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Abstract

INVESTIGATIONS OF THE EFFECT OF ELECTRON-BEAM IRRADIATION ON BACTERIA
IN SEWAGE SLUDGE

Investigations of the effect of electron-beam irradiation on

bacteria in sewage sludge.

The effect of electron beams on bacteria was investigates in

2 experimental facilities. A MOO kV electron accelerator was

used to irradiate sludge quantities of 10 1 and 18 0 1. The

total bacterial count, the number of coliform bacteria and, in

injected sludge, the relative bacteria density of salmonella

were investigates. A dose of 0,5 to. 0.7 5 Mrad was required to

reduce coliform bacteria to below the detectable level in

0.1 ml. With a dose of 1.5 Mrad salmonella were reduced by 6

orders of magnitude on the average. In addition, the dependence

of the reduction in bacteria on the dose rate as well as on

mixing of the irradiated material was investigated.

Substantial reproduction of bacteria in digested sludge was

found in all cases after the irradiation.

1. INTRODUCTION

Bv 1985 a sewage sludge output of 38 million m3 is expected in

the Federal Republic of Germany. Disposal of such large amounts

of sludge by incineration or pyrolysis is not possible for

economic reasons. Use of suitable sludge in agriculture would

provide a way out.

•• 27 -



According to a draft of an order regarding § 15 of the Federal

German Waste Disposal Law, only thermally treated, heated or

pasteurized sludges or thermally dried sludges are absolutely

safe when-it comes to preventing disease. The use of gamma

rays and electron beams was also tested as other methods. Both

produce basically the same biological effect, namely ionization

of atoms and molecules. The difference is to be found in the

depth of penetration. This is very low for electron beams.

2. MATERIAL AND METHODS

2.1 Experimental Facilities

Irradiation experiments were carried out in 2 experimental faci-

lities. One facility is located at the Werner and Pfleiderer

Company in Stuttgart-Feuerbach and is designed as a continuous

flow system.The heart of the facility, the electron accelerator

from the Brown, Boveri and Cie AG, Mannheim, has the following

data:

Accelerator voltage: max. 400 kV

Current (total): max. 60 mA on the total width o the
scanner (120 cm)

electrons"™ ° f ^ max- 1-2 ™> <at a density of 1).

In this facility sewage sludge is irradiated in a closed system.

In numerous experiments 18 0 1 of digested sludge were alterna-

tely transferred from a container into the irradiation compart-

ment and back to another container (Fig. 1). The irradiation

channel is oriented perpendicular to the scanner (Fig. 2).

Nozzles through which compressed air is introduced into the

material being irradiated are located on the bottom of the

channel. This compressed air causes turbulence in the 12 mm

thick layer of flowing material as it passes the field of beams.

The radiation dose can be varied by changing the number of

passes or recirculation time.
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Fig. 1: Storage container (200 1 ) , homogenizer, pump
and electrical installations
Company photo: Werner and Pfleiderer, Maschinen-

fabrik, Stuttgart

Fig. 2: Flow system; experimental construction in the
irradiation chamber
Company photo: Werner and Pfleiderer, Maschinen-

fabrik, Stuttgart
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Besides the experimental facility just described, a
facility at the Polymer-Physik Company in Tubingen was
used to carry out irradiation experiments- This facility,
which is designed as a recirculeting system, has an
electron accelerator with the following data:
Accelerator voltage: max. 400 ,kV
Current (total): max. 75 mA
Penetration of the electrons max. 1.2 mm (at a density of 1),

Approximately 10 1 of digested sludge are irradiated in
a tank containing an immersion pump which forces at a high
velocity beneath the field of beams the 6-8 mm thick
layer of material to be irradiated. This guarantees
intensive mixing of the material during the irradiation
(Pig. 3). The radiation dose is obtained from the radiation
time. Twelve (12) seconds correspond to a dose of 0.25 Mrad.

Jc- |e- je-

Immersion Pump

Outlet

Fig. 3; Recirculating system; 10 1 or 50 1 tank with
immersion pump
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2.2 Bacteriological Methods

In both facilities digested sludge with a natural bacteria

content was initially irradiated and then digested sludge

that had been injected with test bacteria. The samples

taken from the experiments with digested sludge with a

natural bacteria content were investigated for:

a) Total colony count/ml (Standard I-Agar; incubation

24 hours at 37°C).

b) Total coliformes/ml (Endo-Agar Type C-Merck;

incubation 48 hours at 37°C).

c) From samples which received the maximum doses counts

were made for coliforms from 1 and 10 ml resp.

(Membranefiltration device, Sartorius Type SM 16201

plus SM 16807).

Digested sludge was injected with salmonella suspensions

in other experiments. Five (5) different salmonella

strains were used: S. enteritidis, S. manchester, S. dublin,

S. senftenberg and S. typhimurium.

The relative bacteria density per ml was determined in the

samples withdrawn.

(Enrichment with Na-Tetrathionate with Malachit-green

added. Selective medium Brillant-Green-Phenol-Red-Agar,

Prilf Mannitol-Agar and Kligler-Agar. Final serological

identification with specific 0-and H-Antisera.)



3. EXPERIMENTAL RESULTS

3.1 Irradiation of Digested Sludge with a Natural Bacteria
Content

Digested sludge with a natural bacteria content was irradiated

in both experimental facilities, the dose being varied by

changing the irradiation time. The intensity of the radiation

was kept constant. A total dose of 0,525 Mrad was used for the

experiments in the continuous flow facility (Fig. 2). Here the

total bacterial count per ml was reduced by about 2 to 3 orders

of magnitude. The reduction in coliform bacteria per ml was 5

orders of magnitude (Tab. 1).

In the recircuiating system (Fig. 3) a total radiation dose of

0.7 5 Mrad was used. Here the total bacterial count per ml was

reduced by 3 to 1 orders of magnitude. The number of coliform

bacteria per ml was reduced by 5 to 6 orders of magnitude

(Tab. 2).

When irradiating with the maximum dose, no coliform bacteria

could be detected in 0.1 ml in any of the experiments.

Table 1: Reduction of the total bacterial count and coliform
bacteria in digested sludge by means of electron-
beam irradiation (continuous flow system)

Technical data: U = 400 kV; I total = 25 mA;
Q.

Layer thickness = 12 mm; Flow velocity=lm/sec

Dose: 1 pass = 0.017 5 Mrad

Number of
passes

0

10

20

30

Dose in
Mrad

0

0,175

0,350

0,525

Total bacterial
count/ml

2,0

1,2

1,6

7,9

X

X

X

X

106

10b

lO*

10d

Coliform

1 4

6,8

1,8

- in

bacteria/ml

x 105

x 103

x 102

0,1 ml
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Table 2: Reduction of the total bacterial count and coliform
bacteria in digested sludge by means of electron-
beam irradiation
(recirculating system)

Technical data: Ufl = 400 kV; I
Q B

- 10 mA

0

12
24
36

Mrad

0

0,25

a,so
0,75

Total 1
count/i

3,3

4,2

2,8

5,8

sac
nl

X

X

c
X

:terial

io6

10*

103

102

Colif

4

5
2
—

orm bacteria/ml

,8 x 10s

,6 x 102

germs

in 0,1 ml

3.2 The Effect of the dose rate
ON the Reduction in Bacteria

The dependence of the reduction in bacteria on the dose rate was

investigated in the continuous flow system (at the Werner and

Pfleiderer Company). Keeping the number of passes constant, the

beam current of 50 mA was reduced to 6 mA step by step (Fig. 4).

The experimental results showed that, with the duration of

irradiation held constant, the same reduction in bacteria can

be attained in spite of reducing the beam current down to

approximately 10 mA (Fig. 4).

According to these results, the duration is of greater importance

than the d o s e of the radiation. The explanation is that the

thickness of the layer of material irradiated (12 mm) is greater

than the penetration of the electrons (max. 1.2 mm). Some of the

bacteria in the digested sludge pass beneath the radiation source

without being irradiated with each pass.
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It is thus necessary to assure that each bacterium is kept in

the irradiated layer long enough to receive a cerbain radiation

dose. This is achieved by mixing the sludge in the field of

beams, piping system and storage tanks.

A minimum dose is necessary when irradiating. According to

the experiments carried out to date, this minimum dose is

approx. 0.007 Mrad per pass and is provided by a 10 mA total

beam current.

If a higher radiation dose per pass is used, an overdose

results. This does not result in any greater reduction in
bacteria.

These results are important for the economy of the facility.

Abb<. Keimreduktion in AbbaviiQkeil der Durchlaute.
Btstrahlung von Faulschlamm bet unterschiedlicbem
SlrohtstrcmtReduktion der cohformcn Heimtl

J
A
H*

10-

,1

fO-

^cotiforme
Keime/mf
fog-

X:—
A : -

- 50 mA
— 25 mA
— 10mA
... 6mA

10 20 X 50 Zahlder
Durchlaufe

Fig. 4-: Reduction in bacteria as a function of the number
of passes.
Irradiation of digested sludge with various beam
currents (reduction of coliform bacteria)



3.3 Mixing of Air with the Digested Sludge during the
Irradiation '

In the continuous flow system the sludge was mixed with injected

air during the irradiation for all experiments. This produces

optimum mixing of the sludge. Without mixing only those partic-

les are irradiated which are contained in th^ irradiated surface.

In addition, this mixing enriches with oxygen the material to

be irradiated. WOODBRIDGE (1) and TUMANJAN and PERSINA (2) have

already pointed out this effect of increased sensitivity of

bacteria to radiation in the presence of oxygen.

The magnitude of this effect was now investigated in the ex -

periments..To this end, digested sludge was irradiated without

the addition of air in a comparative test. The reduction in total

bacterial count and coliform bacteria amounted to 3 orders of

magnitude (Fig. 5).

Keimreduktion in Abhdngigkeit der Bestrahlungsdosis

(Reduktion der coliformen Keime)

Einllul) der Verwirbelungmit Luft

catiforme
Keimr/ml

ohne Verwirbelung
nvt Verwirbehng

Fig. 5: Reduction in bacteria as a function of the radiation
dose
(Reduction in coliform bacteria)
Effect of mixing with air.
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4-. Irradiation of Digested Sludge Injected with Salmonella

Digested sludge, that had been injected with 5 different
salmonella strains, was irradiated in the recirculating

n
system. The initial bacterial count for salmonella was 10'

o

to 10 bacteria/ml.

With the maximum dose of 1.5 Mrad, the strains were reduced
by just under 6 orders of magnitude on the average. In none
of the experiments carried out could the salmonella be reduced
to such a level that they were no longer detectable in 1 ml
(Tab. 5).

Table J: Reduction in bacteria for 5 different salmonella
strains by means of electron-beam irradiation

(recirculating system)

Technical data: U & = 400 kV; I B = 10 mA; Dose =1,5 Mrad

Salmonella
strains

S. enteritidis

S. manchester

S. dublin

S. senftenberg

S. typhimurium

Number of
samples

6

2
2
2
2

Seduction of orders
of magnitude

5-6

6

5
6-7
6
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5. BACTERIA REPRODUCTION AFTER ELECTRON-BEAM IRRADIATION

The samples were stored at room temperature for 4 days after

the irradiation. Then the number of coliform bacteria and

relative bacteria density of the salmonella were redetermined.

The number of coliform bacteria had risen to 10 to 10 bac-

teria/ml after 4 days in all experiments, that is in some

cases to above the bacteria density in the starting material

before irradiation. This reproduction was observed even if

coliform bacteria could no longer be detected in 10 ml directly

after irradiation.

In 2 experiments the reproduction of coliform bacteria in

digested sludge was investigated for 4 days at time intervals

of 24 hours (Fig. 6).

In these experiments the number of coliform bacteria had already

reattained the initial bacteria level after the 1st and 2nd day

after the irradiation. By the 4th day the bacterial count had

once again reached 10 to 10 bacterial/ml.

Abb 6: W/ederwochstum der eoliformen Keime
in Faulschlamm nach der Bestrahtung

cobforme
Xeime /ml
tog.

+ : Po Kontroliprobe
*: PM Prcbtmit 15 •

Mrod Bestrohlungsdosis

-in fOml

1 } 3 t Jogt nod, Bntnhkng

Fig. 6: Reproduction of coliform bacteria in digested sludge
after irradiation
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The relative bacteria density of the salmonella strains also

increased to 10~ to 10 once again after the irradiation.

The reproduction observed is probably caused by bacteria that

remain undamaged during the electronbeam irradiation; for

example, a reduction in the salmonella experiments to below

the detection limit in 1 ml was never attained. In digested

sludge with a natural bacteria content the reproduction is

possibly caused by undamaged coliform bacteria that are present

at such a low concentration that they can no longer be detected

in 0.1 ml.

Actually, it was found in the investigations that, in the

majority of experiments, between 1 and 5 bacteria are still

present in 1 ml.

These microorganisms presumably are derived from "dead parts"

of the pipe system.
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