case, the origin of the sludge, the 
disposal methods, and epidemiological data must be collected and considered. 
It was decided that the aim of the report is, not to indicate standards 
as this is not the task of ESNA but, to put the gathered Information before 
national and international authorities for discussion, comments, and guidance. 

Conditioning of sludge by Ionizing radiation 

Handling and disposal of sludge are major expenses in waste water treat
ments. It is shown that the cost of handling and disposal of waste water 
sludges frequently exceeds the cost of any other single process in the treatment 
plant. It was demonstrated that radiation treatment changes physical-chemical 
properties of some sludges, leading to an easier separation of solids from water. 
Progress was made in the field of the radiation chemistry of sludge systems. 
Improvements in the reduction of sludge volumes and rate of settling have 
considerable potentials in the technological and economic improvements in sludge 
handling and disposal. A need for continuation of fundamental and empirical 
research on basic mechanisms was recognized. 

Beneficial use of waste isotopes 

The working committee formed during the foregoing ESNA meeting in 
Uppsala for promoting the "Recycling of municipal or agricultural sludges 
using nuclear by-products as an energy source" has gathered the data on 
the amounts of potentially available Cs-137 through the year 1990 on the 
basis of the projected nuclear power production of the following countries: 
Belgium, Great Britain, France, Germany, Italy, Sweden, Switzerland, The 
Netherlands,and the United States. 

The amounts of generated sludge, that after pathogen reduction by 
gamma radiation with the extracted Cs-137 could have unlimited agribusiness 
use, were also estimated for the same time frame. 
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These data were collected to support a general position paper on the 
beneficial use -of these two by-products in increasing food production and 
reducing energy consumption. The posltior. paper will be used to draw the 
attention of the reponsible authorities to the benefits of using these by
products. 

During this ESNA meeting a brief summary has been given of the past 
activities of the working committee and a number of comments and additional 
ideas were discussed. They will be considered for inclusion in the final 
version of the position paper. 

Plant 'design and operating experiences 

High energy electrons have been demonstrated to be an effective 
means of disinfection of municipal sludge. Investigations are being conducted 
in several countries including Germany, France,and the United States. Other 
projects are planned for Eastern Europe. 

The experience gained by the MIT Group at the Deer Island treatment 
plant in Boston has led to a proposed full-scale demonstration plant in 
Miami, Florida. 

Electron beam irradiation is a practical ,reliabIe, economic,and safe 
means of treating liquid sludges for land application. The choice of electrons 
or gamma rays for disinfection will depend on specific site parameters. 

Gamma-irradiat ion has rroved closer to practical utilization. A demonstra
tion plant with cobalt-60 for liquid sludge is in full operation near Munich 
and a pilot plant with Cesium for solid sludge irradiation will be in operation 
in the USA this winter. 

Use of liquid and solid waste in agriculture 

Animal feed experiments and 5 years of field trials did demonstrate the 
positive effects of irradiated sludges compared to those of untreated sludges. 
No radiation induced hazard were detected neither to soil and plants not to 
animals. The application of irradiated sludge in agriculture can be recommended 
in quantities required for a balanced nutrition for animals and plan' . 
The application of disinfected liquid and solid sludges on or in agricultural 
land is a valuable and most economical way for sludge disposal. This practice 
should be regarded as a part of the sludge management. 

Research for developing countries 

People grow more aware of the useful potentials of human, animal, and 
agricultural wastes. The generation of safe fertilizers, feedstuffs, and energy 
from these waste materials - so reducing the pollution load- is a very 
important process and more and more in use, especially in developing countries. 
This development will be enhanced as pollution of the environment increases 
and as fuel prices raise mainly due to growing shortages of fossil fuel 
resources. Agriculture is particularly dependent on low cost fuels, feeds, 
fertilizers, etc. Nuclear methods among_ others can and should play an 
important role in the development of the potentials of waste material. 

The following laboratories are willing to assist individuals from 
developing countries contributing in relevant educational or training 
programmes of research on and management of agricultural and municipal wastes. 

Laboratory Address 

1. 
2. 

3-

it. 

b. 

EURATOM-ITAL 
WATER RESEARCH CENTRE 

PHYLAXIA BUDAPEST 
Radiation Division 
G.S.F. Universitv HANOVER 

Department of Radiobio 
of C E H / S C K 

logy 

P.O. Box *f8, Wageningen .Netherlands 
Elder Way Stevenage 
Herts 591 1TH UK. 
Budapest, X. Szal ias u.. 5-
Hungary 
Hannvpr. Hprrpnha.ico-* 5*"racce ^ 
F.R. of Germany. 
Boeretang 200, 8-2^00 MCL, 
Belgi urn 
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