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Abstract .

THERMORADIATION TREATMENT OF SEWAGE SLUDGE USING REACTOR WASTE TO OBTAIN
ACCEPTABLE FERTILIZER OR ANIMAL SUPPLEMENT FEED

This document is a report of the Beneficial Uses Program. This
program consists of a number of activities at Sandia Laboratories to
develop the necessary technology for cost-beneficial use of a maximum
amount of radioactive waste. Major activity is currently concentrated in
the Waste Resources Utilization Program which has as its objective the
use of cesium-13^/137 as a gamma radiation source, coupled with modest
heating, to treat sewage sludge to rid it of pathogenic organisms so that
it may be safely used as a fertilizer or a feed supplement for ruminant
animals.

I. INTRODUCTION

The feasibility of treating sewage sludge with thermoradiation to the ultimate benefit of so-
ciety depends on a number of factors. For any proposed use of the sludge, the degree of thermo-
radiation treatment needed must be determined. This involves biological studies of major classes
or organisms in sewage sludge.

The liter size flow-through system, put into operation for the first time,,pro-
vided sufficient quantities of treated sludge for good biological analysis and to start the animal
feeding program at New Mexico State University.

Approximately 3800 gallons of sewage sludge were thermoradiation-treated with the system.
The sludge was exposed to approximately 150 krads of gamma radiation at a temperature of 65°C.
The treated sludge vtia monitored for elimination of total coliforms and fecal strep. No fecal
strep bacteria were found in 400 sample plates; three contained coliform growth.

Additional experiments were run on sewage sludge at 70°C using a newly developed tempera-
ture conditioning container to provide a rapid sludge "heat up" and "cool down." Even with this
system, the coliform and fecal strep kill occurred so rapidly that heating and cooling tiir.es'were
sizable compared to the inactivation times. Inactivation times were 6 seconds/log for the coli-
forms and 10 seconds/log for fecal strep.
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II. MICROBIOLOGY

Bacteriology

Studies reported herein include the following: (1) inactivation of fecal streptococci and coli-

form bacteria in sewage sludge by 70° C heat, (2) dose rate effects (or lack of) for these micro-

organisms in sludge, (3) fractionation of sludge in order to determine settling properties of micro-

organisms, and (4) sludge treatment (flow-through system) for use in fertilizer and animal feeding

studies.

Special "plate" chambers were designed for the 70°C heat runs. These were constructed

of tliin stainless steel plates separated by approximately 1 mm to allow for good conduction of heat

and therefore for a fast "rise time." A typical profile is shown in Figure 1.
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Figure 1. Heat-Up Profile for 70°C Keat Runs
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Dose rate experiments using cobalt-60 were conducted in test tubes at various distances

from an 80,000-curie source. Some high dose rate studies were conducted with a Febetron 705

flash electron machine which delivers doses of high energy electrons as high as 1 megarad in 80

nanoseconds. Special thin foil chambers were constructed to allow the electron beam to penetrate

the biological samples. Dosimetry for the gamma sources was done by using TLD-400 chips

(CaF_:Mn); that for the Febetron was done by using optical density induced in a thin film of
2

chlorinated polystyrene.

A flow-through system was used for the thermoradiation treatment of approximately 3800

gallons of liquid sludge to be dried for use in fertilizer and animal feeding studies. This system

is describe in detail elsewhere in this report.

Techniques for the enumeration of fecal strep and coliform bacteria have been described
3 4

elsewhere ' and have been given EPA approval.

Heat Inactivation at 70°C — Figure 2 shows the inactivation of coliforms and strep bacteria

by 70°C heat. This presents a "minimum" inactivation rate since there is still a significant heat-

up time for the experimental system. This inactivation rate is approximately twice that measured

with the remote sampling system because of its much slower heat-up profile.3'4
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Figure 2. Inactivation of Feca l Strep and Coliform Bacter ia by Heat at 70°C
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Dose Rate Effects - - Figures 3 and 4 show the inactivation data for coliforms and strep, at

different dose rates, using cobalt-60 gamma irradiation. For purposes of comparison, the solid
3 4

lines are the previously reported ' inactivation curves determined by using cesium-137 at 30

krads/minute. It is seen that over this dose-rate range, no difference in inactivation rate is

found in either case, within experimental error; this range certainly includes any feasible dose

rate to be considered for process application. It is also clear that, as expected, there is no de-

pendency of inactivation rates on the source of radiation used. Within experimental error, the

high dose rate inactivation rates were the same.
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Figure 3. Inactivation of Coliform Bacteria at
Different Dose Rates
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Figure 4. Inactivation of Fecal Strep
Bacteria at Different Dose Hates

Sludge Fractionation - - It is well known that microorganisms tend to settle with the solids in

wastewater treatment procedures. Data obtained this quarter have confirmed this. In addition,

the data indicate that generally the microorganisms in the total coliform group in sludge tend to

settle more efficiently with solids than do those of the fecal streptococcus group.

Sludge Treatment for Animal Feeding and Fertilizer Studies — Approximately 3800 gallons

of liquid sludge were treated at 30 krads/minute to a dose of 150-180 krads at 65°C. Bacterial

counts were monitored on a random basis. Of 44 samples taken, three showed some degree of

coliform contamination following treatment; there had been a reduction of approximately 4 logs,

however. It is possible that the surviving microorganisms had been "protected" to some extent

by the sludge, perhaps in a semi-dry "clump." It is well known that in the dry state, coliforms

can behave much like spores in terms of their resistance to heat and irradiation (for example, an
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7
experiment conducted on a dry sample containing 10 coliforms/gram showed an inactivation

rate of greater than 200 krads/log, compared to ono of approximately 20 krads/log in the liquid

state).

No streptococci were found in any of the treated samples, including those showing coliform

survival. Studies are currently under way to verify the elimination of pathogenic bacteria such as

Salmonella, Shigella. Staphylococci, and others.

This quarter has been devoted to (1) continuing basic studies of change in microbiological

parameters of sewage sludge by combination treatment, (2) monitoring bacterial inactivation in

sludge by using the flow-through system for production of treated solids for animal feeding and

fertilizer studies, and (3) developing EPA-approved techniques for pathogen enumeration in treated

as well as in nontreated sludges.

Foliovirus Inactivation in Sludge - - Initial experimental results on inactivation of polio-

virus in sludge were presented in a - previous report. It was demonstrated that the

effect of sludge on the rate of heat inactivation of poliovirus is dependent on the proportion of

sludge present in the sample during treatment. As shown in Table I, the viability of the virus

decreased almost four orders of magnitude when heated in buffer for 200 minutes at 43°C {0.03",'a

survival). Upon addition of a small amount of sludge, the virus was almost fully protected during

this treatment (35% survival). However, with an increasing percentage of sludge in the sample

during treatment, this protective effect diminished appreciably. When 90% of the buffer was re-

placed by sludge the apparent inactivation of virus (0,1% survival) approached that in buffer alone.

An attempt was then made to physically separate the components in sludge responsible for

these opposite effects. For this, sludge solids were separated from liquid material by centrifuga-

tion at 10, 000 X g for 20 minutes. The pellet was then resuspended in a volume of buffer equal to

that of the decanted supernatant fraction and the separate sludge fractions were compared with total

sludge in protecting poliovirus against heat inactivation. As shown in Table I, the protective com-

ponent is found in the sludge solids since the resuspended pellet from a small amount of sludge

provides almost the same protection (30% survival) as total sludge while sludge supernatant gives

no protection (0.009% survival). Furthermore, the material causing loss of protection is apparently

associated with the liquid fraction since successive washings of large quantities of sludge solids

allow the degree of their protection (5% survival) to approach that afforded by small amounts.

Therefore, it appears that a component of sludge solids protects poliovirus against heat inactiva-

tion while the counter effect comes mainly from material present in the supernatant fraction

following centrifugation.



TABLE I

Survival of Poliovirus After Heat Treatment in Fractionated Sludge

Volume of Sludge in 2-Milliliter Sample Percentage (%) Survival or PFL! at
During Treatment 43°C. 200 Min

No sludge 0.03

0.05 ml total sludge 35.0

Supernatant from 0.05 ml sludge 0.009

Resuspcnded solids from 0.05 ml sludge 30.0

1.8 ml total sludge .0,1

Supernatant from 1.8 ml sludge 0.03

Solids from 1.8 ml sludge • 2.0
(first centrifugation)

Solids from 1.8 ml sludge 4.0
(second centrifuga.tion)

Solids from 1.8 ml sludge 5.0
(third centrifugation)

Until now it has been assumed that loss of plaquing ability of poliovirus during heat treatment

in sludge is equivalent to inactivation of viral replication potential. However, it is possible that

some component of sludge may become strongly bound to virus during heating and temporarily

block plaque formation. Some time later, this blocking substance may be removed and thus

expose fully infectious virus. Since sludge solids apparently interact with poliovirus to protect

against heat inactivation, they may remain bound during the plaque assay. This possibility was

investigated.

The nature of poliovirus after heat treatment in sludge was studied in the following manner.

Samples to be treated were seeded "with purified poliovirus which was labeled with either H-uridine
14

in its RNA component or C-amino acids in its protein. After heating, the samples were soni-

cated in 0.1% SDS and centrifuged at 10,000 X g for 20 minutes. Virus found in the supernatant

fraction was then analyzed.

The purpose of the initial experiment was to compare the recovery of label with that of

plaque forming units following treatment at 43°C for 200 minutes. This was best demonstrated by

using the uridine-labeled preparation. As shown in Table II, treatment in sludge resulted in

almost a full recovery of total radioactivity but a considerable loss of acid-precipitable label. At

the same time, the viral infectivity decreased by three orders of magnitude. These results suggest

that when poliovirus is heated in sludge its inactivation occurs in association with the physical

breakdown of the virus particles and the viral RNA released from these particles is subsequently

made acid-soluble.

Conclusive proof that the effect of sludge on the rate of inactivation of poliovirus is

concentration-dependent was established from changes in the sedimentation values of 14C-labeled
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virus during heat treatment. As shown in Figure 5, heating the virus for 200 minutes at 43°C

resulted in the dissociation of labeled particles into components with much lower sedimentation

values. A similar effect occurred during treatment in a large quantity of sludge (Figure 6).

However, Figure 7 shows that the dissociation of viral particles was clearly inhibited by the

presence of a small amount of sludge. Furthermore, the extent of protection shown in Figure 7

was equivalent to that previously found from the recovery of plaque forming units ( i .e . , ~40%).

It appears, therefore, that the inactivation of poliovirus by heat in sludge occurs in association

with the disintegration of viral particles.

TABLE II

Recovery of Labeled Poliovirus Following Heat Treatment in Sludge

Volume of Sludge in 2-ml Sample
During Heat Treatment

No sludge (0 min, 43°C)

No sludge (200 min, 43'C)

-1.8 ml sludge (0 min. 43°C)

1.8 ml sludge (200 min, 43°C

Recovery
Total

100

101

72

102

of II-cpm (%)
Acid-Precipitable

100

52

99

10

Recovery of
PFU (%)

100

0.02

4D

0.08
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The effects of sludge on the inactivation of poliovirus have lieen demonstrated, up to this time,

with only one strain of Type-1 virus called VU132. In order to determine the general applicability

of these re-ults to other strains of poliovirus, similar experiments were conducted with another

strain of Type-1 (Mahoncy) and a strain of Type-2 virus (P712-Ch-2ab). The salient features of

these experiments are shown in Table III. It should first be noted that these new varieties of polio-

virus are both more ftable than strain VR192 when heated in buffer. For example, the titer of

VI .92 decreased more than three orders of magnitude during 200 minutes at 43°C while both the

Mahoney and P712 strain retained greater than IOTJ of their original infectivities under these con-

ditions.

TABLE III

Comparative Rates of Heat Inactivation of Several Strains of Poliovirus in Sludge

Percentage TO Survival of PFU

Heat '

43°C,

43°C,

43°C,

45°C,

45-C,

45°C,

47°C,

47°C,

47°C,

49°C,

51°C,

Treatment

200 min

200 rain

200 min

80 min

100 min

100 min

20 min

20 min

20 min

5 min

3 min

Virus Strain

VR192 T

Mahoney

P712

VR192

Mahoney

P712

VH192

Mahoney

P712

P712

P712

No Sludge

0.02

25.0

13.0

0.03

0 . 5

0 . 7

0.03

0 .4

0.03

0.08

0.03

0.1 Alilliliter
Sludge*

14.0

-

-

1.1

31.0

61.0

0.008

5 .1

7 .4

0 .6

0.05

1.8 Alilliliter
Sludge1''

0.07

0.15

0.25

0.002

0.02'

0.03

<0.0002

0.003

0 . 1

0.02

0.001

Amount of sludge (6% solids) in 2-milliliter sample.

The most important point to be learned from the data in Table III is that the effect of sludge

on heat inactivation of these new poliovirus strains is qualitatively quite similar "to its effect on

VR192. At 45°C, for example, all three varieties are protected by a small amount of sludge but

lose this protection when heated in large quantities of sludge. There are, however, two some-

what significant differences between the results found for these new strains and those for VR192.

The first is that, even at the lowest temperature shown here, the rates of inactivation for the

Mahoney and P712 strains in large amounts of sludge are much more rapid than in the absence of

sludge. This was not previously found for VR192, even at a temperature of 39°C (results not

shown). However, as will be discussed below, the rate of inactivation of VR192 at .room tempera-

ture (~25°C) is much greater in the presence than in the absence of sludge. The second feature

to be noted from Table III is that small quantities of sludge protect Mahoney and P712 strains but



not VR102 at tlie higher temperatures. These two differenced indicate that the actual quantitative

cflVot of sludge on heat inactivation of poliovirus at any specific temperature is strain-dependent.

All previous results describing the effect of sludge on poliovirus inactivation have been

carried out by using a single batch of anaerobically digested sludge obtained from the Albuquerque

Sewage Treatment Plant on February 4, 1075. Clearly, sludge samples could be quite different

from month to month in both their physical and chemical properties. Therefore, a sludge sample

obtained several months later (August 15, 1075) containing 10f» solids was compared to that of the

earlier sample which contained only 6'!'o solids. For this experiment, virus was titered after

treatment at 43°C for 100 minutes in various amounts of both sludge types: As shown in Table IV,

Hie samples had very similar effects on the rates of poliovirus inactivation both at low and high

sludge concentrations. It appeEirs, therefore, that each sample contained the components which

protect poliovirus against heat inactivation and those responsible for loss of this protection.

Although poliovirus has been shown to be rapidly inactivated by heat and radiation in sludge,

nothing has been said concerning the probability of infectious virus being present in this sludge

prior to treatment. Certainly sewage contains large amounts of poliovirus. Equally as certain,

much of this virus gets trapped in particulate matter and carried with the sludge into the anaerobic

digester. At this point, it is unclear what happens to the virus. Efforts to detect infectious virurf

in sludge following digestion have been unsuccessful. Quite possibly, however, this could mercl\

be due to an inability to detect virus which may have become tightly bound to sludge components.

TABLE IV

Comparative Rates of Inactivation of Poliovirus In Two Sludge Samples
at 43°C for 100 Minutes

Percentage CM Survival of IT I
Volume of Sludge in 2-Milliliter

Sample During Treatment

No sludge

0.05 milliliter sludge

1.8 milliliter sludge

Old Sludge (2/-!/75)
6% Solids

0.03

27.0

0 . 3

New Sludge (8/15/70)
10"u Solids

0.03

33.0

0 . 2

In an attempt to determine what happens to poliovirus in sludge during anaerobic digestion,

the effects of digested sludge or: the rate of poliovirus iuactivation at room and ice bath tempera-

tures were studied. Here, all three varieties of poliovirus previously described were investigated.

As shown in Table V, no change in the infectivity of polievirus was detectable after 5 days at 4°C

in the absence of sludge. However, the virus titer decreased by about one order of magnitude

during this time period when held at room temperature. In the presence of sludge, the app.irent

rate of inactivation was tremendously accelerated at both temperatures.
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TAlSLli V

Recovery of Foliovirud After Five Days In Sludge
at Room Temperature or 4'C

Percentage ("••) Survival of I'I''I

No Sludge

No Sludge

+ Sludge,

+ Sludge,

Treatment

. 4°C

, room temperature

4°C

room temperature

VK192

100.0

6.3

3.8

<0.0003

Mahoney

100.0

11.0

3.6

<0 . 00005

V

100

8

3

< 0

'712

. 0

. 4

. 3

.0002

The loss of viral infectivity at ambient temperature and below in the presence of sludge may

not be due to inuctivation but merely the prevention of biological expression of the virus. It was,

therefore, necessary to determine the nature of the virus particles after several days in sludge.

The initial method was to measure changes in their sedimentation rates by centrifugaticn in linear
14density gradients. Using virus labeled with C-amino acids, a breakdown of particles was found

after 5 days at room temperature both in the presence and absence of sludge (Figure 8i. However,

the amount of particle dissociation at this temperature was significantly less than the loss of itifcc-

tivity previously noted (see Table V). This is especially evident in the sample containing sludge

where the virus survival was less than 0.0003°'o, and the sedimentation value of about lO'Io of the

particles was not detectably changed.

Loss of virus titer without a concomitant change in viral sedimentation rate was even more

evident after 5 days ir sludge at 4°C (Figure 8). Although survival was less than 4'!'o after this

treatment, there was almost no loss of label from the peak of intact virus. A similar result

occurred when the poliovirus was left for 10 days under these conditions. Here, the titcr dropped

to 0.6% of the value found in the absence of sludge (results not shown).

These results suggest that viral infectivity can be lost without the sedimentation value of

virus being substantially changed. It has been shown that the initial step in the inactivation of

poliovirus at high temperatures is the release of a specific viral protein which results in a signifi-

cant decrease in the sedimentation velocity of the virus particles. Therefore, it appears that

some other mechanism of inactivation may be involved here. One such mechanism could lie the

inac.tivation of the viral RNA within the particle. However, the possibility that the infectivity of

these particles is merely blocked by some sludge component also cannot be overlooked. There-

fore, the state of the RNA within particles still sedimenting at the position of this iafectious virus

following several days in sludge was examined.

To study viral RNA, molecules labeled with K-uridine were extracted from particles left

in sludge for 10 days at 4'C and compared in their sedimentation velocities with KNA from particles

in sludge for only 15 minutes. As shown in Figure fl, there is a significant decrease in the sedi-

mentation value of UNA molecules extracted from particles left for the extended time in sludge.
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Clearly, however, these molecules are not extensively cleaved since their average sedimentation
values are greater than 50"> of that of intact poliovirus RNA. These results suggest that the effect
of sludge on poliovirus at t'C is to induce a limited amount of RNA breakdown with the virion, thus
causing inactivation of virus particles but little if any change in their sedimentation rates.

From the results presented here, it can now be stated with certainly that loss of virus
plaquing ability in the presence of sludge at all temperatures studied in these experiments is due
to a true inactivation of the replication potential of the virus.

Finally, one more experiment was carried out to determine which portion of sludge (solids
or liquid) contained the component responsible for inactivation at lower temperatures. For this
experiment, sludge was centrifuged at 10,000 X g for 20 minutes to separate solid and liquid
phases. The solid phase was then resuspended in buffer, and the two components were individually
compared with the original sludge in their abilities to cause loss of poliovirus infectivity during 3
days at room temperature. As shown in Table VI, the substance causing loss of infectivity was
found mainly in the liquid fraction. This finding can be correlated with the previous result indi-
cating that the liquid portion of sludge contains the material responsible for the loss of -jrotectior.
of virus against heat inactivation.

TABLE VI

Fiv,o»"ery of Poliovirus After Three Days At Room Temperature
In Various Sludge Fractions

Sludge Fraction Percentage {",'<,) Survival of FFU

No sludge

Total sludge
Sludge liquids
Sludge solids

31.0
0.003

<0.001
6 . 3

In conclusion, these results show that poliovirus is rapidly inactivated in sludge by heating
at moderate temperature and more slowly at and below ambient temperature. Rapid heat inactiva-
tion is characteristically associated with breakdown of virus particles while the presence of sludge
at low temperatures appears to cause cleavage of viral RNA within the intact virion.
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III. IRRADIATION SYSTEMS

The fabrication of the flow-through system was completed early in September and was in-

stalled at the GIF in Area V. The first 2 weeks of September were required for installation, final

assembly, and shakedown runs of ihe system. In the next 2-1/2 weeks, approximately 4000

gallons of nominally 5% solids content sludge were treated at 65+°C, at 130 krads, and with a

residence time in the irradiator of 5 minutes. The 2-1/2-week treatment period required 24 hour

per daj attended operation (2 people) during the week days.

./i line drawing of the final system is shown in Figure 10. The sludge is brought in from

Albuquerque's Plant No. 2 in 55 gallon steel drums. The sludge is filtered through 1/4 inch

screen wire as the drums are filled. A plastic 55-gallon reservoir was used on the front end of

the system and was refilled periodically (every 2-1/2 hours) from the steel transfer drums. A

centrifugal pump is used to stir the reservoir. From the pressure side of the pump, sludge is fed

to the tubing pump which meters the flow. A counter recording the revolutions per minute of the

tubing pump measures the flow rate of the sludge. An infrared emitting diode and detector assembly

was used to measure the angular velocity. The sludge then went into a coaxial counter-current

flow heat exchanger that was described in the last quarterly report. At the flow rates used, the .

sludge exiting the heat exchanger was within 0. 2°C.of the temperature of the heating water from

the hot water heaters. A several degree loss occurred on the line from the heat exchanger to the

irradiator, but was regained from heat from the cesium source. The temperatures were adjusted

so that a minimum temperature of 64.5°C was recorded on the outlet of the irradiator (Figure 11).

From the irradiator, the sludge went into plastic 55-gallon drums to prevent corrosion. An addi-

tional hot water heater was used as a reservoir to provide 85+°C water for a rigorous pasteuriza-

tion of the entire system before and after production runs. The hot water also preheated the

system before use.

The plastic drums were then taken to Area III and emptied into drying vats. The drying

vats are polyethylene-lined, 8-feet diameter stock tanks with transparent polyethylene covers.

Solar energy is used to furnish energy for the drying and a squirrel cage blower removed the water-

vapor-saturated air. Eleven drying tanks were constructed. The sludge is still in the process of

drying. Approximately J.-1/4 tons of dry material will be finally produced for the animal refeeding

and greenhouse studies at New Mexico State University.

The system is now being modified to treat undigested sludge directly for the studies at New

Mexico State University. Two hundred pounds of dry matter are required for the studies.
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Cohalt-60 Storage Facility

The modifications to the SERF cutoff pool necessary to store 1.4 MCi of cobalt-60 have been

completed and were examined by a representative of the Operational Safety Group at the Albuquerque

Area Oifice of KRDA.

Three of the pins (360,000 kCi) have been shipped from Canada and are temporarily stored

in the GIF pool. Three more pins are due to arrive within 2 weeks. The first three pins have

already heated the GIF pool to 90"F and will have to be transferred to the cutoff pool where a cool-

ing system is installed.

Approximately 1 day and 7 people were required for the unloading of the cask. A 20-ton

crane was used to move the 15-ton shipping cask.

The depleted uranium transfer cask, on loan from LASL to take the pins from the ACPR to

the cutoff pool, has arrived and is being stored in Area V.

New Mexico State University Fertilizer and Animal Refeedint; Studies

Chemical analyses with respect to the nutritional values and the heavy metals content of the

treated sludge have been performed. They are summarized as:

Ash 30-50%

Crude Protein 16.25%

AD (acid detergent extractable) Fiber 58.0 %

AD Lignin 11,7 To

Ether Extract 6.7 %

Heat of Combustion 2.83 K-cal/g

Minerals (pprn)

Co-12

Mn-123

Cd-14

Cr-320

Ag-61

Se-2
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The rats (120) for the toxioity studies have been acquired and are being fed the test mixtures

of up to 25% treated dried sl.idg>>. The tests being performed are summarized by:

Number of Rats

12 100% basal (Purina Rat Chow)

12 90% basal 10% sludge (treated)

12 75% basal, 25% sludge (treated)

12 90% basal, 10% inert filler (a - cellulose)

12 75% basal, 26% inert filler

These tests, using the initial 25 pounds of thermoradiated sludge provided to NMSU, have

now been in progress for approximately one month. Body weights, urine assay, and feces assay

are being performed to evaluate the value of the sludge as a feed.

The 17 sheep have been acquired for tests with ruminant animals. Five of these have been

fistujated for ease in obtaining rumen samples. These sheep have recovered from the surgery

nicely.
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