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PREFACE

Disposal of organic sludge and liquid agricultural wastes is a
universal problem. Their production cannot be halted and as steps are taken
to maintain or improve the quality of rivers and lakes it grows in
quantity. The Commission's early awareness of the need for action to
prepare for substantial growth in the Community's'sludge disposal problem
led to the setting up of the COST 68 project to coordinate and guide
European research and development work with particular emphasis on
recycling sludge to agricultural land. Two years ago the field of research
activities was extended to liquid agricultural wastes. This Symposium is
the latest opportunity to provide a comprehensive review of the results of
the project, to define current trends in practice and to establish by
discussion the priorities for research over the next few years.

The development of instrumentation and of analytical techniques
during the period has extended our knowledge of the organic and inorganic
constituents of sewage sludge and agricultural wastes and enabled us more
readily to identify and measure the risks to which our general environment
may be exposed when disposing of it. This evolution of understanding is a
continuing process and an essential guide to the modification of disposal
practices to achieve safer and more efficient operations.

However, it is important to take a broad view of the application of
research findings in the light of the considerable contrast in conditions
in different parts of the world. Even in the European Community there are
wide variations in climate, agricultural practices, population density and
industrial capacity. Conclusions from research may have application in some
areas but not in others, and practices proved over time to be satisfactory
in some regions may not be of general application because of these
variations.

The agricultural disposal of sludge and agricultural wastes to land
can supply nutrients to only a small part of the productive land and
although of great value to farmers it has no major impact on national
agricultural operations.

It is the aim in disposing of sludge to protect public health and
provide a good environment at realistic cost by utilising best practice
based on sound scientific knowledge. ‘Operations should be carried out under
controlled conditions with provision for adequate monitoring by sampling
and analysis and one finds that the authorities responsible for waste water
treatment and sewage sludge treatment are well fitted to provide the
scientific and technical organisation needed for supervisory control and to
give farmers adequate information on the quality of sludge being spread on
their land. It is the correlation of this practical experience with new
information from research work which can build up systems of guidance.



The original objectives of the Symposium, jointly organised by the
Commission of the European Communities and the Water Research Institute of
the National Research Council of Italy, were to give a comprehensive view
on completed research in Europe in general, and more specifically on the
results obtained from COST 681 "Treatment and Use of Organic Sludge and
Liquid Agricultural Wastes" in the last two years.

P. L'HERMITE

October 1985
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OVERVIEW OF SEWAGE SLUDGE TREATMENT PROCESSES : AN OUTLOOK

Professor Ulrich Moller
Ruhr-Universitdat Bochum

Summary

English abstract of Professor Moller's paper '"General review of
treatment processes for sewage sludge; looking forward into the
future" (abstract prepared by editors).

The paper gives an over-view of sludge disposal routes and of
stabilization, dewatering and disinfection techniques. It is
predicted that future legislation will necessitate a closer and more
critical examination of disposal routes and lead to the introduction
of increasingly sophisticated techniques of treatment. As an example,
disposal to landfills would require dewatered sludges of a minimum
solids content. Sea-disposal of sludge would be unacceptable and
recycling on land or disposal by tipping would be the only options in
the future. Following the practice of the Federal Republic of
Germany, future legislation would specify sludge disinfection (at
least a reduction of pathogens e.g. salmonella).

1. Treatment, including pretreatment, as a prerequisite of safe disposal

Purification of wastewater (sewage) means first and foremost the
removal or elimination of polluting matter [1 ] (Figure 1).

Safe disposal of the residues, i.e. disposal avoiding harm to the
environment, is thus an integral part of sewage treatment and water
pollution control. In other words, final disposal of the residues must be
accomplished in such a way that they can have no prejudicial effects on the
environment.

Of the residues from sewage treatment, sludge presents the greatest
problem. The draft of the new German standard DIN 4045, Waste Water
Engineering Terms, defines sewage sludge as the water-containing solid
matter excluding any screenings, sievings and grit which can be separated
from the sewage [2 ].

As early as 1951, Dr. Karl Imhoff stated, in the 14th edition of his
"Taschenbuch der Stadtentwdsserung" (Municipal Sewerage Handbook) [3], that
"it is essential that sewage treatment should result in the complete
disposal of the sludge. A plant which fails to accomplish this is
worthless... the sludge can be finally disposed only by application to
agricultural land, dumping in the sea or on a landfill...". Presently, the
term "controlled tip(ping)" is preferred.

In Germany and in certain other countries, dumping of sludge at sea
has been prohibited for some time now, but in others, it is still disposed
of in this manner. Around 24 % of sewage sludge in the United Kingdom was
disposed of by ocean dumping in 1981 [ 4 ] and there are even plans to
increase the volume substantially.

According to reports from the United Kingdom, this method has not
caused any harm to the environment [ 4], but I personally feel that it is no
longer acceptable since sludge discharged to the sea also contains



potentially toxic elements which are dispersed in a manner that is not
amenable to long-term control.

Thus, sewage sludge can be disposed of safely only by :

(i) wutilizing it in some way, in particular by returning it to the natural
cycle, or

(ii) withdrawing it from the cycle by means of dumping, i.e. controlled
tipping (1], (Figure 2).

However, owing to its harmful properties and their potentially
undesirable and deleterious effects, sewage sludge cannot be disposed of in
the raw state. It must first undergo some suitable form of pretreatment,
the aim being to render it fit for disposal, i.e. to alter and improve its
characteristics through various processes so that the ultimate means of
disposal selected has no detrimental effects on the environment. Given this
objective, the type of treatment and its extent and result are geared to
the requirements of the disposal method.

The properties and composition of raw sewage sludge can have
undesirable and harmful effects. These characteristics include
(i) a high proportion of digestible organic matter,

(ii) a high water content,

(iii) the presence of a critically high load of pollutants,
(iv) the presence of pathogens.

(See Table 1).

This state of affairs will not change significantly and the
undesirable or harmful effects of sewage sludge will be subject to much
closer and more critical scrutiny in the future. It is therefore to be
expected that treatment and the techniques employed will have to comply
with much more stringent requirements, especially as regards quality of the
sludge and reliability of the techniques used. Treatment processes in
general will have to be more sophisticated. This will result in the
application of structured processes tailored very much to the requirements
of the particular method of safe disposal selected, and it goes without
saying that treatment techniques and processes will have to be optimized
both technically and economically.

2. Basic steps

The process of altering and improving the properties and composition
of sewage sludge comprises the following basic steps
(i) stabilization
(ii) separation of the sludge liquor, and
(iii) disinfection of the sludge.

Stabilization is a crucial step, both where the treated sludge is to
be spread on farmland or where tipping is the method of disposal chosen [ 5].
As a rule, tipping should not take place until the liquid content of the
sludge has been reduced to a satisfactory level.

Where the sludge is to be wused in agriculture, forestry or
horticulture, disinfection is often essential and the concentration of
potentially toxic substances must in any case be suitably low.

These basic steps must form part of any sludge treatment and disposal
system or process. The choice of steps and their chronological order are
variable, as illustrated in Figure 2.

Future treatment and disposal techniques will also have to take
account of the prerequisites enumerated above.

3. Stabilization
The organic_elements of the raw sludge resulting from treatment




processes are not stabilized. Their constituents, which under natural
environmental conditions are degraded as a rule by the action of
microorganisms, undergo an uncontrolled - but only partial - anaerobic
decomposition process, known as acid digestion. The critical products of
this digestion are low-molecular organic acids such as butyric acid and
acetic acid, which can be extremely malodorous.

Inadequately stabilized sludge can also give rise to other
aesthetically or hygienically undesirable conditions.

So one of the key objectives of stabilization of sewage sludge or its
critical constituents by means of controlled processes is to prevent the
uncontrolled anaerobic partial decomposition of the organic substances.

The purpose of controlled stabilization is to reduce the organic
matter content susceptible to putrefactive bacteria and/or alter its
characteristics so that the sludge can no longer be a nuisance to the
environment. The degradation and transformation processes associated with
sludge stabilization generally involve conversion of the constituents from
an unstable, generally high-molecular and energy-rich form into a stable,
generally low-molecular state with a low energy content. Transformation of
the constituents into inert substances (mineralization) is the outcome of
these processes.

Sludge can thus be stabilized by means of biological (aerobic or
anaerobic), physical and/or chemical and, in particular, thermal
decomposition and transformation processes (Table 2).

By contrast, stabilization by the addition of lime involves temporary
inhibition of the degradation of the organic substances by putrefactive
bacteria. This is achieved by raising the pH to a value above 10.

The primary objective of the stabilization process is to stabilize
the substrate, with a substantial reduction in any constituents liable to
produce odours. Secondary objectives include
(i) a reduction in the volume of sludge (solids),

(ii) enhancement of the dewaterability of the sludge,

(iii) reduction of pathogens,

(iv) production of biogas (only under anaerobic conditions), and
(v) creation of storage capacity.

The objectives of the process, and thus the degree of stabilization,
should be geared to the destination of the sludge, be it further treatment,
utilization or disposal.

The key objectives of the stabilization process (see Table 3) are
thus :

(i) application to agricultural land (in liquid form),
(ii) application to agricultural land in dewatered state,
(iii) storage of liquid sludge in sludge lagoons,

(iv) tipping in dewatered state,

(v) tipping of residues after incineration.

Table 4 shows the relevant stabilization parameters, together with
the corresponding degrees of stabilization observed by various authors. The
values for loss on ignition are in correspondence [8] with the original
proposal [7] , while the other parameters correspond to the definitions
given by the authors cited [9], [10], [11], [12]. Experience shows that the
range of values for acetic acid and fatty acids content are achieved with
most types of sludge after a shorter period of stabilization than for loss
on ignition or the BOD/COD ratio. This is particularly true in the case of
"full stabilization" (i.e. the maximum degree of stabilization technically
attainable, or the '"practical digestion limit") under anaerobic conditions.
(See also [2]).

Compared with the other parameters, "loss on ignition " has the



advantage of being more straightforward and less demanding in terms of
analytical effort. The results achieved are often not reliable enough.

In practice, stabilization of the constituents of sewage sludge is
effected primarily by biological techniques (Figure 3).

4. Separation of the sludge liquor

With increasing concentration of the solid matter, or reduction in
the water content, not only the volume of the sludge but also its
properties are altered (Table 5/Figure 4). From the point of view of
volume, concentration of the solids beyond 30 %, i.e. reducing the water
content to under 70 %, is of little practical use, but when it comes to
further treatment and disposal of the sludge it could be important to
withdraw enough liquor to eliminate the sticky properties of the sludge in
particular. Table 5 indicates the physical characteristics of municipal
sewage sludges with varying solids/water content and an insignificant
industrial effluent component.

The solids/water content of sewage sludge is not really a good
yardstick for determining its suitability for tipping. However, in the
absence of a technique for measuring and assessing the suitability of
sewage sludge for tipping, the approach in Germany has been to use water
content as a criterion for assessing whether the sludge can be tipped
together with normal refuse 14 . So a new method has now been developed in
Germany to determine the suitability of sewage sludge for tipping 15 , 16

The reason for the high water content of sewage sludge, and thus the
technical problems involved in separating the water from the solid matter,
is its considerable capacity to bind readily, both physically and
chemically, to the solid matter. The extent of this waterbinding capacity
is a function of the constituents of the sludge.

The organic constituents of sludge bind very readily to water, but
the colloidal and gel-like constituents present in secondary sludges from
activated sludge plants and hydroxide sludges in particular bind more
readily still, thus contributing substantially to the considerable
waterbinding capacity of such sludges.

This also explains why different types of sludges with quite
different composition and binding capacity are produced by the processes
used at each individual sewage treatment stage to eliminate the various
constituents.

It is generally acknowledged that organic matter accounts for between
65 and 70 % of the solids present in raw sewage sludges of domestic origin
containing an insignificant amount of industrial effluents. If the sludge
does contain a substantial amount of organic industrial effluents the
organic component of the solid matter can rise appreciably, but this
component may drop significantly in raw sludges with a largely inorganic
pollution load from industrial sources.

Although the breakdown of the organic constituents of wastewater or
sewage sludge during biological treatment in particular or during
stabilization results in a reduction in such constituents, and particularly
in the proportion of colloidal and gel-like components, this does not
affect the different binding capacities of the different types of sludge
produced at each stage of treatment.

On the contrary, these differences continue to play a crucial role in
all the subsequent phases of sludge treatment and disposal, and in
particular in all the processes and steps involved in the separation of the



sludge liquor, namely

(i) conditioning; the appropriate dosing depends on the type and amount
of the conditioning agent,

(ii) thickening and dewatering; the specific initial solids content and
the specific process result - the latter chiefly involving the
throughput attainable, the separation effect achieved and the final
solids content are decisive variables,

(iii) drying, as a separate stage or in combination with incineration; the
initial solids content of the feed is a decisive variable.

In addition, the capacity of sludge to bind to water - expressed, for
example, in terms of its thickening capacity and dewaterability - can even
be reduced as a result of stabilization. This is one of the undesirable
side-effects typical of '"cold" aerobic stabilization. Moreover, sludge
which has already been partially digested does not lend itself at all well
to conditioning or dewatering (Figure 5).

As a consequence of these associations, it is more necessary than
ever before to come up with the best possible combination of quality
requirements for wastewaters discharged to the sewerage network, the
choice, combination and form of treatment processes, and the specific steps
involved in the requisite sludge treatment and disposal.

5. Disinfection of sewage sludge

The purpose of disinfection is to render the sludge safe from a
health point of view [18], [19], [ 20] whether or not the sludge liquor has
been separated, and independent of the basic step of stabilization.

Prior disinfection is essential (see Table 6) if sewage sludge is to
be used in agriculture where :

(a) the sludge is to be spread on arable land, in the growing season [ 20 ],

(b) the sludge is applied to grassland and fodder crops 21 from 1 January
1987 : application permitted throughout the year; until 31 December
1986 (transitional arrangement) : where sludge is applied during the
growing season, from the beginning of the year until end of utilization
or completion of the harvest.

It is worth noting here that maize does not count as a fodder crop
[22], [23]. ‘

The rules contained in guide-line (Merkblatt) M7 [ 20] on the
application of sewage sludge to arable land remain in force, whereas those
rules on the application of sludge to grassland and land given over to
fodder crops will expire after a transitional period on 31 December 1986.
The latter will be replaced as of 1 January 1987 by the Sewage Sludge
Regulations, which lay down a more stringent requirement. The new
requirement will then have direct legal effect [ 24].

The purpose of sewage sludge disinfection is a preventive one, the
idea being to break the possibly existing chain of infection (sewage -
sludge - soil - plant - animals - humans) with salmonella and other
pathogens.

Disinfection will also help to eliminate parasites where sludge is
used to fertilize grassland and to interrrupt the host and intermediate
host cycle [25].

5.1. Sewage sludge disinfection : definitions

The Sewage Sludge Regulations of 25 June 1982 contain the following



definition (chapter 2 (2))

"A safe sewage sludge is one which has been subjected to chemical or
thermal conditioning, thermal drying, heating, composting, chemical
stabilization or any other process in such a way that pathogens are killed

"

This definition enumerates the processes which can be wused to
disinfect sewage sludge. Guideline M7 [20] gives a more precise description
of these processes in its section 5.3 to 5.6 below :

"Conditioned sludge
Chemical or thermal conditioning should above all enhance the dewatering
potential of the sludge.

Sludge which has been chemically conditioned by the addition of
metallic salts, alkaline earths or polymers, etc. may be used in
agriculture provided that such use is not ruled out by the presence of the
chemicals added. Sludge thus treated, like stabilized sludge, has to
undergo further treatment before it can be considered hygienically safe.

If the pH value of the sludge is raised to 10 by the addition of
alkaline earths and the sludge is then disinfected after a certain reaction
period, the range of application of the sludge may be extended so that it
corresponds to that of thermally conditioned sludge.

Thermally conditioned sludge subjected to temperatures and reaction
times corresponding at least to those applied in heating wet sludge poses
no health problems and, in common with the types of sludge described below,
can also be used for gardening and vegetable growing, or during the growing
period on arable and grassland.

Thermally dried sludge
Thermal drying not only removes water but can alos kill pathogens.
Thermally dried sludge poses no health problem if the drying process has
the same effect as the heating of wet sludge.

Heated wet sludge (pasteurized sludge)

Sludge subjected to temperatures of over 65° C for at least 30 minutes may
be considered as hygienically safe and can therefore be used for various
applications in agriculture.

Composted sludge
Composted sludge may be used in agriculture provided it has been subjected
to the requisite composting conditions at temperatures of at least 65° C."

The following rules apply to stabilized sludge :

"Stabilized sludge
Liquid, dewatered or naturally dried stabilized sludge treated
anaerobically (fully digested in digestion tanks or chambers up to the
technical digestion limit) or aerobically (in aeration tanks), and thus
rendered inoffensive as a result of the reduction in its putrescibility,
has to undergo further treatment before it can be considered as safe."

Guideline M7 therefore not only enumerates the processes that can be
used to disinfect sewage sludge but also indicates the appropriate
mechanisms for achieving that end.

These German definitions can be regarded as indirect definitions
since, unlike the Swiss definition, they are not based directly on the
findings of an examination of the sewage sludge that was to be labelled as
safe before disposal. Article 1 of the Swiss Sludge Regulations [ 26 ]
defines sewage sludge as follows
"Sewage sludge is considered as hygienically safe, if it contains no more
than 100 enterobacteriaceae per gram and is free of helminth eggs when
delivered by the sewage works owner."




5.2. Established sewage sludge disinfection processes

Three different mechanisms (see also Table 1) can be used to
disinfect sewage sludge :

a) Adequate heat treatment, by means of :
(i) an external heat source in :
- pasteurization,
- thermal drying,
- thermal conditioning or similar treatment, or
(ii) Spontaneous heating using various composting methods, or
(iii) Development of heat by adding unslaked lime to the sludge,

b) Adequate radiation treatment

c) Adequate adjustment of the pH value, by adding calcium hydroxide, eg
during conditioning, or quicklime.

Established and proved disinfection techniques include :

a) those involving an external source of heat :
(i) pasteurization, [ 271, [ 28], [ 29]
(ii) thermal conditioning,
(iii) thermal drying,

b) those involving spontaneous heating (see also Table 1)
(i)  aerobic-thermophilic sludge stabilization {30], [31], [32],
(ii) bio-reactors [33], [34], [35],
(iii) composting jointly with refuse [36],
(iv) addition of quicklime [37], [38];

c) irradiation techniques :
(i) gamma irradiation [39], [40], [41]

d) adjustment of the pH value
(i) addition of hydrated lime, eg during conditioning [38],
(ii) addition of quicklime [37], [38].

6. Summary

Owing to its harmful properties and their potentially undesirable and
deleterious effects, sewage sludge cannot be disposed of in the raw
state. It must first undergo some suitable form of pretreatment, the aim
being to render the sludge fit for disposal, i.e. to alter and improve
its characteristics through various processes so that the ultimate means
of disposal selected has no detrimental effects on the environment.
Given the objective, the type of treatment and its extent and results
are geared to the requirements of the disposal method.

Treatment comprises the following basic steps
(i) stabilization,
(ii) separation of the sludge liquor, and
(iii) disinfection of the sludge.
Each of these steps involves a variety of processes.



This state of affairs will not change significantly and the
undesirable or harmful effects of sewage sludge will be subject to much
closer and more critical scrutiny in the future. It is therefore to be
expected that treatment or preliminary treatment and the techniques
employed will have to comply with much more stringent requirements than
in the past, especially as regards quality of the sludge and reliability
of the techniques used.

In general, more sophisticated techniques will have to be applied.
This will result in the application of structured processes tailored
very much to the requirements of the particular method of safe disposal
selected, and it goes without saying that treatment techniques and
processes will have to be further optimized, among other things, with an
eye to their cost.
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Objective of Stabilization Requisite degree of stabilization

Application in agriculture in ) Fully stabilized
liquid state )
)
Application in agriculture in ) Where the sewage sludge is
dewatered state ) desinfected :
) also incompletely or
) even unstabilized

storage of liquid sludge Fully stabilized
in lagoons

Tipping in (i.e. up to the technical limit)
dewatered state

Tipping after Unstabilized prior to incineration
incineration

Table 3 : Degree of stabilization required for different objectives of the
stabilization process
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Dry matter content Moisture content Characteristics

<15 - 20 % >85 -~ 80 % Fluid to mushy, capable of
being pumped

- 20 - 30 % -8 - 70% Generally suitable for
shovelling, still plastic,
| sticky, thixotropic

> 35 - 40 % >65 - 60 % Crumbly, no longer sticky,
leachable only to a limited
extent

> 60 - 65 % <40 - 35 % Capable of being spread,
consolidated

> 85 - 90 % <15 - 10 % Powdery

Table 5 : Characteristics of sewage sludge types with different moisture
content.




Table 6 : Rules for the safe application

of sewage sludge in

agriculture as laid down in the Sewage Sludge Regulation and

Notice No M7 [21] [20].

I II 111 v vi VI
Unutilized |Arable land |Grassland and | Vineyards | Fruit growing | Forestry | Vegetable growing,
land fodder crops parks and gardens
d) e)
a) ™ e |r ¢
5.1.1 Raw sludge nhr - - - - - - - -
5.1.2 Sludge from small )
sewage works and nhr + + -¢ - - - +)3 -
cesspools
5.2.1 Liquid anaerobically | nhr
or
o n - )3
5.2.2 Dewatered aerobically nhr + + o2 - + -
tabilized
5.2.3 Naturally s nhr
dried sludge
5.3.1.1 Chemically conditioned
sludge (without ade- nhr
quate disinfectant
effect)
5.3.1.2 Chemically conditioned
sludge (with adequate
disinfectant effect)
5.3.2 Thermally conditioned
sludge
5.4 Thermally dried )3
sludge * + + - + -
5.5 Heated liquid sludge
(untreated, stabilized)
5.6 Composted sludge
5.7 Chemically stabilized

nhr = no health risk

F = fallow season (see also footnote b)
G = growing season
+ = spreading permitted

- = may not be spread

a) This category includes arable land not under
crops, marginal land, ploughed-over grassland,
newly planted forest land, waste land and
reclamation land.

b

The fallow period includes the winter months
and the period in which the land is free of
plants and fruit grown for human or animal
consumption. Outside the winter months sludge
should be spread in a way that is not
detrimental to other farm land.

c) During the growing season sludge posing no
health risk may be spread on harvested arable
land provided it is worked immediately into the
soil and provided that no vegetables or fodder
crops are sown immediately after spreading.
Where grain cereals are concerned, this period
may be extended until just ©before shoot
emergence, and where grain maize is concerned
until the plants reach a height of 25 - 30 cm.

d

-~

Typically, clover and fodder catch crops. Maize
does not come into the latter category within
the meaning of Article 4 (3) (1) of the Sewage
Sludge Regulations.

Potatoes, which are root crops, do not count as
vegetables.

~18 -

After 31.12,1986

Only until 31.12.1986 (transitional
arrangement); until then only from
completion of use / harvest until
the end of the year.

Only with special consent.

Spreading of raw sludge is not
covered by the "Sewage Sludge
Regulations". It comes under the
regulations on waste disposal.

This category includes sludge
subject to stabilization in
multi-chamber facilities or plant
with similar effect.
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Figure 5 : Dewatering potential (CST value) of municipal sewage sludge as a
function of sludge digestion period.
According to LOLL (17)




DISCUSSION
G. MININNI

Are there laws in the Federal Republic of Germany to control the
treatment and disposal of sewage sludge?

R.L. LESCHBER

Regulations, with the force of law, for the control of the treatment and
disposal of sewage sludge were introduced into the Federal Republic of
Germany in 1982 by the Federal Ministry of the Interior. These
Regulations cover many aspects such as sludge and soil quality,
application rates and, very importantly, hygiene aspects.

In the Federal Republic, we have tried to reduce environmental pollution
by following 3 main principles:-

1. Concern for the environment -

this has led to practices designed to reduce the pollution potential
of the sludge, eg. heavy metal content, in the first place. One way
of achieving this is by a stricter control of the discharge of
industrial effluents containing heavy metals to the public sewerage
system.

2. Communication -

a number of Working Parties of experts from both research and
operational organisations have been established to help diseminate
the "state of the art".

3. "Polluter pays" -

this principle has been shown to work well but can only operate after
the nature and source of the pollution has been identified.

A further way of removing heavy metals from sewage sludge is through
bacteriological leaching. Battelle Research Laboratories are examining
the process at the present time. It appears, however, to be so expensive
that it only could be used as a final resort.



TREATMENT PROCESSES FOR FARM WASTES

V C NIELSEN
Head of the Farm Waste Unit, A.D.A.S.
Ministry of Agriculture, Fisheries and Food

Summary

This paper reviews the current state of bielogical treatment methods
for liquid manures to control environmental pollution and to achieve
better utilisation of the fertiliser value.

Improved performance of both aerobic and anaerobic treatment
systems can be achieved by better evaluation of the farm problem.

A method of carrying out a farm survey is described.

The parameters which control aerobic treatment <f farm slurries
have been defined under laboratory and in small pilot plants. Farm
scale designs based on these parameters have yet to be evaluated.
The design and operation of aerators in farm systems need further
development to improve performance in terms of Kg02/kWh,

Laboratory-scale experiments have established the parameters
which control anaerobic digestion but application to farm scale
digesters remains a problem.

Efficient utilisation of the biogas produced has yet to be
achieved. Odour control is an important factor in the economics of
anaerobic treatment, better evaluation of its effectiveness needs to
be demonstrated.

1.  INTRODUCTION

This paper reviews the research and development and farm scale opera-
tion of biological treatment systems for liquid manures, for the control
of environmental pollution and improved utilisation as a fertiliser. The
increase in environmental pollution arising from intensive livestock hus-
bandry practices has led to public concern and this has pressurised
government departments into finding solutions. As a result there has
been a general tightening of planning controls for livestock farms and
control of polIution legislation. The need to find solutions has encour-
aged industry and research centres to develop novel and improved systems
of handling and storing farm wastes and for a range of treatment systems
which will enable farmers to comply with the standards required.

The aim of treatment must be to enable intensive livestock farming to
continue while operating within the constraints of pollution legislation
and at a cost which can be sustained by the enterprise. One approach is
to develop systems which intensify the natural microbial processes of
decomposition which take place in the soil, (1). Treatment must produce
a stabilised product which can be returned to the land and utilised as a
source of plant nutrients without causing pollution of the environment.

Biological treatment systems for liquid farm manures must operate
within the following constraints:

1. The plant must be able to treat the daily input of livestock manure
throughout the year.

2. The output should comply with the regulations set by enforcement
authorities.



3. The installation, running and maintenance costs must be realistic and
be within the economics of livestock production.

4, Systems must be relatively easy to operate by farm staff and have a
low labour requirement.

5. Systems must be robust (eg an operational life of at least ten years)
and be capable of being repaired and maintained quickly and easily.

Treatment systems designed to stabilise farmyard manures (faeces,
urine and bedding materials) or slurries (faeces, urine plus some addi-
tional water from pen cleaning etc), should be assessed on their ability
to:-

1. Control odours during storage and following application to land.

2. Stabilise soluble organis matter to prevent water pollution follow-
ing land spreading.

3. Control the spread of livestock diseases, (bacteria, viruses and
helminths), and plant pathogens.

L., Improve the utilisation of the major plant nutrients, (N P & K).

Se Control N content of treated slurry when required.

6. Utilise where possible surplus heat, energy and other valuable by-
products to help offset running costs.

2. BIOLOGICAL TREATMENT PROCESSES IN USE

Treatment processes which are available for the treatment of liquid
manures, (faeces, urine, some additional water = slurry) are:

1. Aeration

2. Anaerobic digestion

Biological treatment systems depend on the conditions in the slurry.
The availability of exygen has a fundamental effect on the microbial
processes within the treatment system. An unrestricted supply of exygen
will result in the development of aerobic reactions. In the absence of
oxygen the reaction will result in anaerobic fermentation.

The total solids content of the manure willaffect the method of
treatment. Wastes of high total solid contents (over 12 per cent) such
as farmyard manure, poultry manure and solids from the mechanical separa-
tion of slurries are most effectively treated by composting. Total solid
contents of less than 12 per cent are liquid in character and are most
effectively treated by aeration or anaerobic processes.

The control of the volume and dilution of the substances from which
the mixed microflora obtain the essential components for continued metabo-
lism is often overlooked in the design and operation offarm scale plants.
Volume and dilution must be controlled and be uniform to provide meaning-
ful parameters on which to base the size of the treatment tank and to
achieve the desired mean residence time for treatment. Wide variations
in the daily volume caused by the uncontrolled entry of rainwater and
washing water into the collection tanks will alter the total solids con-
tent and volume and lead to failure of the system. Alternative arrange-
ments for dealing with exceptional conditions must be incorporated into
the design of the system,

Temperature affects microbial activity, increasing it will speed up
activity. The microbial species will change depending on their optimal
growth temperature. Extremes will inhibit activity. In temperate
climates the ambient temperature will not affect aerobic treatment. Low
winter temperatures will affect the operation of anaerobic digesters and
thought should be given to preheating slurries before treatment to avoid
temperature shock.

The presence of toxic metals, disinfectants or medicants for the
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livestock inhibit treatment. It is essential to the success of the
system that these substances are separated and kept out or the manure con-
taining them does not enter the treatment system.

2.1 Farm surveys

Any farm with a pollution problem should be surveyed. This survey
should be carried out as part of the investigations to determine the ex-
tent and type of pollution and to obtain essential background information
on the livestock husbandry practices on the unit, this should include:-

1. The cause, extent and type of pollution.

2. The layout and design of livestock buildings, stores and waste

handling facilities.

3. The situation of the buildings in relation to natural drainage,

wind direction and proximity to private houses.

L4, The age range and numbers of stock at various stages of growth.

The diet, method of feeding and availability of drinking water.

5. The characteristics and volume of manure to be treated. It is

usual to carry out analysis for: total solids, (TS), volatile solids

(Vs), volatile fatty acids, (VFA), chemical oxygen demand, (COD,

biochemical oxygen demand, (BOD), total nitrogen, (TN), ammonium

nitrogen, (NH4-N), nitrate nitrogen, (NO3-N), phosphorus, (P),

potassium, (K), copper, (Cu), zinc (Z), and for pH.

Monitoring should establish when possible variations in volume are likely
to occur, daily, weekly or monthly and at what point in the system.
Variations in climate likely to affect treatment, prolonged dry spells,
heavy rainfall or snow, duration of severe frosts. This information
will influence system design.

3. AEROBIC TREATMENT

The aim is to maintain livestock manures in an aerobic state prior to
application to agricultural land. It is used primarily to control odours
during the storage and spreading of slurry, (2, 3 and 4). Other advant-
ages are that the treated slurry contains less soluble organic matter than
fresh or anaerobically stored slurry and is less likely to lead to organic
pollution of water courses, (5, 6 and 7). Manipulation of the dissolved
oxygen concentration during treatment and mean residence time can be used
to remove up to 70 per cent of the NH4-N, (8 and 9). Treatment can
destroy harmful pathogenic bacteria, (10), and aerobic-thermophilic
teeatment is an effective treatment for many pathogenic viruses, (11).
Systems can be designed and operated to recover the exothermic heat of the
microbial reactions to produce surplus low grade heat which can be used on
the livestock unit, (12 and 13).

The parameters which control continuous aerobic treatment have been
defined for pig slurry (8) and for cattle and poultry manures, (14).
These parameters are as follows:-

3.1 Oxygen demands

When oxygen is present, micro-organisms break down organic chemicals
to simpler substances or carbon dioxide and oxidise nitrogen containing
chemicals to nitrate. The nature and speed of these processes depends on
the amount of oxygen available, the temperature and the time. Equations
for carbon (15) and nitrogen (10 and 15) have been given and combinations
of them define the total oxygen demand of the system (16 and 18).
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3.2. Oxygen Availability

If minimal oxygen is present, odorous substances present can be
oxidised, removing the immediate smell but leaving chemicals which can
reconvert to odorous substances in anaerobic conditions. As oxygen input
is increased (or more time is allowed) these substances, too, are broken
down, these processes use up oxygen sufficiently quickly to keep the
oxygen dissolved in the liquid at very low (almost undetectable) levels.
Finally, when oxygen is more freely available, more extensive oxidation
of organic chemicals occurs.

3.3 Choice of aasration rates and treatment time

At a given temperature (determined by microbial activity in the slurry
as well as by ambient temperature) the length of time and the rate of
aeration can be varied to alter the odour offensiveness of the treated
slurry and the potential to regenerate odours during subsequent storage
before spreading. To achieve an odour offensive rating of 2 (faintly
offensive, 18 and 19), will require a minimum treatment of 2 days. A
treatment of 5 days will prevent odour regeneration for several months
(10 and 15).

Similarly the level of dissolved oxygen to be maintained varies
depending on the objectives/aims of treatment. The options are to:

1. spread slurry immediately after treatment,

2. store treated slurry for several months before speading,

3. combine odour control with a reduction in water pollution

potential,

4, control the residual nitrogen content,

Se for odour control with heat recovery.

A computer program to select and solve the most appropriate set of
equations has been produced by Evans et al, (8), for any of these five
options. The results of these equations suggests the retention times and
oxygen demands and hence aerator sizes need to achieve the treatment
options.

Laboratory scale work has demonstrated that similar effects to those
described by the equations, (8), can be achieved using aerobic treatment
with no detectable dissolved oxygen by controlling the Redox potential
of the mixed liguor to Omv Eh and producing an acceptable odour free,
stable slurry, (16). Other work has shown successful odour control
maintaining the Redox potential of the méxed liquor at levels as low as
-50mV (Eh), (19).

3.4 On-farm treatment systems

Farm scale aeration systems are in use in many countries to control
odours, water pollution and to reduce the nitrogen content of the slurry.
Heat is recovered on some sites and the methods used have often been
improvised by the farmer, (20 and 21).

The most common design of treatment system is the semi continuous
flow process, that is the daily slurry load is pumped often in small
batches on a regular basis into the treatment tank. Pretreatment in the
form of mechanical separation to remove coarse solids from the liquid
fraction may be used to improve pumping, avoid blockages and reduce the
energy demand when mixing the contents of the treatment tank. Separator
designs in use have been evaluated by Pain et al, (22). Low total solid
slurries of less than 3 per cent are normally treated without separation.
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The whole or separated liquid fraction of the slurry is either pumped
or flows by gravity into the treatment tank. The size and configuration
of the tank invariably depends on the size and shape of tanks already used
for storage purposes on the farm or when new tanks are obtained, the size
is determined by the mean treatment time required. There are no pub-
lished design data available for slurry treatment tanks in relation to the
type and size of aerator used.

There are five basic types of aerators available totreat farm
slurries, these are: mechanical surface, mechanical sub-surface, combined
compressed air with either diffusers or mechanical mixing, and pumped
liquid, (venturi or jet type). The performance criteria which need to be
determined for efficient aeration have been reviewed by Cumby, (23). The
most important of these is the ability of the aerator to provide adequate
dissolved oxygen to the entire volume of the treatment tank. The
efficiency of the aerator is the mmin criterion of its performance. This
is usually expressed as the ratio of the mass of oxygen transferred to the
energy consumed: kg 02/kWh. Transfer efficiencies of less than 1 kg
02/kWh are considered poor and inefficient, good transfer efficiencies
range between 1 and 2 kg 02/kWh, a few experimental machines have
achieved more than 2 kg Oz/kWh, (24). The parameters which control
oxygen transfer include the T.S. content of the slurry, air/slurry contact
time, the area of the air/slurry interface per unit volume of air. These
factors can have a significant effect on the operational performance of an
aerator. A secondary requirement of an aerator is that it must complete-
1y mix the contents of the aeration tank. The concept of energy density
has been used to assess the mixing ability of mechanical aerators. 30 W/m3
has been estimated to be necessary to achieve complete mixing, (depending
upon tank size and shape), however 3 W/m3 is usually the level found in
farm aeration systems, (25). Using energy density seems an indirect way
of providing design data. It would be better if manufacturers used
oxygen inputs.

Electricity charges make up between 20 and 50 per cent of the annual
running costs of aeration systems, (26), depending on the design of the
system. It has been reported that the electricity required to obtain
odour control per pig place a year ranges between 52.5 kWh and 55 kWh and
the total running costs per pig produced range between £1.30 and £1.40;
using 20-100% of the profits from pig production, (23 and 27). It is
therefore important to the profitability of the pig farm that the oxygen
transfer efficiency and the aeration system design take advantage of high
oxygen transfer aerators operating in correctly designed aeration tanks.
There is scope for a significant reduction in the costs of operation.

At present the treated slurry is either discharged continuously or by
displacement by the addition of fresh untreated slurry. It may be stored
for up to one week or several months where soil conditions are unsuitable,
before being spread. If stored for any length of time secondary aeration
is often carried out in the store to prevent the regeneration of odours.
Very few aerobic treatment systems have been designed and operated accord-
ing to the parameters described by Evans and Baines (8).

3¢5 Conclusions on aeration systems

Regimes for odour control have been defined in the laboratory and at
pilot scale in terms of retention time, level of aeration, (dissolved
oxygen/redox potential) for pig slurry. Similar regimes have been
suggested for cattle and poultry manures but not tested comprehensively.
The application of these regimes to commercially available aerators on

—29



farms is yet to be tested.

Farm scale systems in use can achieve odour control and produce
usable surplus heat. However aerator performance in terms of aerator
efficiency kg 02/kWh is often not known. Aerators are often sold using
the concept of energy density, as the measure of performance with no
reference to oxygen demand. The calculation is based on the size of the
available treatment vessel after applying an energy density factor,
(W/m3), (28).

There are no design parameters for the correct configuration of the
treatment tank in relation to the type of aerator used. Therefore com-
plete mixing of the tank contents to achieve a uniform dissolved oxygen
content and prevent settlement is often less efficient than it could be.

These factors and others mentioned earlier indicate that better
designed systems could achieve substantial reductions in the costs of
operating these systems.

4,  ANAEROBIC TREATMENT
Anaerobic digestion of livestock slurries is primarily carried out to

obtain energy in the form of biogas, (a mixture of methane and carbon

dioxide with traces of hydrogen sulphide and ammonia). Biogas can be
used as:

1. fuel for heating, (buildings or water), 2. as a fuel for engines to

power generators to produce electricity and hot water, 3. as a fuel for

engines to drive vehicles, (29). The digestion of livestock slurries has
other advantages:

1. The digested slurry is less odorous than untreated slurry,.but odour
is not completely eliminated by the process, (30, 31 and 32).

2. The digested slurry is stabilised and can be stored for long periods
at varying temperatures without the regeneration of odonous sub-
stances, (30).

3. The digested slurry contains less organic matter than untreated
slurry and is less likely to cause organic pollution of water
courses, when applied to land as a fertiliser, (37).

L., Treatment reduces the number of pathogenic organisms which can
infect livestock, (33 and 34).

5. Treatment reduces the number of plant pathogens in the slurry, (35).

4.1 The biomethanation process
It is an anaerobic process in which a series of communities of micro-

organisms operate simultaneously to reduce the organic compounds present
in livestock slurries to biogas, biomass and a stabilised sludge. The
sludge has similar concentrations of N, P and K to the untreated slurry,
but the nitrogen content will contain higher concentrations of NH4-N to
organic N than in the original slurry.

The process takes place in an enclosed tank called a digester. The
microbial reactions which occur in the digester have been described by
Pffeffer, (36) and Hobson et al (37). The reactions are complex and
rely on the correct balance being maintained to ensure the operation of a
continuous process. The following parameters affect the operation of
the process.

1. pH, digesters operating on farm slurries require a pH of between 7
and 7.2.

2. Temperature. There are two temperature ranges over which these
complex reactions take place, 25-4500 mesophilic range and 55-7000
thermophilic range. Most farm operated digesters in Lemperate
climates are operated in the mesophilic range at 30-35C. This
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5.

temperature range has been selected as most economic one in terms of
biogas produced per unit mass of substrate and energy required to
maintain the reaction.

Substrate. Farm digesters normally use a mixture of faeces, urine
and some washing/cleaning water. The total solids content of neat
faeces and urine for cattle and pigs is usually between 10-12 per
cent depending on the diet, and 23-25 per cent for battery laying
hens. In most farm situations dilution occurs, dairy cattle
slurries usually range between 6-10 per cent, pig slurry from large
units, between 2-5 per cent. Poultry manure remains high around
20 per cent due to the method of collection. Hawkes (38) has shown
that slurries with a T.S. content less than 4 per cent will not
attain net energy production.

Inhibition by dissolved chemicals in the slurry may occur.
Hydrogen sulphide gas in solution at concentrations greater than
100 mg/1 and ammonia at more than 3,000 mg/1l will affect digester
performance. (37).

The volatile solid (VS) content of the slurry is an indication
of the substrate concentration. It can range between 40-90 per
cent of the TS content, typical farm waste values are 70-75 per cent
of the TS, (37). The efficiency of the digestion process is often
quoted as the m3 biogas/kg V.S; typical values for the different
species are dairy cows 0.22 m>/kg V.S., pigs 0.38 m3/kg V.S.,
poultry 0.49 m3/kg V.S. (3). Hobson et al, (37), found with
laboratory scale digesters the following results, dairy cattle 0.22
m3/kg V.S., pig 0.43 m3/kg V.S. and poultry 0.66 m3/kg V.S. An
alternative measurement used is m3 biogas/kg TS, typical figures for:
dairy cattle 0.21 m3/kg TS, pigs 0.30 m3/kg TS, and poultry 0.38
m3/kg TS. (37).

Retention time. This is the calculated residence time of the slurry
in the digester. It is a compromise between diminishing gas yield
per unit of substrate and the unit cost of the digester per m3. The
optimum return per unit cost is at about 70-80 per cent of the
theoretical biogas yield per kg of substrate. Retention times
generally quoted: dairy cattle 20-30 days (37 and 38), pigs 10-15
days, (32 and 37), poultry, 20 days (37 and 38).

Volumetric loading rate, kg VS (or TS) per m3 digester volume per day.
It is controlled by the VS and TS of the input slurry and the
retention time. On many farm systems, there is great difficulty

in maintaining the TS content of the input slurry. Hobson et al
(37) link the gas yield m3/kg TS to an optimum TS content of the in~
put slurry, for dairy cattle 7 per cent at a 20 day retention time,
and for pig and poultry slurry 6 per cent at retention times of 10
and 20 days. The optimum volumetric loading rate for dairy cattle
will be 3.5 kg TS per m> digester volume per day.

Biogas composition. The composition of biogas is affected by the
species and diet fed. The methane content varies between 55 and 75
volume per cent. Its calorific value varies from 20 to 26 MJ/m3.
Cattle slurries generally produce gas with the lower value, powltry
and pig slurries achieve the higher value. Hydrogen sulphide gas

is present in the gas, the content varies between 0.5 and 1.3 per
cent, (40). At these concentrations the gas is toxic to livestock
and man and highly corrosive to metal in the presence of water vapour,

(l+1)‘
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4.2 Design of farm digester systems

Most agricultural systems are designed to treat slurries with a TS
content of between 2 to 10 per cent and are therefore liquid handling
systems. 68 per cent of the Buropean systems surveyed, (29) were semi
continuous flow, completely mixed digesters, single stage, 16 per cent
plug flow digesters and the rest of experimental designs.

Semi-continuous flow, completely mixed digesters consist of a
collection tank into which slurry is either piped or scraped from build-
ings. The tank is usually designed to hold one day's supply, and is
built below ground in either concrete or steel. The tank may be stirred
or mixed mechanically to maintain an even supply of solids in suspension
to the digester. Most digesters are supplied by pumping, usually for a
predetermined time each hour. The discharge point into the digester
can be at the base, top or half-way down, there are no design criteria.

The digester tank shape, height and width vary according to the
manufacturer, prefabricated tanks are generally modifications of existing
slurry or feed storage tanks. The tanks are usually made of concrete,
steel glass enamelled steel sheets or polymeric materials. Digesters
are usually erected above groumd, set on a concrete base.

The tank walls and roof are often insulated, either internally or
externally by synthetic polymeric materials; polyurethane or polystyrene,
glasg wool or rock wool. Design parameters to obtain maximum insulation
at 0 C have been described by Hawkes, (38). It has been shown that
internal insulation may damage prefabricated enamelled steel tanks due to
distortion by solar heat.

Heating digesters can be achieved by direct heating using internal
heat exchangers or by re-circulation through external heat exchangers.
There are a large variety of systems in use, at present, (29), these have
never been evaluated to determine the most efficient system in terms of
heat exchange and ease of operation, (fouling and blockages to both the
exchangers and the digester).

Mixing the digester contents is necessary to maintain even tempera-
ture gradients through the digester, to maintain an even supply of sub-
strate and prevent settlement and the formation of a surface crust.

There are a variety of mixing systems, (29), ranging from pumping, gas
mixing to mechanical stirring. An evaluation of the efficiency of
mixing, energy requirements and ease of maintenance needs to be made.

Discharge of the treated effluent from the digester can be by gravity
flow through a gas trap or pumping. The position of the draw off point
within the tank varies with the design of system. Few digesters are
designed to remove heavy settled sludges, which develop due to the ingress
of small particles of grit, cement dust and the percipitation of inert
minerals during digestion. Most systems have to be shut down and cleaned
out manually.

Gas storage is needed to balance supply and demand and thus contin-
uity of supply. The storage containers are kept at a constant pressure
to maintain the gas supply at the correct volume for utilisation. The
gas store may be used as a reservoir to maintain supplies over periods of
peak demand or during breakdown or maintenance.

Farm gas stores usually contain enough gas for 15 minutes to 24 hours
supply. The stores are generally of two types, variable pressure and
fixed volume or variable volume and fixed pressure. The latter are most
often used on farms. Types most commonly found are floating gasholders
made of steel and plastic membrane balloons, (29). Volumes stored range
from 20 m> to over 830 m3, (41). Farm gas stores design and the construc-
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tion materials, need to be evaluated and engineering and design standards
set, for practical working systems and safety.

Biogas purification and scrubbing systems to remove water vapour,
hydrogen sulphide and carbon dioxide gases are rarely used on farms. The
systems employed are simple and rarely completely effective. There is a
need for scientific design criteria.

Energy saving systems to retain heat from treated slurry and to pre-
heat incoming untreated slurry are being developed. Preheating systems
are used in some countries such as the hot well designs used in Danish
digesters. There is a need for an evaluation of present:systems and to
establish design parameters.

Pre-treatment of cattle slurry by mechanical separation to remove
coarse solids of low digestibility has been examined at laboratory scale
by Hawkes et al, (42). The results indicate that positive net energy
yields can be obtained throughou3 the range of 10-20 day retention time,
at temperature ranges from 25-35°C, with the optimum at 30, and 20 day
RT. Farm scale development by Pain et al, (43), compared anaerobic
digestion of whole cow slurry 7 per cent TS at 20d RT with separated
slurry at 4 per cent TS at 20 and 15d RT. Gas yields for whole slurry
were 0.284m>/kg TS at 20d RT with calorific value of 21.3 MJ/m> and for
separated slurry 0.279 m3 and 0.251 m3/kg TS for 20d and 15d retention
times with a calorific value of 21.7 MJ/m3. Mechanical separation has
advantages in reducing costs by shortening retention time and hence
reducing digester capacity.

4,3 Utilisation of biogas and treated slurry on farms

Efficient biogas utilisation throughout the year is essential for the
successful economic performance of a digester on a farm. Matching supply
to demand has been found to be one of the most difficult operations within
the decision making process on the feasibility of anaerobic treatment for
a particular farm. It is essential that the site survey described, be
carried out to determine the volume and suitability of the substrate/
slurry. It is equally essential that an appraisal of the farms energy
requirement is carried out, detailing the farm energy costs for all opera-
tions including domestic and industrial. It is then possible to deter-
mine which operations can be supplied by the proposed system, (44).

Most systems are designed to produce electricity. Converted petrol
or diesel engines are commonly used with generators or purpose made com-
bined heat and power units, (40). Engine cooling water is frequently
used to provide heat to digester, buildings and for domestic use. Small-
er digesters more frequently produce biogas for space heating livestock
buildings and for domestic use. Surplus gas is often vented through
lack of storage or occasionally surplus electricity is sold to the
national grid. In Italy 50 per cent of biogas plants generate electric-
ity using cogeneration combined heat and power units, 35 per cent produce
hot water for space heating, some is used for cheese making. 10 per cent
of plants have no use for the biogas, (45).

Utilisation of treated slurry as a fertiliser has been compared to
untreated slurry in a number of studies. Comparison of barley and beet
yields indicated that there was no significant difference (46), simidar
results were obtained for grassland, (47).

4.k Economic performance

An appraisal of performance of biogas plants in the UK, (26) indic-
ated that plants could only be economically viable provided that a
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monetary value for odour control was included in the assessment. There
are two important aspects of production and utilisation which must be
satisfied, these are the efficiency of gas production in terms of output
per unit capital cost and the utilisation efficiency, gas production must
match demand. A study of the economics of biogas production in the
Netherlands, (27) came to similar conclusions. Farm appraisals indicate
that plants could not produce and utilise biogas efficiently enough to
operate at a profit. Including odour pollution control as saving in
other plant can justify the installation of biogas systems.

4.5 Conclusions
The installation of anaerobic digesters on livestock farms has
advantages as an on farm supply of energy and as a treatment system to
control odours. The laboratory and pilot scale digestion of livestock
slurries has been carried out successfully to produce good gas yields
and effective odour control. The translation of this work into farm
scale plants requires further research and development work into the
following:
1. Dbetter quality and control of the feedstock
2. reducing the energy demands of the digester
3. fundamental improvements to digester design
L, improving gas utilisation by producing a cleaner and better quality
gas
5. improving gas storage
6. matching demand and supply
7. improving energy conversion into alternative methods of utilisation.

5. RECOMMENDATIONS FOR FURTHER WORK

Biological treatment systems for liquid manures have been the subject
of much research over many years. Operational parameters have been
determined for both aerobic and anaerobic treatment systems in the labora-
tory. The translation of these operations into farm scale systems has
shown up weaknesses in the design and operation of the plant, (detailed
comments are made in the paper).

For new buildings and manure handling systems, treatment plants must
be designed to integrate with the total system.

Further research and development is required into the engineering and
technical design aspects of collection, pre-treatment, treatment, storage
and application equipment to enable a consistently satisfactory standard
of treatment to be maintained together with the optimum utilisation of the
products of treatment.
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DISCUSSION

J.H. VOORBURG

You mentioned reduction of the nitrate concentration during treatment.
How is this achieved? For example, through N, or NH3 loss after
conversion from the nitrate via bacterial action?

V.C. NIELSEN

The reduction is due to ammonia loss caused by stripping. Ammonia salts
can be oxidised to nitrates and so it is possible to achieve both
nitrification and denitrification in the same system. In all the
reduction can be as high as 70% of the original concentration.

J.H. VOORBURG

Have you considered the use of enzyme additive to speed the treatment of
farm slurries?

V.C. NIELSEN

Dr S. Baines and Dr M.R. Evans in Scotland have looked at this
possibility and have shown that a very high concentration was required to
change the character of the sludge. The bacterial content of bacterial
additives was too dilute to have any observable effect. Furthermore, the
mutated strains were unable to compete with indigenous bacteria; I have
not noticed any effect when these compounds have been used in slurries.

C. JUSTE

Are the sludges produced by the anaerobic or aerobic treatment of farm
slurries really useful for agriculture?

V.C. NIELSEN
Treatment either by an anaerobic or an aerobic process removes soluble
organic matter which is used by the micro-flora and converted into

biomass. Therefore the original organic matter becomes less mobile in
the soil and the risk of pollution by run-off is reduced.
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Summary

Mesophilic anaerobic digestion is the longest-established and most
important method of stabilisation of sewage sludges in all the
countries participating in COST 681. About half the sludge produced
in the EEC (3.3 million tonnes DS per year) is subjected to this
process in over 1700 sludge digestion plants. An increase in this
number of plants 1is expected. The application of anaerobic
digestion to treatment of animal slurries is a much more recent
development and is still on a small scale with about 300 digesters
only in Europe treating around 80,000 tonnes DS per year.
Farm-scale digestion can be successful but is usually uneconomic for
the farmer unless subsidised. Digester gas represents a very small
energy source in national or community terms but is important
locally especially at sewage works.

In regard to design, the most important developments are in digester
shape, in the use of prefabricated steel instead of concrete for
tanks, in the use of various forms of gas mixing and in the growing
use of pre-heating (for pasteurisation) by aerobic thermophilic
digestion and other methods. Mesophilic anaerobic digestion itself
is very effective in reducing pathogens but it is recognised that
operation of the digestion process as a 'completely-mixed! system
can reduce removal efficiency. Ways of overcoming this disadvantage
are discussed.

The most important problems still occurring with sewage sludge
digesters are operational ones - the feeding of thin sludge,
overloading, occasional chemical inhibition and sludge foaming.
With farm digesters, the problems relate also to design and
engineering aspects and ways of improving these and the economics of
farm digestion will need to be faced before it is widely accepted.

1. INTRODUCTION

The stabilisation of putrescible organic wastes by anaerobic

digestion represents one of the longest-established and most successful
applications of 'biotechnology' in the field of pollution control. It is
now over 60 years since the earliest heated and enclosed digestion tanks
with gas collection facilities were installed at sewage works in Europe
for separate stabilisation of raw sewage sludge. Since then, anaerobic
digestion plants have demonstrated their value at many hundreds of sewage
works both in Europe and other areas of the world and the number of such
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plants is still increasing. There have, of course, been operational
problems in some cases, resulting mainly from poor process control,
overloading or chemical inhibition. As a consequence, anaerobic
digestion has occasionally waned in popularity in some areas but the main
weight of operational experience has shown the process to be robust and
reliable, and effective for its main purpose of odour reduction.

Anaerobic digestion has also found successful application for
treatment of many other types of concentrated organic wastes and, in the
last 10 years especially, there has been particular interest in the use
of the process for stabilisation of pig, cattle and poultry slurries on
individual farms or groups of farms. The main incentive for installation
of farm digesters has been to provide a 'low cost' energy source from the
digester gas but odour reduction, BOD removal, and improvements in slurry
handling properties have also been seen as important benefits of the
process from the environmental aspect. In most countries, much more
animal slurry than sewage sludge is produced so the potential, at least,
for farm-scale digestion is very large.

The scope of the COST 681 activity covers research and development
on the treatment and use of both sewage sludges and liquid animal
manures. There are some broad similarities between the two types of
waste and so far as anaerobic digestion is concerned there is a common
research interest because the process is essentially the same whether
applied to the farm situation or to the sewage works. The main
difference is in the scale of operation and in the financial resources
available to instal and operate a digestion plant - both being generally
much larger in the public 'sewage works sector! than in the largely
private 'farm sector'. There are, however, also some important
differences between the characteristics of sewage- sludges and animal
slurries which means there must be some difference in approach to the
design and operation of digestion plant for the two situations. But in
the main, many of the research developments in anaerobic digestion have
applications in both sectors.

The object of this paper is to broadly review the current situation
in regard to anaerobic digestion as applied to sewage sludges and to
animal slurries, to consider recent developments and likely future trends
and to compare the research needs in both areas.

2. CURRENT USAGE OF ANAEROBIC DIGESTION

A recent survey (1) has provided information about the current level
of use of heated anaerobic digestion for stabilising sewage sludges in
most of the countries participating in the COST 681 activity (Table 1).
It is seen that, among the 9 EEC countries (Luxembourg not included)
about 1800 sewage works currently employ anaerobic digestion plants. In
total, these plants treat an estimated 3.3 million tonnes dry sludge
solids ( 80 million wet tonnes) per year. This quantity represents
sludge from a population of some 110 million people and is over 50 per
cent of the total mass of sewage sludge currently produced in the 9 EEC
countries included in the survey. Earlier surveys (3) had shown that
anaerobic digestion is by far the most widely used method of sewage
sludge stabilisation in all countries.

Most anaerobic digestion plants are located at medium and
large-sized works serving populations ranging from 50,000 to over 2
million. The latest survey shows that there are many hundreds of works
without digesters but these are mainly of very small size (serving less
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than 5000 population equivalent) and generally not suitable for heated
anaerobic digestion. Some of these works employ cold (unheated)
anaerobic digestion in lagoons or tanks or use other forms of
stabilisation, for example aerobic digestion or lime stabilisation. The
scope for a significant increase in the numbers of heated anaerobic
digestion plants in the future is still, however, quite large. This
applies particularly to existing works of medium size (20,000-50,000
population) and to new larger works currently under constructon or
planned. For example, in the UK where just over 50 per cent of all
sewage sludge is anaerobically digested, it is estimated that there are
about a hundred sewage works serving populations of over 50,000 which
still have no digestion facilities. It is evident that future investment
in new digestion plant could be considerable particularly if, as
expected, environmental pressures on sludge disposal authorities continue
to increase. Further research and development to improve the overall
economics of anaerobic digestion for sewage sludges is therefore strongly
indicated.

The position in regard to the use on farms of heated anaerobic
digestion plant is rather different. Results of an EEC-sponsored survey
(4) carried out in 1983 are included in Table 1. These show that, two
years ago, there were about 220 farms only in the EEC countries with
full-scale operational digesters treating liquid slurry from pigs, cattle
or poultry. The total increases to 300 plants if Switzerland is
included. Apart from the 90 or so digesters in Switzerland, most farm
digesters are located in Italy and FR Germany where there are some
financial incentives to treat slurries by this means. It is thought that
the number of new farm digesters has not increased significantly in the
past two years, so the data in Table 1 is still reasonably accurate. The
actual quantity of animal slurry being anaerobically digested is
estimated at around 80 thousand tonnes dry solids per year. This is only
about 2.5 per cent of the amount of sewage sludge being digested and an
even smaller proportion of the total mass of 'available! animal slurry
produced each year in the EEC countries (estimated at around 50 million
tonnes dry solids).

The reason for the relatively low usage of anaerobic digesters on
farms is quite clear. Except where the reduction in polluting load from
a slurry has an economic value (e.g. in parts of Italy) or where state
subsidies are provided for the investment costs of a farm digester (e.g.
in FR Germany), the installation and operating costs render the farm
digester uneconomic for most farmers. Even with a 'do-it-yourself!
approach to construction and with the use of surplus digester gas to
provide energy on the farm, the 'pay-back' periods are still usually over
5 years and may be as high as 10 years (4). Operational problems and
high maintenance requirements have also given farm digesters a bad
reputation in some areas so that there has been little interest in
installing them.

The future growth of farm-scale anaerobic digestion is therefore
rather uncertain. It will depend to some extent on whether or not
environmental constraints on slurry disposal become more severe and on
the availability or otherwise of official subsidies to encourage
farm-waste treatment. The future popularity of farm digesters will also
depend very much on the availability of low-cost and reliable plant and
equipment.
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3. DESIGN TRENDS

The broad suitability of some of the early designs of anaerobic
digester used for sewage sludges is evidenced by the fact that many are
still in service after 50-60 years operation. None the less, there have
been important design and operational improvements in recent years which
have helped to reduce construction costs, improve the efficiency and
reliability of the digestion process and reduce maintenance requirements.

3.1 Materials of construction

The traditional use of reinforced concrete for constructing the
shell of digestion tanks for sewage works has been maintained in most
countries and indeed it is still considered essential for tanks of over
about 2000 m3 capacity. Capacities of individual digesters on large
works can range up to 12,000 m3. Steel tanks have been used to a limited
extent for many years but a more dramatic departure from the 'concrete
tradition' has occurred in the last 6 years in the UK where the use of
prefabricated glass-coated steel tanks (based on farm silo technology)
has now become about the most common form of construction for new
digesters. Tank volumes of prefabricated digesters may range up to 1000
m3 which means that for very large installations concrete tanks are still
used. The alternative is a multiplicity of smaller prefabricated steel
tanks which can prove more costly. A feature of the prefabricated
digester is the very effective thermal insulation which can be provided
resulting in much reduced thermal losses through the digester wall and an
overall reduction in heat requirements especially in the winter.

The reduction in total capital costs by using prefabricated steel
digesters instead of concrete tanks is considerable. Costs data for the
UK have shown that a halving of capital costs is possible (5) over a
range of plant sizes. This saving would not necessarily justify the use
of steel tanks if the lifetime of the tanks was likely to be very short
or if maintenance costs were high. But the probability is that a
properly installed and protected glass-coated steel tank will have a
lifetime similar to that of a concrete one. So far, however, the UK
appears to be the only country which has adopted to any significant
extent the use of prefabricated tanks as a more economic alternative to
the conventional concrete tank at sewage works.

In regard to farm digesters, the EEC survey (4) showed that both
concrete and steel digesters are in use in all the countries surveyed and
in roughly equal numbers. The use of polymeric materials such as glass
reinforced plastics (GRP) for tank construction is also known (6) but
mainly for the small sizes of digester (i.e. 100 m3 working volume or
less). The use of GRP for sewage sludge digesters has not been
encountered.

3.2 Digester shape

The traditional !'low-form' digestion tank (Diameter > Height)
employed in the UK and North America for many years (Fig. 1a) is now
considered to be less conducive to efficient mixing than tanks with a
high aspect-ratio (Height > Diameter). Although the 'low form' tanks
often perform quite well they tend to be difficult to mix and to deposit
grit. The taller form of digestion tank (Aspect ratios > 1) used
traditionally at sewage works in mainland Europe (Fig. 1b) is seen in its
most extreme form in the 'egg-shaped' digesters used for some very large
plants in FR Germany and a few other countries (Fig. 1c). This shape is
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said to be economical to construct and to be efficient (7) but clearly it
is only appropriate for very large plants. Tanks with very high aspect
ratios of around 1.5 have also been employed in FR Germany (8) and in the
UK (9). In the case of the German plant, pairs of tall tanks are
hydraulically inter-connected at top and bottom to give a circular mixing
pattern (Fig. 1d). The prefabricated steel digestion tanks now in use
tend to have aspect ratios of about 1-1.2 (Fig. 1le).

The most radical departure from the conventional tank shape is seen
in some farm digesters which are operated on the 'plug-flow' principle
(Fig. 1f). The tanks are usually constructed in GRP are essentially
horizontal and tubular in shape with semi-spherical end walls. This form
of construction is claimed to reduce costs (6).

3.3 Mixing systems

All anaerobic digesters designed for sewage sludges are operated
essentially as completely-stirred tank reactors (CSTRs) and only in the
farm digesters mentioned earlier is there an approach to 'plug flow!
conditions. In the strict sense, there is no absolute need for mixing in
order for the anaerobic digestion process to function. But the mixing
system of a digester does serve several important purposes - i.e. uniform
dispersal of raw sludge feed throughout the tank, prevention of short
circuiting, maintenance of uniform temperature conditions, reduction in
grit deposition and scum accumulation, and prevention of stratification.

The trend over the years has been away from mechanical mixing
systems (Figs 2a, 2b, 2c) and towards gas mixing (Figs 2d, 2e, 2f).
Although gas mixing is, in some cases, less efficient in terms of energy
requirements it reduces maintenance problems and can be very effective.
It is claimed that unconfined gas mixing (Fig. 2e) is more effective than
the confined type but both are used successfully in practice. In most
cases, the actual energy requirements for mixing are quite small (5-20
w/m3 digester yolume) and it is usually more important to select an
effective system with low maintenance costs than a system requiring
minimum energy. Casey (10) has recently reviewed the whole subject of
digester mixing and has described a novel method of 'see-saw' mixing
which may have some advantages over conventional systems but it is still
subject to full-scale evaluation.

3.4 Heating systems

Virtually all heated anaerobic digesters at sewage works in Europe
and, as far as is known, all farm digesters are designed to operate in
the mesophilic temperature range (32-37°C). The numbers of thermophilic
anaerobic digesters (operating in the range 45-559C) are very small
though they are reported (11) to work satisfactorily in Canada and the
USA. The use of unheated (cold) anaerobic digesters or lagoons is
outside t?e scope of this paper though they are important locally in some
areas (12).

Most digesters are heated by hot water boiler or by waste heat from
a gas engine with a water/sludge heat exchange system either internal or
external to the digester (Fig. 3a). Some small digesters provide
supplementary (or emergency) heating by electrical immersion heating
(3a). The use of direct injection of live steam (Fig. 3b) has been
successfully revived recently in the UK with some success and claimed low
costs (13) and it is also used at a few plants in mainland Europe. A
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major advantage of steam is the direct heat transfer to the sludge and
elimination of the need for heat-exchange equipment. The need to
deionize the feed water and the necessary safety equipment required for
steam boilers represent only minor disadvantages.

Where pre-pasteurisation is required, by heating the sludge to 700C
for a minimum period of 30 minutes, it is still most common to use hot
water boilers with heat exchangers (Fig. 3c) followed by sludge cooling
before pumping it into the digester. In FR Germany (14) and more
recently in the UK (15), submerged combustion has been used successfully
for pre-pasteurisation (Fig. 3d) and has the advantage of high
heat-transfer efficiency (80-90%). Again, some cooling of the sludge is
normally required before it enters the digester but no further heating of
the sludge is necessary.

Another successful approach to pre-pasteurisation, and one which is
becoming increasingly popular, is to subject the sludge to a short period
of thermophilic aerobic digestion (1-2 days at 60-700C) (16). The
pasteurised sludge is again cooled before anaerobic digestion at 350C,

The only practicable system of heating for farm digesters is by hot
water boiler or by using the waste heat from a gas engine (combined heat
and power).

In practical terms, the most common problem on farms is insufficient
gas to provide the heating requirements for the digester especially in
the winter. The root cause of this problem is usually the feeding of
slurry of inadequate solids content. A minimum of 6% dry solids is
recommended (17).

3.5 Retention period

For sewage sludge digestion plants, there has been a gradual
reduction in the accepted design retention period from around 30 days to
closer to 15 days. In most countries now, a period of 15-20 days is
considered quite adequate to give full digestion but the recent survey
(1) showed that many digestion plants still operate at 25 days retention
and more. Apart from reduced capital costs, the more intensive digestion
achieved with somewhat shorter retention times has advantages in terms of
self-mixing through more vigorous gas evolution (18).

For farm digesters, the EEC survey showed that the mean detention
times used for digesters treating cattle slurry is about 29 days while a
shorter average retention time of 19 days is normal for pig slurries.
Some wide extremes around these mean values were observed.

3.6 Feed solids and feed regime

One of the long-standing common problems with both sewage sludge
digestion plants and farm digesters is the feeding of sludge or slurry of
low solids content (i.e. the feed material is too dilute). This gives
rise to various problems but more particularly to that of inadequate gas
yield to provide for the heating requirements of the digestion plant in
the colder weather. )

For sewage sludges, a minimum sludge solids content of about 3.5 per
cent is necessary for a positive heat balance in cold weather conditions.
The survey (1) showed that the typical range of feed solids in the
various countries was 2-5 per cent DS. The introduction of
pre-thickening plant is a gradual trend and with such plants it is quite
feasible to produce feed sludges of 6-8 per cent DS. The advantage in
terms of reduced digester volume requirements are considerable quite
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apart from the much more favourable heat balance. Satisfactory
digestion of feed sludges up to 9 per cent DS has been obtained (18).

It has been recommended (17) that farm digesters should not be
operated with feed sludge solids content of less than 6 per cent though
this is difficult to obtain in many cases. Very thick slurries (10-11
per cent DS) have proved difficult to heat and mix (16) but the problem
can be overcome by special design features.

The feeding regime of a digester is important. Traditionally,
digesters were fed once or twice per day only but now it is much more
common to feed either several times per day or continuously. Continuous
feed is 'ideal' in the sense of maintaining steady loading conditions and
uniform gas production but it may have unfavourable effects in terms of
sludge minimum residence time characteristics and this is important for
pathogen removal (see Section 6). One way to minimise these problems is
to operate on a 'pump-out - pump-in' regime so that the sludge is
retained for a minimum period in the digester rather than be allowed to
continuously overflow.

4. ENERGY ASPECTS

Anaerobic digestion is unique among waste treatment processes in
being, potentially at least, a net energy producer in the form of surplus
methane gas. Much attention has been given to the energy aspects of
anaerobic digestion in recent years and !'energy-production' still stands
as one of the most important reasons why digesters are installed on
farms. The use of anaerobic digestion at sewage works is not based
primarily on the energy-yielding advantages of the process but, none the
less, the exploitation of the energy from the gas is important in most
cases.

The typical yields of digester gas from sludges and slurries are
well established (Table 2).

Table 2. Normal gas yields from sewage sludges and farm slurries

Typical gas yield per

Type of waste tonne volatile matter
fed to the digester
(m3)
Sewage sludge 400-450
Pig slurry 450
Cattle slurry 200-400

Taking these data and assuming that digester gas (65% methane: 35%
carbon dioxide) has a net calorific value of 22 MJ/m3, it is possible to
calculate the total energy represented by the gas produced from digestion
of sewage sludge in the EEC countries and that from digestion of animal
slurries. It is seen (Table 3) that the total primary energy 'produced!
by anaerobic digestion in the form of digester gas is extremely small in
relation to the total primary fuel requirements of the 10 countries.

However, although the energy in digester gas is not very important
in national or Community terms, it can be very important at the local
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level. Thus in the UK, the energy in sludge digester gas represents
about 30 per cent of the total energy requirements of the UK water
industry. At the more local level of the sewage works, it has been
appreciated for years that the generation of mechanical or electrical
power using gas or dual-fuel engines can satisfy most or all of the
energy requirements of the works (Table 4). In the case of works
employing biological filters for secondary treatment a surplus of energy
is available and cases are known now in the UK where surplus electricity
is sold to the electricity supply utility thus yielding an income. This
practice still seems to be rare in most of the other countries (1)
although it is common almost everywhere to use digester gas to generate
electricity for use on the works itself. The overall economics of power
generation at sewage works is still a matter for study but it is thought
that in many cases it can be an attractive proposition.

Table 3. The estimated total energy represented in digester gas produced
annually by sewage sludge digesters and by farm digesters in the EEC
in comparison with the total annual primary fuel requirements
of the 10 EEC countries

Cc ies
Annual energy produced or required
106 GJ MTOE*
Total primary fuel requirement 41,000 915

Total energy in digester gas

currently produced from 22 0.5
digestion of sewage sludge and

animal slurries

Maximum possible from sewage sludge 60 1.4

Maximum possible from all sewage 700 15.6
sludge and animal slurries

¥ Million tonnes of oil equivalent

The efficient exploitation of digester gas as a source of energy is
crucial to the economics of farm digesters. In many cases, however, too
high a proportion of gas produced has to be used to heat the digester
itself (3). The use of combined heat and power units (gas engines) is
common and in some cases sufficient spare electricity may be produced to
allow sale to the electricity supply utility. But often it is difficult
to match the energy requirements of the farm with the available gas
supply. There are also problems with the maintenance of gas engines
especially where the gas is rich in hydrogen sulphide. It is considered
most economic to use the gas for heating if practicable (16). The use of
gas for lighting and cooking is less common.
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Table 4. Energy balance for sewage treatment and digester gas use
(Typical Values)

Type of Works

Biological Activated
Filtration Sludge
(KWh/Head)
u; o d
Sewage Treatment 2.4 17.0
Sludge Treatment 2.0 2.0
Total 4.4 19.0
u Produ
Digester Gas Primary Energy 48.6 53.8
Electrical Energy#* 12.1 13.4

* Assumes 25% overall conversion efficiency by gas engines and generators

Loll (19) has described the formation of a 'biogas community! in FR
Germany. Five digestion plants in one village are interconnected by a
common gas pipeline with a single large biogas storage tank. The system
is experimental but is claimed to have several advantages including a
balanced supply for users at all times. Apart from the gas producers
themselves, other users may also buy gas from the system. The overall
economics of this sort of scheme are, however, not yet evaluated.

5. ECONOMIC ASPECTS

The costs involved in the installation and operation of a sludge
stabilisation plant are important whether the plant is for sewage sludge
or for animal slurry. The most economic form of stabilisation process
will normally be selected provided it meets the required process
performance specification. As has been indicated earlier, anaerobic
digestion is by far the most widely used process for stabilisation of
sewage sludges and for farm slurries but there are other potential
process options which might be selected in some cases. These are
composting, lime addition, and aerobic treatment, and, in particular
thermophilic aerobic digestion (TAD). The evidence suggests that the
latter process is the most serious practical "competitor" to anaerobic
digestion particularly at sewage works serving populations in the range
5000-50,000 (20). Thermophilic aerobic digestion has become fairly well
established now in FR Germany where there are over 20 plants in operation
(21) and there has been development work in the UK and elsewhere.

Recent comparisons of the capital and operating costs of anaerobic
digestion plants and of thermophilic aerobic digestion plants for sewage
works serving populations ranging between 5000 and 50,000 are shown in
Table 5. The costings apply to UK conditions but the broad comparisons
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are thought to be valid for other countries as well. It is seen that, as
expected, anaerobic digestion plants are much higher in capital costs
than the corresponding TAD plants but the latter method incurs much
higher operating costs.

Table 5. Comparison of costs of anaerobic digestion and thermophilic
aerobic digestion plants (1985 prices)

Mesophilic anaerobic Thermophilic aerobic
digestion (1) digestion (2)
Population Sludge Costs Costs

served volume
(thousands) (m3/d) Capital Operating NPC (3) Capital Operating NPC (3)

£k £k/a £k £k £k/a £k

5 9.15 71 3.0 109 48 6.6 131
10 18.3 98 5.3 164 56 10.2 183
20 36.6 123 9.2 237 Th 17.3 289
50 91.5 294 19.4 536 118 38.3 595

Assumptions
For (1) Retention time 15 days; energy requirements 0.15 kiWh/m3
sludge treated. No value given to digester gas
(2) Retention time 8 days; energy requirements 20 kWh/m3
sludge treated
Prefabricated glass-coated steel tanks with covers used for both
types of plant with external insulation
(3) Net present costs calculated on basis of 5 per cent discount
rate over a period of 20 years

If an economic assessment of the costs of the two processes
is made by calculating the Net Present Costs (NPC) based on a 20-year
life and 5 per cent discount rate, a direct comparison can be made. It
is seen that, for the assumptions given, the NPC of anaerobic digestion
plants is consistently less than that for TAD plants over the range of
populations considered. However, the accuracy of the cost estimates is
not such as to rule out use of TAD as an option and actual cases would
need to be individually assessed. In making the comparison, no value has
been given to the surplus digester gas that might be available from the
anaerobic digestion plants and this could markedly improve the econamics
of anaerobic digestion. On the other hand, the advantages of
thermophilic conditions (45-55°C) in regard to pathogen destruction gives
the TAD process some technical advantage over mesophilic anaerobic
digestion. In some cases this could represent a real cost benefit (e.g.
where disinfection was a requirement) since it dispenses with the need
for separate pre-pasteurisation.

The economic assessment given in Table 5 could apply
generally also to the farm situation if the same type of plant and
equipment as used at sewage works plants were required. Usually, the
farmer is looking for a cheaper approach, possibly on a 'do it yourself
basis!'. Even then, it has been shown that, at best, pay-back periods of
5 years are required (4).
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6. P

The effect of different types of stabilisation process on the
pathogens present in sewage sludges has been the subject of much recent
research. This topic wil be discussed in detail in another session of
this symposium and it is only appropriate to deal briefly here with the
situation regarding mesophilic anaerobic digestion. The pathogens of
main concern are Salmonella and the eggs of the beef tapeworm Taenia
saginata. It has been reported that anaerobic digestion for 20 days at
350C has the following effects (22).

Salmonella - 90% removal (median)
T. saginata eggs - Infectivity destroyed

Therefore, conventional anaerobic digestion has a powerful
destructive effect on the pathogens of most concern. Further storage of
digested sludge, and/or appropriate disposal methods will minimise any
risk of transmission of disease even where there is not a complete
removal of pathogens. However, the above levels of inactivation assume
that all the sludge resides for 15-20 days in the digester. Since
anaerobic digesters are operated as 'completely mixed' reactors there is
a certainty that a proportion of sludge will have a residence period less
than the nominal mean period. From the point of view of pathogen
inactivation, batch operation or plug-flow operation would be ideal but
this is not really feasible for sewage sludge digestion. As indicated
earlier, some farm digesters have, however, been designed to operate in
the plug-flow mode.

Operation in two or more digestion stages provides some improvement
in sludge retention characteristics but is undesirable in terms of other
process requirements and costs. It is considered that the best solution
is to operate the digester on a 'Pump-out: Pump-in' system by which a
volume of sludge (equivalent to 1 or 2 days flow) is pumped from the
digester and then an equivalent volume of raw sludge is admitted. This
guarantees that all raw sludge is retained for a minimum of 1 or 2 days.
If such modes of operation are not considered adequate, the only means to
ensure complete removal of pathogens is to provide a pre-pasteurisation
stage before digestion. This practice is growing in some countries.

7. BIOCHEMISTRY

The successful use of anaerobic digestion for waste treatment came
well ahead of a detailed knowledge of the basic biochemistry and
microbiology of the process. But such knowledge, in the long term, may
be crucial to any significant further advances in process operation or
control. The anaerobic digestion process is in fact, very complex
chemically and very dependent on the maintenance of a fine balance
between at least 4 different groups of bacteria. A detailed exposition
of the microbiology has been given by Marty (23) and Mosey (24) has now
demonstrated the key (and hitherto unsuspected) role played by hydrogen
gas in the maintenance of process equilibrium. Figure 4 gives a very
simplified version of Mosey's model. Any build-up in concentration of
hydrogen gas can result in a blockage in the conversion of propionic and
butyric acids to acetic acid leading to a reduction in pH and eventually
a 'stuck' digester. Detection of a rise in the concentration of hydrogen
in the gas being produced by a digester could thus give an 'early
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warning'! of impending process failure. The availability of an instrument
to measure low concentrations of hydrogen gas has allowed this idea to be
demonstrated and the objective now is to develop an on-line hydrogen
detector to provide for continuous monitoring of the process.

8.

Following the relatively long period of technical development of
anaerobic digestion plants for sewage sludge stabilisation, the situation
has now been reached when the major design and engineering problems have
been resolved although improvements and capital costs reductions will
continue to be sought. There is still room for debate about the best
method of digester mixing or even the necessary degree of mixing that is
actually required for satisfactory operation (10). Similarly, the most
effective method of heating, or the optimum tank aspect ratio, are still
matters for discussion and for possible resolution in due course by
definitive experiment.

The main problems that still present themselves regularly are
related to digester operation and are as follows:

SEWAGE SLUDGES
in

The advantages of pre-thickening sludge to above 6 per cent (and
preferably to 8 per cent) DS have been well demonstrated, yet the recent
survey (1) showed that in most countries feed sludges of 3-4% only are
still the norm. This means, essentially, the inefficient use of digester
capacity and quite often it leads also to problems of inadequate digester
temperature in winter conditions and of stratification of tank contents
leading to process failure.

Process inhibjti ic

The problem of inhibition is now generally much reduced as a result
of a better understanding of the type of chemicals responsible and of
improved trade waste control. But process failure through inhibition by,
for example, chlorinated hydrocarbons, or by heavy metals (25) still
occurs in some areas. The development of 'early warning' monitoring
systems to detect and assess toxicity effects is a perceived need (25).

Di ! Foam

The phenomenon of sludge foaming, which can give rise to severe
operational difficulties, is unpredictable and often unexplained.
Further studies to elicit the cause, or causes, and to identify
appropriate cures are indicated.

Farm slurries

In regard to farm digesters, the EEC survey identified several clear
engineering problems which need to be resolved before anaerobic digestion
would become economically viable on farms. There are (a) gas leakages
from digesters (b) failure of feed pumps (c) ineffective mixing systems
(d) unreliable electricity generating systems and (e) pipe blockages. In
addition to these the widespread problem of poor quality feeds (too
dilute and too many coarse solids) has been identified by others (7).
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CONCLUSIONS

Mesophilic anaerobic digestion will remain as a very important
process for stabilisation of sewage sludge with growing numbers of
digesters installed in Europe. A variety of design trends have been
discernible in recent years and improvements will continue. Some
operational problems still need to be tackled. The future for farm-scale
anaerobic digestion is less certain and will depend on development of
very reliable low-cost systems though financial incentives will probably
be determining factors in the rate of growth.

In both cases, there is still scope for research and development to
reduce costs and improve efficiency.
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DISCUSSION
G. MININNI

You have mentioned anaerobic and aerobic treatment of sewage sludge.
Have you considered other processes such as 'dual digestion' developed by
Union Carbide?

A.M. BRUCE

Yes we have looked at the dual-digestion process as well as many others.
For example, there is one which is similar to the Union Carbide process
except that it uses air instead of pure oxygen. This has been used in
Switzerland and has been shown to improve the consolidation of sludge.
However, as with all new processes it is important to examine closely the
economics.

P.J. MATTHEWS
You have referred to heated anaerobic digestion. But have you considered

cold digestion? This has been shown to be more effective for killing
Taenia saginata ova than had previously been thought.

A.M. BRUCE

I do refer briefly to cold digestion in the paper. I am not certain that
it has an application to large works where odour problems and land-area
requirements will probably make it unsuitable. Accelerated cold
digestion probably is the most interesting new development for small
works ie. less than about 5000 population-equivalents. Several such
plants are currently being installed in the Yorkshire Water Authority
area of the UK.

There are many other processes available at the moment, for example, one
involving reed beds. But as always it is vital to examine closely the
economics of these processes, not just their technical features.

R.L. LESCHBER

I would like to mention one method which is being developed in Berlin to
save costs. This involves a short anaerobic treatment of less than 4
hours and the partially stabilised sludge is then spread on agricultural
land. It seems to be promising and could be used for communities up to
20000 population equivalents.

A.M. BRUCE
I am aware of a high-rate enzymatic sludge stabilisation process

developed in East Germany and assume that this is what Dr Leschber is
referring to. We have not yet completed our evaluation of this process.
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Summary

Biological decomposition and stabilization of sewage sludge under con-
ditions which allow development of thermophilic temperatures (com—
posting) can effect considerable drying. This reduces costs of handling
and increases the attractiveness of compost for reuse or disposal.
Microbiological aspects, composting systems and product quality are
described.

A review is given on the "state of the art" of composting of sewage
sludge in Austria, Canada, Denmark, Finland, France, Germany, Ireland,
Italy, The Netherlands, Norway, Sweden, Switzerland and the United
Kingdom.

1. INTRODUCTION

There is no universally accepted definition of composting. In this pa-—
per, composting is defined as the biological decomposition and stabilization
of organic substrates under conditions which allow development of thermophi-
lic temperatures as a result of biologically produced heat, with a final
product sufficiently stable for storage and application on land without ad-
verse envirommental effects (Haug, 1980).

The objectives of composting have traditionally been to biologically
convert putrescible organics to a stabilized form and to destroy organisms
pathogenic to humans. Composting is also capable of destroying plant dis-
eases, weed seeds, insects and insect eggs. Odour potential from use of com~
post is greatly reduced because organics that remain after proper composting
are relatively stable with low rates of decomposition. Composting can also
effect considerable drying, which is of particular value with wet substrates
as sewage sludges. Decomposition of substrate organics together with drying
during composting can reduce the cost of subsequent handling and increase
the attractiveness of compost for reuse or disposal.

Compost can be disposed of in a sanitary and usually convenient manner.
If the product is reused, it can accomplish a number of additional purposes
including:

- to improve growth of crops
- to reclaim and reuse certain valuable nutrients
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- to serve as a source of organic matter for maintaining or building sup-
plies of soil humus, necessary for proper soil structure and moisture-
holding capacity.

Generally, composting has been applied to relatively dry materials.
Municipal refuse, agricultural residues, dried animal manures and forest
wastes are examples of substrates commonly used as composting materials.
Dewatered sludge still has a water content of about 75%. The high moisture
content, lack of porosity, tendency to compact and the need to dry dewa-
tered sludge during composting make sludge composting somewhat unique and
often difficult.

To increase the porosity and to reduce the moisture content a bulking
agent can be added.

2. MICROBIOLOGICAL ASPECTS

Composting is a process based on microbial activity. It depends on a
sequentially changing microbial ecology involving many types of micro-orga-
nisms. At first a large variety of bacteria, always naturally occurring in
all organic wastes, starts the transformation. Changes of trophic conditions
and of factors such as temperature, moisture, pH and aeration progressively
cause changes of microbial populations and their activities.

An unique and general model can only be approximate since great ecolo-
gical differences may depend on raw material quality (chemical composition,
bulk density, moisture, pH) and technology (closed or open system, aeration
system, static or mixing treatment). According to such a simple scheme an
early progressive increase of biomass and activity of mesophilic micro-orga-
nisms characterizes the first stage of the process. The accumulation of mi-
crobial waste heat is at first stimulating the development of mesophilic
organisms but turns then inhibitory at temperatures within the 40 °C to 50 C
range. Species variations depending on the exact critical temperature occur
during this second transitional period, involving thermotolerant bacteria.
Thermophilic and spore-forming bacteria as well as thermophilic actinomyce-
tes are the agents of the transformation when temperature exceeds 55 C,
while non-thermotolerant microflora dies off. Then, with decreases of tem-
perature and the lack of easily degradable substances, an important growth
of fungi and mesophilic actinomycetes activity takes place until complete
compost ripening.

There is not detailed knowledge about microbial species responsible
for every stage of the process, available information certainly depending
on microbiological isolation methods used.

The Civil Sanitary Engineering Department of the Michigan State Uni-
versity (1955) reported that as the composting progresses there was a shift
from a varied population belonging to genera Pseudomonas, Achromobacter,
Flavobacterium, Micrococcus, and Bacillus, to one dominated by sporeformers
of the genus Bacillus. Niese (1959) identified Bacillus subtilis and Bacil-
lus stearothermophilus. Among spore-forming bacteria belonging to genus
Clostridium, Henssen (1957) identified Cl.thermocellum. Isolation and iden-—
tification of thermoduric and thermophilic non-sporulating bacteria from
composting materials have never been performed.

Nakasaki et al. (1983), applying the death rate curve method with UV-
radiation to differentiate between vegetative cells and spores of bacteria,
showed that more than 60% of mesophiles remained in the vegetative form at
60°C during thermophilic composting of activated sludge. Concerning Actino-
mycetes, Lacey (1973) found out that species of Streptomyces were dominant
with mild heating, Thermoactinomyces, Micropolyspora and Thermomonospora
prevailed in hotter piles. Streptomyces thermomonospora curvata,




Thermoactinomyces thalpophilus, Thermoactinomyces glaucus and Pseudonocardia
thermophila had been signalized by Henssen (1957). Coppola et al. (1983)
isolated 27 species of Streptomyces, 3 of Nocardia, 2 of Streptoverticillium,
1 of Microbispora, 1 of Thermoactinomyces, 2 of Thermomonospora and 1 of
Micropolyspora during composting of sewage sludge in mixture with wood chips.
Fungal identity as presented by several authors studying composting of
different organic waste materials was reviewed by Finstein and Morris (1975).
De Bertoldi et al. ( 1983) isolated thermophilic and mesophilic species
during composting of the organic fraction of urban solid wastes (607) mixed
with sewage sludge (407%). Absidia ramosa, Allescheria terrestris, Mucor
pusillus, Chaetomium thermophilum, Thalaromyces thermophilis, Aspergillus
fumigatus, Humicola insolens, Humicola lanuginosa, Lenzites sp., Penicillium
duponti, Scytalidium thermophilum, Sporotrichum thermophile, Thermoascus
aurantiacus and Micelia sterilia were identified among thermophilics. Meso-
philics included 6 species of Ascomycotina, 8 species of Basidiomycotina
and 29 species belonging to 23 genera of Deuteromycotina.

Microbial activities during composting are as complex as microbial po-
pulations. They must assure the achievement of the following main objectives:
i) a maximized decomposition rate of organic material; ii) abundant produc-
tion of substances able to make compost a valid soil conditioner; iii) sani-
tization of the material.

Finstein et al. (1983) have emphasized the correlation between the de-
composition rate and microbial species diversity of the composting ecosys-
tem, as a condition to attain the transformation of a wide range of organic
compounds. Slnce community d1ver31ty, as measured by authors, is markedly
lower at 60-65 C than at 55-61 C the temperature ascent must be restrained
to less than 60°C. Thus authors have developed a rational strategy for
countering the tendency of the composting ecosystem to self-limit via exces-—
sive accumulation of metabolically generated heat. The exceeding heat is re-—
moved from the composting mass through ventilation, a practical means also
favouring evaporization of water and oxygen supply. This strategy, compared
to a conventional approach yielded about four fold more waste treatment in
half the processing time (Finstein and Miller, 1985). However, composting
is not only a mineralization process. COy, Hy0 and heat arise from the aero-
bic metabolism of the easily degradable substances. More complex compounds
are humified. New high molecular weight compounds are synthesized.

Solid-state conditions within composting are widely favourable to these
processes. Coppola et al. (1983a) measured interesting cation exchange ca-
pacities, humic acids and polysaccharides contents in sewage sludges com-
posted in mixture with wood chips or with inert bulking agents. Morel et al.
(1985) have found in mature compost relatively high quantities of polysaccha-
rides extractable in acid, likely corresponding with newly synthesized micro-
bial components rather than those fractions which are not yet decomposed.

Moreover composting is widely considered as a disinfection process. It
is generally recognized that the temperature effect alone is sufficient to
kill pathogenic organisms, eggs and larvae of flies as well as weed seeds.
Wiley and Westerberg (1969) showed clearly that indicator pathogens, added
to composting primary sewage sludge in enormous number, were rapidly killed.
The indicator organisms, Salmonella newport, polio-virus type !, Ascaris
lumbricoides ova, and Candida albicans were all completely killed. Polio-
virus was the most sensitive, Candida albicans the most resistant. Micro-
bial antagonism is an additional sanitizing mechanism. Epstein and Wilson
(1975) described inoculating Salmonella enteritidis serotype Montevideo
into sterile composted sewage sludge (607 solids). Initial counts were
measured at 103 bacteria per g. After 2 days of incubation, salmonellae
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counts were found to be greater than 10% bacteria per g.

Salmonella regrowth in bag%ed composted sludge was found by Russ and
Yankoo (1981) to occur at 20-40 C, require a moisture content of about or
more than 207 and a C/N ratio of 15:1. Population peaks occurred around 5
days under laboratory conditions, followed by subsequent die-off. Authors
concluded that only appropriate curing and storage of compost can allow to
achieve the necessary levels of safety. Coppola et al. (1983a) put into evi-
dence that by favouring growth of actinomycetes through aeration and drying
during composting of sewage sludge in mixture with wood chips, a drastic and
permanent reduction of enteric bacteria counts was achieved. Such compost
was also unable to support regrowth of Salmonella enteritides. Well con-
trolled composting processes have always shown to provide sanitized products,
as reported also by Strauch (1983). Indeed a permanent hygienization can on-
ly be warranted if an intensive transformation of chemical, physical and bio-
logical characteristics of the medium is achieved, when sludge becomes un-
suitable to pathogens growth. Experiments have shown that within such condi-
tions compost exhibits microbial contents very different in comparison with
the raw material, especially with reference to Enterobacteriaceae and other
gram-negative bacteria (De Bertoldi, Coppola and Spinosa, 1983). So the mi-
crobiological quality of compost reflects the composting procedure.

3. COMPOSTING SYSTEMS
Composting systems can be divided into so-called closed and open sys-
tems, schematic the systems are as follows:

composting system
i

[

[
open system closed system
L 1
. " . . ' . [ 3 *]
mixing no mixing vertical flow horizontal flow
reactor reactor
}
T ]
oxygen oxygen mixing no mixing
downstream upstream [:: ::]
oxygen oxygen
downstream upstream

The closed systems have advantages. in humid climates. They are, however,
expensive both in investment and in exploitation. The output is more or less
continuous in a limited number of days.

The open systems are simple and the scale is variable. The investment
is relatively low, the exploitation costs are depending on the season. A
longer composting period is necessary compared to closed systems.

Open system, mixing (windrow)

The open system, with mixing is a relatively simple system of compost-
ing. The sewage sludge is set up in rows, called windrows. Periodically the
sludge is turned with a frequency that varies from once a day to once a
week. The aeration and oxygen supply takes place naturally during the
turning of the material.

The advantage of the windrow composting is the simple way in which dry
compost or another bulking agent can be added to the sludge, so that the
composting process starts quickly.
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Open system, no mixing (aerated static pile)

The open system without mixing often is called after the place where
it is developed namely Beltsville in the United States of America. The
sludge with bulking agent again is set up in rows. In contrast with the
windrows system, however, the material is not turned during the process
but forced aeration is applied to maintain aerobic conditioms.

Closed system, horizontal flow reactor (DANO)

One of the most important closed systems with a horizontal flow reac-
tor is the DANO-system. The drum is rotating, so that the content is moving
continuously. By the intensive mixing, by which moisture- and oxygen supply
can be controlled closely, the composting process starts quickly. In a few
days the material is that stable that post fermentation (ripening) in the
open air can take place, without odour problems.

Close system, vertical flow reactor, mixing (Schnorr)

A vertical flow reactor with mixing is the so-called Schnorr-biocell
system. The reactor consists of a vertical tower with 8-10 floors, one
above the other. Each floor contains a hydraulically operated valve which
allows material to be discharged to the next floor. Oxygen is introduced by
forced aeration. Retention time is about three days on each floor. At the
lowest floor the material is that stable that no further ripening is needed
any more.

Closed system, vertical flow reactor, no mixing (Kneer, BAV)

A vertical flow reactor with no interior floors or other mechanisms is
the Kneer-system, recent versions known as BAV-system. There is no mixing.
Feed is introduced at the top and flows downward as product is removed by a
mechanical scraper from the bottom. Oxygen is supplied by forced aeration
from the bottom. Retention time is 10-30 days. Ripening in the open air can
take place without odour problems.

Closed system, vertical flow reactor, no mixing (Triga)

Another vertical flow reactor without mixing is the Triga-system, a
reactor which is divided into four separate vertical compartments. Oxygen
is supplied at the top of the reactor. A screw extractor removes the product
from the bottom. The retention time is about 25 days. Ripening takes place
in the open air for 2-4 months.

There are, of course, several more firms than the above mentioned
building composting reactors; the systems mostly used for sludge composting
are described.

4, PRODUCT QUALITY

The quality of the produced compost depends on the quality of the
sewage sludge, the bulking agent and the composting system.

Comparing data of sewage sludge and the sludge compost (EPA, 1978) in-
dicates that only one third of the original nitrogen can be found in the
compost. This loss is mainly due to the easy leaching of nitrogen and NH,-
evaporation. Phosphate, potassium and magnesium do not leach that quickly,
so the decrease of these elements is less.

Almost all heavy metals, both from the sewage sludge and bulking agent,
can be found in the compost. As by the composting process a part of the or-
ganic matter is converted, the concentration of heavy metals in the dry
matter fraction of the compost will increase.

It is impossible to give analyses of an "average of compost". The ratio
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bulking agent - sewage sludge, and the composition of both differs from
place to place.

In general it can be said that in all the countries reviewed there are
guidelines (advices or acts) for the use of sewage sludge in agriculture.
More and more there are rules that protect the soil for overloading with
heavy materials.

If the guidelines for compost quality and use are fixed, on a national
or an international level, there may be an increase in popularity of com-
posting in most countries. A review of guidelines for soil protection (maxi-
mum permissible concentrations) is beyond the scope of this paper.

5. "STATE OF THE ART' ON SLUDGE COMPOSTING

Austria

In Austria 2,4 million m3 of sewage sludge is produced yearly with a
dry matter content of 5% (i»120 000 ton dm). About 2 (volume)?Z (48,000 m )
is composted.

0f this quantity only 3,000 m3® is composted with sawdust in a Kneer
bioreactor. After a composting period of 14 days in the reactor, the product
ripens in 40 or more days.

The other 45,000 m3 of sewage sludge is composted together with urban
waste in 7 composting plants. Both the DANO-system and the aerated static
pile are used.

About 1/3 of the compost is used in agriculture, the rest of it for
covering of landfill sites and recultivation of embarkments.

The quantity of sewage sludge composted will probably decrease the next
few years because of the guidelines for heavy metals. However, there is a
great need for organic matter.

Canada

Sewage sludge composting is done only at a very few locations in Canada.
Less than 17 of the yearly production of 290,000 ton dm is composted. In
Windsor, Ontario, the windrow method is used; straw is used as bulking agent.
The product is sold as a horticultural potting medium and soil conditioner.
The same method with wood chips as bulking agent is used in British Columbia
(Comox-strathcona Regional District).

The periods of composting and ripening are 21 and 60 days respectively.
The compost has been used by the local Parks Department as soil conditioner
and mulch, however, the intention is to sell much of it in the future. It
is not likely that composting of sewage sludge in Canada will increase very
much in future.

Denmark

In Denmark there are two plants with combined sludge and solid urban
waste composting.

In Frederikssund the DANO-system is used (24 h) with additional Wind-
row composting (4 turnings in a 3 month period). They process annually
4,000 ton sludge (187 dm), 20,000 ton sludge (3% dm) mixed with 25,000 ton
domestic waste.

The reject output from sieving is 15,000 ton/year and is disposed at
a controlled sanitary landfill. The remaining compost output of 6,000 ton/
year is partly used oh municipal greens (2,000 t/y) wh11e the rest (4,000
t/y) is used as top layer on sanitary landfills.

In Fovling, Jutland, the municipal plant process annually 4,000 ton
dewatered sludge (127 dm) ~ 480 ton dm and 6,000 ton sludge of 4% dm v 240
ton dm together with 24,000 ton hammermilled domestic waste. The process is



locally designed and looks like the aerated static pile method.
The total amount of raw sludge composted in Denmark is approximately
2,000 ton dm/y, corresponding to + 17 of the total sludge production.

Finland

The development of composting in Finland is shown in table 1. The num-—
ber of sewage plants using composting indicates the increasing popularity
of composting. In this table the number of inhabitants connected to treat-
ment plants is shown too.

Table 1. Development of composting in Finland

Connected population (x 103/1%) Number of works No/7%
1977 1982 1977 1982

sludge

composting 96/3 423/13 13/2 46/8

sewage

works 2820/100 3320/100 546/100 563/100

Total population
4743 4824

Total sludge production m3/a
930,000 1,130,000

(100,000 ton)® 130,000 (ton)* * data not reliable

The composting occurs mainly at small sewage treatment plants with the
windrow system. The composting agent is mainly bark and peat. Big cities
also use leaves and cut gras etc. and sometimes even sand to control the
density of the material.

Big cities, using intensive turning may have a ripening time of 2-3
months. Small units sometimes have a ripening time of more than | year in
order to include a freezing period.

The justification is ~ freezing reduces the moisture content and

increases the porosity
~ freezing and a long retention give more safety
margin to pathogen die-off.

The compost is mainly used as topsoil in parks, ''green areas', road
slopes etc.. The increasing popularity of composting in Finland can be ex-
plained as follows:

- low population density: suitable places causing particularly no odour
nuisances can be found in the countryside;

- for fairly small plants simple composting provides the only feasible and
reliable stabilization method;

- in the northern parts of the country, little or no crops are grown. Fields
are used for grazing, and the sludge cannot be used in agriculture,
Simultaneously there is a lack of topsoil.

France

In France the total sewage sludge production is nearly 800,000 ton dm/
year. About 10,000 ton sludge is composted (thus 1,25%). At this moment
there are 5 composting plants: Royan, Nantes (2), Soisson and Blois. Planned
composting plants are: Surgéres, Besangon and Rodez.
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In Royan the Triga process is used, in Soissons and Nantes the BAV pro-
cess and in Blois the windrow system. The compost is used in bags for garden
centers, vineyards and horticulture.

Germany

The annual sludge production in Germany is about 2,4 million ton dm.
Approximately 27 (48,000 ton dm) is composted with or without urban waste.
Composting of sludge with no other bulking agents than straw, sawdust etc.
takes place at 42 locations. Only at 6 locations an open composting system
is used. The other ones are mainly vertical flow reactors without mixing.
The connected population is 1,1 million in total.

In 1990 about 50-60 sewage sludge composting plants are expected with
a connection of 1.2-1.5 million i.e.. The government stimulates recycling
of wastes and by this composting of sewage sludge. Of course, a market for
the product is necessary and this must be developed further. At the moment
the compost is used as topsoil on landfill sites, on public greens and gar-
dens.

Table 2. Sludge composting in Germany (1983)

place i.e. system
1. Deidesheim 13,000 closed
2. Denkendorf 15,000 closed
3. Dettenhausen 8,000 closed
4, Gaggenau 121,000 closed
5. Liebenzell 16,000 closed
6. Rastatt 120,000 closed
7. Mittleres Wuhachtal 14,000 closed
8. Althausen 4,200 open
9. Pleidelsheim open
10. Brilon-Messinghausen 10,000 closed
11, Delbruck 30,000 closed
12. Eddersheim 15,000 closed
13. Ferndorftal 110,000 closed
14, Freigericht 30,000 closed
15. Herbrechtingen 25,000 closed
16. Hochheim 25,000 closed
17. Kandel 10,000 closed
18. Kronberg 30,000 closed
19, Lambsheim 20,000 closed
20. Lollar 25,000 closed
21. Lubeck 15,000 closed
22. Nufringen 15,000 closed
23. Raisdorf 10,000 closed
24, Rosbach 20,000 closed
25. Schofflenztal 25,000 closed
26. Schlichtern 25,000 closed
27. Steinenbronn 15,000 closed
28. Vlotho 20,000 closed
29. Waldenbuch 15,000 closed
30. Weilheim/Teck 25,000 closed
31. Wilnsdorf-Weisstal 15,000 closed
32. Winterberg 20,000 closed
33. Laupheim 50,000 closed
34, Horn Bad Meinberg 25,000 closed



place i.e. system

35. Bickenbach 50,000 closed
36. Oberwald 20,000 closed
37. Neunkirchen/Saar closed
38. Unteres Kochertal open
39. Mihlacker open
40. Oberer Kraichbach 50,000 closed
41, Bad Vilbel open
42, Edertal open
Ireland

Any composting that is done in Ireland is on straw, poultry and horse
manure and is aimed at mushroom production. This, however, is outside the
scope of this review.

Composting of sewage sludge does not take place at all. The total
sludge production in Ireland is about 20,000 ton dm/year.

Italy

In Italy the total annual sludge production is approximately 200,000
ton dm. There is only one sludge composting plant; this plant treats 10-20
cubic meter of dewatered sludge a day (700 ton/year) through the BAV-system
(mixing with saw dust, 2 weeks bioreactor, 6-8 weeks ripening). The compost
is used in plant nurseries and public greens. A second plant is going to
start using the same system, with a load of 1500 ton per year.

In Italy 5% of the urban solid waste is composted. An unknown percent-
age is mixed with sewage sludge in some plants. In total no more than 0,57
of the annual sludge production is composted.

The Netherlands

At the moment composting of sewage sludge takes place at three loca-
tions in The Netherlands, two of them on a rather small scale. One company
in the western part of Holland treats the sludge from several Water Boards
to make compost and black earth on a very big scale. The method used for
composting is the aerated static pile. Wood chips are used as bulking
agent.

At all locations "open' systems are used, at the biggest plant the
composting takes place under a roof. This is to exclude the rainfall and
to control odour problems, because all the ventilation air can be lead
through compost filters.

The compost is particularly used on public greens.

If the guidelines for compost quality are fixed the quantity of sludge
composted will probably increase to 5 percent of the total sludge produc-
tion of 260,000 ton dm/year.

Norway

The total amount of sewage sludge produced in Norway is approximately
80,000 ton dm, of which 5-7.57 is composted yearly.

1,200 ton sludge is composted by the BAV-method, with sawdust as
bulking agent. The retention time is 10-12 days. Ripening takes place in
the open air.

In the Oslo area 4,000 ton sludge is composted by the Beltsville meth-
od, without using a bulking agent.

During the last ten years 30 plants for combined composting of domestic
waste and sewage sludge are built. Most of them, however, are closed; only
4 are still in full activity, but there are problems with the destination
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of the compost, because of the high lead content.
The sludge compost is of a good quality and the total amount is used
on green areas.

Sweden

The annual sludge production in Sweden is approximately 250,000 ton dm.
Of which + 50,000 ton is composted together with urban waste (20%), mostly
in open systems.

The two biorotors constructed are not in use at the moment.

Only in a few cases sewage sludge is composted with bark or sawdust as
bulking agent.

The compost is used as landfill cover or in green areas and gardens.

The quantity of sludge composted will probably decrease because of
economic reasons.

Switzerland

In Switzerland only one plant is composting sludge, with an amount of
200 ton dm per year. This corresponds to approximately 0.1% of the annual
sludge production of 150,000 ton dm. A closed vertical flow reactor is used,
with sawdust as bulking agent. Retention time is between 10-15 days. Because
of the relatively high content of heavy metals and nutrients in the com-
posted sludge, the application, mainly in vineculture, is strongly re-
stricted to 15 ton per hectare each 15-20 years.

United Kingdom
Currently in the U.K. composting is not widely practiced. Only 17 of

all sludge disposed to land is being composted. The total annual sludge
production is 1.2 million ton dm.

Composting is not used more extensively mainly because land area and
labour requirements for the process are greater than for the preferred
method of stabilisation (mesophilic digestion).

About 80% of the sludge composted is lime stabilised, dewatered sludge
from plate presses. It is composted in open windrows, which are turned about
once a month. Since the Biles are only turned infrequently temperatures sel-
dom increase above 40-50 C. After a period of a few months, the organic
matter in the sludge is reduced from an initial value of 65% to about 40%.

The composted material is then used on arable land, for land reclama-
tion and for fertiliser manufacture.

Pilot scale trials are currently being carried out by the Water Re-
search Centre to investigate the benefits and costs of composting dewatered
sewage sludge using the aerated pile process.

Summarized the "state of the art" of composting of sewage sludge is
shown in table 3.

6. CONCLUSIONS

In most of the reviewed countries composting of sewage sludge is still
a minor treatment method. The reason for this is probably that the use of
liquid sludge in agriculture (mesophilic digested) in general does not meet
many difficulties.

Composting can be achieved in open or in closed systems. Most of the
closed systems are found in Germany, Austria and France.

In case of open systems mainly the windrow method is used.

Composting may increase in future if the guidelines for the product
are fixed, on national or international level, and can be met.
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DISCUSSION
G. MININNI
Some countries covered by your survey use open systems whilst others use
closed systems. Why is there this difference and does it affect the
quality of the composted material?

L.E. DUVOORT-VAN ENGERS

They are both good systems and produce similar composted material. The
choice between the two systems really depends on local conditions, for
example, if the climate is wet, it is preferable to use a closed system.
Furthermore, closed systems, in general, require less land area.

H. KUNZE

What is the "state of the art" view of the economics of composting? For
example, how does the price of the composted material compare with cost
of production?

M. DE BERTOLDI

A paper dealing with this aspect of composting will be presented next
April at the International Symposium on Compost - Production, Quality and
use. The Symposium will be held in Udine, Italy and will be jointly
organised by the European Commission, the National Research Council of
Italy and the International Society of Horticultural Science.

J.E. HALL
I would like to point out that since your survey has been carried out a

further composting plant has been commissioned in the UK and now there
are two operational plants.
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OPTIMIZATION OF PROCESSING , MANAGING AND DISPOSING OF SEWAGE SLUDGE

Istituto di Ricerca sulle Acque, C.N.R.

Summary

Optimization of systems for sludge management requires preliminary
investigations on the disposal options as a function of sludge chara
cteristics, acceptability limits and environmental conditions. Once
the possible disposal alternatives are identified, the processes,
which allow the sludge with the desidered characteristics to be obtai-
ned, can be selected. Optimization criteria based solely on cost ana-
lysis, are however negatively affected by local conditions and by de-
sign and operating parameters, which generally do not take into ac-
count the interactions among the treatment processes. If models of
operations, describing how the input sludge characteristics are modi-
fied by the process operating variables, are known, then rational op-
timization criteria can be developed.

Sludge disposal options are practically restricted to spreading it on
the topsoil or disposing of it underground. The practice of dumping,
which is still carried out in some countries, is subjected to very
stringent Timits because of the risks it entails for the environment;
incineration and the subsequent disposal of the ashes and composting,
with relevant use of the product obtained, are valid alternatives to
the disposal of more or less dewatered sludge. In some cases it may
be economical to combine disposal of sludges and urban solid waste
(USW) or fractions thereof, either by means of incineration or compo-
sting processes or by discharge in Tandfill. In these cases there is
a possible additional advantage owing to the fact that each component
has a beneficial effect in that: a) USW helps to reduce the auxiliary
fuel requirements in sludge incineration; b) USW acts as a supporting
agent and source of carbon for the sludge composting, which provides
nutrients Tacking in the USW; c) USW give the mass greater consisten-
cy in the landfill area,thus enhancing its handlability by the vehi-
cles used for packing and covering various layers.

The considerable difficulties encountered in optimizing the treatment-
- disposal system are due to the numerous factors that can affect the
choices to .be made and to problems involving the a priori determina-
tion of sludge characteristics during the various stages of the pro-
cess and the definition of the capital and operating costs of each
single operation. The present paper has been subdivided into two par-
ts: Part I deals with the models of the most commonly used treatment
operations and Part II with the main disposal alternatives.
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OPTIMIZATION OF PROCESSING , MANAGING AND DISPOSING OF SEWAGE SLUDGE
Part I: TREATMENT PROCESSES MODELS

L. Spinosa and V. Lotito
Istituto di Ricerca sulle Acque-Via F. De Blasio 5 70123 BARI

In this part the following treatment processes are considered and
discussed: gravity thickening, aerobic digestion, anaerobic digestion, con
ditioning and mechanical dewatering.

1. GRAVITY THICKENING
The widely most used mathematical expression correlating settling ve-
Tocity v to solids concentration c is that utilized by Dick and Young (1):

-n
vV =a.c

where a and n are empirically determined constants, which characterize the
sedimentation properties of a certain sludge. _ 5

The values of these constants range from 0.9 x 10 ~ m/h to 2.3 x 10

a and from 1.1 to 2.7 for n.

According to the analysis developed by Hasit ed al.(2), the underflow
suspended solids concentration (Cu) can be expressed as a function of the
influent flow rate (Qi) , the influent suspended solids concentration
(cj) and the areaof the thickener (A) by means of the following equation:

_ [a(n-l)(n/n—l)" A] 1/(n-1)
C =
u Q,C.

This equation is valid for thickener operating at the limiting flux
conditions and with effluent solids concentration equal to zero. It allows
the thickener surface to be calculated as a function of desired underflow
sludge concentration.

2. AEROBIC DIGESTION

The residence time in the reactor can be considered the primary varia
ble involved in the aerobic digestion. It affects both sludge dewaterabi-
lity and volatile solids destruction.

According to Randall et al. (3), the value of Specific Resistance to
Filtration is reduced by 10 to 50% in 1-5 days, but then increases in the
following 11-15 days to values higher than initial ones. Typical curves for
different kinds of sludge are shown in Fig. 1.

In a case studied by E1-Gohary and Saleh {4), the Specific Resistance
increased by about 280% in 90 h in samples without added nutrients, while
it decreased by 40% in 111 h with added nutrients.

However Dick and Hasit (5), proposed neglecting the effect of resi-
dence time on dewaterability, because it was not appreciable, data were
scarce and not _consistent and probably not generally applicable.

—77 -



30%
201
L
__10¢
g <)
:E/ 1 i
f:g_)o.zsr
Q
a
020
b)
st
06+
G
04'\;4 : Q) 8

O 2 4 6 8 10 12 14
t(d)

Fig. 1 - Variation of Specific Resistence to
Filtration vs. aerobic digestion time
for different sludges (3)

Volatile solids destruction by aerobic digestion is primarily depen-
dant on retention time in the reactor and temperature. Data deriving from
pilot and full-scale tests of several types of municipal wastewater slu-

dges are shown in fig. 2 (6).
Adams et al. (7), developed the following equation correlating the

volatile solids concentration of digested sludge VS,(mg/1) as a function
of stabilisation time t(d), once the volatile solids concentration of feed
sTudge VSi(mg/1), the decay rate constant Kp(d~1) and the non degradable
fraction of volatile solids VSp(mg/1) are known:

VSg = (VSi+Kp-t-VSp)/(14Kp)

3. ANAEROBIC DIGESTION

According to Dick and Hasit (5), sewage sludge dewaterability is re-
duced by anaerobic conditions; a poorer quality supernatant is also produ-
ced. However with increasing residence time, the extent of this deteriora-
tionzdiminishessand-thesmasssof=dry=solids disharged from the digester de-
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creases. Geperally applicable equations correlating retention time to de-
waterability are not available but the cost of sludge conditioning and
dewatering resulted about doublewhen deterioration of dewaterability by
anaerobic digestion was considered.

0.6

D 3165

o N I 4 —dn | L L L

0 200 400 600 800 1000 1200 1400 1600 1800
T(°C)0C (d)

Fig. 2 - Volatile solids reduction (VS4/VSy) vs.temperature
(T) and sludge age ( J.) (6)
a) Pilot tests
b) Full scale tests

The following equation allows the volatile solids abatement vs
(weight ratio) to be calculated (8):

rys = 0.06 t/(1+0.06-t)
Since 0.75-1.10 m3 of biogas (consisting of 65-75% of CHq) are produced
per kg of VSS destroyed, therefore the energy production can be evaluated.

4. CONDITIONING

Among the sludge variables affected by chemical conditioners, the
Specific Resistance to Filtration is that most commonly used for evaluating
and modelling the dewatering operation. It is related to pressure by:

Rp = Ro (P/PO)S

where s is the coefficient of compressibility.
As regards inorganic chemicals, the following equation was found to
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give the best fits of experimental results (5):

R
Rou
where:

Roc = R for conditioned siudge
Rou = Rg for unconditioned sludge

—95 :(F+'|)'4-05_e 0.47'F. (L+'[)'0.25

F = FeCl3 dosage (%)
L =Ca0 dosage (%)
10000 ¢
5000

R108(cm/g)

®q)
o b)
A ¢C)

0°%CaOl
6 °/° ”

"

D3162

0 2 4 6 8
FeCl3(°Io)

Fig. 3 - Comparison of conditioning model predictions
with observed data (5)

10 12 14

a) Measured values at 0% Ca0

b) Measured values at 6% Ca0
¢)-Measured.values at 14% Ca0
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Figures 3 and 4 show a comparison of this model with experimental
results. It is evident that overdosage has a small effect in further im-
proving dewaterability which can sometimes, could be deteriorated.

20
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Fig. 4 - Comparison of conditioning model predictions with obser-

ved data (5)
a) Measured values at 4% FeClj
b) Measured values at 8% FeClj

Previous experiments showed also that conditioning does not alter the
coefficient of compressibility s (9).

Tests carried out at Water Research Institute with different kinds
of sewage sludge and cationic polyelectrolytes, allowed to evaluate the
influence of polymer dosage on specific resistance (Fig. 5). The following
correlation, valid for a dosage § (kg/t) ranging from 2 to 9, was develo-
ped:

Re = 20.155 - £71-803

These experiments confermed that overdosage could be detrimental.

5. MECHANICAL DEWATERING

Filter-press, belt-press and centrifuge are the most widely utilised
machines for sewage sludge dewatering.
The main operating variables affecting dewatering by filter-press are
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pressure and filtration time. Tests carried out by Mininni et al. (10) led
to the development of a model, allowing the coefficients a and b of the
equation expressing the filtrate flux vs. time (@ = a.tb) to be correla-
ted with pressure, Specific Resistance to filtration and sludge initial
concentration. Once a and b are known, and values of chamber volume, fil-
tration surface and dry solids density fixed, it is possible to estimate
the cake solids concentration and the machine yield.

101 ¢

L1 1 1 ¢

R-10'?(mg/l)

Ll L i1l
LN B B A A |

L
v

0.1 t -+
1 2 3

5 6 7
§ (kg/t)

Fig. 5 - Influence of polymer dosage on Specific Resistence R

b-
@ 4+
o

10

As far as dewatering by belt-press is concerned, pilot tests carried
out by Spinosa et al. (11) allowed the following equation to be developed:

as

RS2 g

Ck = agvy
where Cy is the cake solids concentration (%), Vi the belt speed (m/h),
Fo the input sludge flow rate (m3/h) and C, the feed concentration (kg/m3).
The value of coefficient a, and exponents ay, a and a3 obtained proces-
sing pilot tests results are reported in Tab. I.

The operating variables, which a centrifuge depends on, are bowl spe-
ed, liquid ring height, bowl-conveyor differential speed and input sludge
flow rate. No widely accepted indications on the effects of such variables
are to be found in literature and it is commonly known that for some of

them opposite results may also ensue due to the values of other variables.
Moreover, a parameter for assessing sludge centrifugability has not yet

-8 -
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been defined because it has not been possible to reproduce on a laborato-
ry-scale the actual conditions occurring in a full-scale machine.

Table I - Statistical correlations of belt-press tests:
a
Ck = dag - Vt] . ng . Cg3 (*)

Corr.

Notes g aj ap a3 coeff.
24 tests for 76.5 -0.261 0.269 0.024 0.922
sludge A
24 tests s1. A 83.7 -0.264 0.272 - 0.920
23 tests s1. B 22.3 -0.179 0.074 0.299 0.787
14 tests s1. B 17.7 -0.199 -0.039 0.401 0.909
with Fy<2 m3/h
8 tests s1. B 21.8 -0.065 -0.245 0.196 0.669
with Fq>2 m3/h
24 tests s1. A 51.5 -0.238 0.165 0.118 0.828
+ 14 sludge B

sludge A: activated slaughterhouse (C, = 12-43 kg/m3)
stidge B: digested primary + activated (Co = 16-31 kg/m3)
(*) Cy dewatered sludge concentraction (%)

Vi belt speed (m/h)

Fo input sludge flow rate (m3/h)

Co feed sludge concentraction (kg/m3)

Statistical correlations obtained by pilot-scale tests are reported
in Table IT (12), thus allowing the cake solids concentration to be esti-
mated as a function of machine operating variables.

6. CONCLUSIONS

Any optimization procedure of sewage sludge management systems requi-
res the knowledge of performace models for each treatment operation. Howe
wer, these models are in many cases not available, while in the others
they generally do not apply to all situations because based on experimen-
tal results obtained in particular conditions.

Another problem arises from the difficulty to define the values to
assign to coefficientsappearing in the models, when either the characte-
ristics of sludges produced in similar conditions or the sludge itself are
not available.

It follows that efforts must be directed towards the knowledge of the
sludge properties variations during its treatment and disposal and the mo-
delling of all these operations.
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Tab. II - Statistical correlations of centrifuge tests:

a] ap a3
Y = axy Xp ... X4
Exponents of x3 = ...
Slude Coeffic. X =ty hyp Cou 5 Aw ﬁs
y type a (s) (mm)  (kg/m®) (rpm)  (kg/h)
=
© 1 73.75 0.215 0.273 - - -
e 2 81.79 0.203 0.093 - - -
vg 3 61.25 0.244 0.263 - - -
SE 4 .22 0.123 -0.056  0.717 - -
5° 5 11.97 0.092 -0.272  0.084 - -
3 6 0.0122|  0.230 0.399  1.745 - -
>
o5 4 93.95 - - - 0.313 -0.946
-2 5 397.30 - - - 0.399 -1.594
3% 6 96.78 - - - 0.311 -0.493

ty sludge resid. time on the beach

hp liquid ring height

Csy conc. after 2 h settling 1 1 cylinder

Aw differential speed

B, solids input flow rate/liquid ring volume (solids flux)
1: 4.8% Aerob. Dig. Activated
2: 3.2% Aerob. Dig. Activated with dephospatation by Al, (S04);
3: 4.5% Aerob. Dig. Activated whit dephospatation by FeSO,
4: 0.7% Aerob. Dig. Activated using pure 0,
5: 1.6% Aerob. Dig. Activated using pure 0
6: 2.1% Aerob. Dig. Activated using air
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OPTIMIZATION OF PROCESSING , MANAGING AND DISPOSING OF SEWAGE SLUDGE
PART II: DISPOSAL OPTIONS

A.C. DI PINTO and G. MININNI
Istituto di Ricerca sulle Acque-Via Reno, 1 00198 ROMA

In this Part the main sludge disposal systems are discussed, putting
in evidence the relevant characteristics, problems involved and costs with
reference to Italian situation.

1. AGRICULTURAL UTILIZATION

Sludge spreading on farmland allow the recovery of organic contentand nu-
trients contained in the sludge: the main problems encountered in this
field are due to the presence of metals and pathogenic micro-organisms in
excessive concentrations. As far as nutrients are concerned, the limiting
factor in sludge application is phosphorus: in fact, the requirement of
this nutrient for most crops is considerably lower than that of nitrogen
(Table I). The nitrogen and phosphorus requirements are in the ranges 89 -
500 and 22 - 183, whit average values of 210 and 70 kg/ha, respectively.
Considering that the mean nitrogen and phosphorus concentrations in a slud-
ge (expressed as N7 and P20g), are respectively about 4% and 2.5% with re-
spect to dry solids (2), it is possible to evaluate thequantity of sludge
theoretically needed to satisfy the nitrogen and phosphorus requirements
of the crops. As an example, some data are presented in Tab. II. These
data confirm that phosphorus is the 1imiting factor in sludge application
and that in some cases (alfa-alfa) the sludge dosages needed to provide the
required amount of nitrogen is more than three times that necessary to sa-
tisfy phosphorus requirements.

The quantity of usable sludge is, however, limited by heavy metals ra-
ther than by phosphorus, when metals concentrations in sewage sludge exce-
ed typical values. For example, in the case of cadmium, at the average con-
centrations of 16 mg/kg (3), the quantity of disposable sludge,obtained by
respecting the proposed EEC Directive, is higher than that required for
phosphorus balance.

The cost of distribution of wet sludges can vary considerably accor-
ding to the method used. If the sludge can be used in an irrigation network
or other suitable existing on-site installations, the costs are of the or-
der of 300 Lit/m3. However, if road tankers and other equipment have to be
used, the costs are much higher (of the order of 2000 Lit/m3) and vary ac-
cording to the peculiar management conditions (road network, practicabili-
ty of equipment on the ground, etc).The costs of dewatered sludge spreading
are of the order of 5500 Lit/A if ordinary manure spreaders can be used.
It is not economical to use the centrifugal fertilizer spreaders commonly
used for mineral fertilizers.
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Tab. I- Annual nitrogen and phosphorus utilization by selected crops

NUTRIENTS REQUIREMENT
CROP kg/ha

N P205
Barley 194 72
Corn (grain) 267 m
Rise 122 67
Soybeans 372 72
Sugar beets 306 94
Wheat 194 89
Broccoli 89 33
Cobbage 256 72
Celery 311 183
Potato (Irish) 278 128
Tomatoes 278 89
Apples 1m 50
Grapes 117 50
Oranges 133 44
Peaches 106 44
Alfa alfa 500 89
Mean 210 70

Tab. II- STudge dosages (t/ha) satisfying nitrogen and phosphorus require-

ments

CROP NITROGEN PHOSPHORUS

BALANCING BALANCING
Corn 6.67 4.44
Weath 4.85 3.56
Celery 7.77 7.32
Alfa-alfa 12.5 3.56
Average for vaious crops 5.27 2.8

2. LANDFILL

In order to evaluate volume and surface of a sludge Tandfill site, con
centration, mixing with solid wastes or other organic material and the ty-
pegoflandfill mustabestakengintogaccount. However, it should be pointed
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out that the sludge is generally disposed in landfill in conjunction with
urban solid wastes because of the advantages deriving from optimal volume
utilization. Sludge can in fact be used to fill the voids within refuse,
especially at comparatively low concentrations. The annual volume of land-
fill requested for sludge disposal is given by:

-n

S 3

= = -L-E)-A
X

v . 365+ (P . 10
were:

Fs daily dry solids production (

X sludge solids concentration (

mean annual rainfall (
annual leachate quantity (m3/m?)
annual evaporation {
landfill surface (

> m r— O

Bulking agent must be taken into account in the computation of land-
fi11 volume.

P,L and E are characteristics of each site and of the operation moda-
Tities of landfill. When landfill is lined both on the ground and on the
surface, P and E equal zero and the quantity of leachate tends to diminish
with time. The most economical system, for leachate treatment, appears to
be the recycling on the top of landfill. In this may the anaerobic condi-
tions are enhanced and thus also the refuse stabilization process. Moreover
the leachate volume gradually becomes reduceddue to evaporation.

In Italy, sludge is disposed of in Tandfill in conjunction with urban
solid wastes. The operationg costs are 20,000-50,000 Lit/t of wet sludge.

3. INCINERATION

The cost of incineration and subsequent disposal of the ash is largely
dependent on the preliminary treatment.

Incineration costs using a multiple hearth furnace in plant serving
500,000 inhabitants for currently used treatment lines are shown in Tab.III.
The data shown in the table are based on the assumptions made in Mininni
et al. (4). Amortization has been calculated over a 15years period at an
interest rate of 10%. Furthermore, it has been hypothesized that, on the
Tines including anaerobic digestion, biogas could be used to cover incine-
ration energy requirements. This would explain the fact that unlike line D,
fuel costs in 1ineC are zero, although the sludge characteristics are almost
identical. The most representative components of the overall operating co-
sts are amortization (up to 55%) and fuel consumption (up to 53%) for the
not selfsustaining lines. The other cost items ( personnel and maintenance)
are comparable.

The quantity of dry solids treated varies considerably according to
the treatment line involved, and reaches its peak in lines without dige-
stion and with filter-press dewatering because of the considerable quanti-
ties of inorganic chemicals involved. This means that specific cost trends



of incineration, expressed in units of dry solids, do not coincide with
that of the specific costs per inhabitant served.

If post-combustion at 1,000 - 1,100°C of theexhaust gas is required,
auxiliary fuel consumption rises dramatically; if no energy can be recove
red, the costs become prohibitive.

Tab. IIT - Incineration costs (without ashes transport and disposal) (4)

Line (*) A B C D
Dry sludge to be treated (t SS/d) 22 33 24 56
% SS 18.7 36 27 27
% VS 61 47 61 60
Costs (Lit x 106/year)

Fuel 325 0 0 1,230
Energy 75 62 60 110
Personnel 75 75 75 75
Maintenance 100 88 85 124
Amortization 435 385 375 550
Total 1,010 610 595 2,089
Specific cost (Lit/kg SS) 126 51 68 102
Specific cost (Lit/hd - year) 2,000 1,200 1,200 4,200

(*) Line composition

A: Pre-thickening, anaerobic digestion, post-thickening, centrifugation,
incineration

B:Pre-thickening, anaerobic digestion, post-thickening, filter-pressing,
incineration

C:Pre-thickening, anaerobic digestion, post-thickening, belt-pressing,
incineration

D: Thickenifng, filter-pressing, incineration

4. TRANSPORT AND STORAGE

Wet or dry sludges are almost never disposed of on-site, so that it
is necessary to provide for their transport; even in the case of incinera-
tion, which is generally carried out at the sludge production site, the
ashes still have to be transported. Furthermore, since the sludge disposal
cycles do not always coincide with treatment cycles, it becomes necessary
to make adeguate stockpiling provisions. While stockpilingcost are generally
not easy to evaluate, since they depend on a large number of local circum-
stances, transport costs can be determined fairly accurately once the di-
stance from the disposal point to the production site is known. Especially
when medium-long distances are involved, these costs account for a large
proportion of overall treatment costs.

Storage volumes are very high in the case of agricultural utilization
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as spreading cannot be carried out all year round. In the U.S.A. these
volumes vary from a minimum accumulation time of 30 days, in the case of

hot dry regions,to 200 days for cold damp climates. The most common sto-
rage systems used are stockpiles and lagoons in the case of dry sludges

and closed or open tanks or digesters for wet sludges. Generally speaking,
the most economical storage system is lagooning. Covered or tank storage is
preferable in the vicinity of residential areas.

Liquid or dewatered sludge can be transported by pipe, truck, barge
or railway. In this paper, only transport by truck will be taken into con-
sideration. In fact transport by barge or railway is limited to particular
situations, when suitable watercourses or railway stations are in the vici-
nity of the wastewater treatment plant.

Pipe transport can be used economically for liquid sludges (maximum
concentration 8%) (5), only for large quantities. In any case, as for rail
trasport, it requires high-cost permanent installations which lack the o-
perating flexibility offered by truck transport.

Costs of sludge transport by truck were evaluated with particular re-
gard to Italian situation (6). The following data,inclusive of amortization,
were derived considering the utilization of large trucks:

liquid sludge 8 km (one way) 4,400- 5,700 Lit/m3
30 km (") 10,500~ 12,500 "
120 km ( ® “ ) 28,000 -29,700 "

dewatered sludge 8 km (one way) 10,000 - 21,300 Lit/t
30 km ( ® * ) 20,000 - 28,000 "
120 km { " ") 31,200 - 37,000 "

6. FINAL CONSIDERATIONS

Several evaluations referring to the cost of different disposal alte-
ratives examined for different distances between the place of origin of the
sludge and that of its disposal are shown in Tab. IV.

The data in the table show that, with the assumptions on which the
analysis is based, liquid sludge disposal is not economical owing to the
high transport costs involved. It can become economical if the disposal si
te is located in the immediate vicinity of the sludge production site. In
such a case it could be economical to use pipes, which are cost-effective
over short distances.

In the case of dewatered sludge, if long-distance transport is ruled
out, the most economical alternative is sludge disposal on farmland. Howe-
ver, it must be borne in mind that no account was taken in the evaluation
of either the costs of stockpiling or the savings in fertilizer obtained
by using the sludges.

Of the two remaining alternatives,disposal of dewatered sludges in
Tandfill and incineration, the latter is found to be the more economical in
most cases. Only when the costs of landfill 1ie at the lower end of the cost
range shown in the table, thissolutionis more economical than incineration.
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It must not be overlooked, however, that the cost ofthe biogas produ-
ced in the digestion phase and used as an auxiliary fuel in incineration
has not been included in the cost analysis.

Since transport costs weigh more heavily for disposal in landfill than
for incineration, the former alternative can be found more economical than
incineration over distances shorter than those considered.

If spreading on farmland is not possible, disposal in Tandifill beco-
mes necessary for smaller quantities as incinerationwould not be feasible.

It is hardly necessary to point out that these considerations are ba-
sed solely on technical/economical evaluations referring to the disposal
and that the inclusion in the analysis of the costs relative to the treat-
ment stage could lead to different results.
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DISCUSSION
F. COLIN

Is there one procedure that you would recommend for the optimisation of
the sludge treatment and disposal system?

L. SPINOSA

At the moment, we are not able to recommend one particular procedure. We
need to know much more about the operational and cost parameters before
we will be able to do that. As I mentioned in my paper we only know
about a few cases and much more work is required.

P. BALMER

What are the main differences between the optimisation criteria discussed
in your paper and those given in the literature?

L. SPINOSA

In the past, optimisation of a sludge treatment system was attempted by
considering each step of the process in isolation and optimising that.
This paid no attention to the interaction between the various processes.
What we had tried to do is to consider the system as a whole.




ALTERNATIVE USES OF SEWAGE SLUDGE

R.C. FROST
WRe Processes, Stevenage, Hertfordshire, England

H.W. CAMPBELL
Wastewater Technology Centre, Enviromment Canada,
Burlington, Ontario, Canada

Summary

Increasing pressure on established routes for the treatment and
disposal of sewage sludge is causing sludge disposal authorities to
look for alternative outlets. In this context the beneficial use of
sludge is attractive in principle since it offers the prospect of
limiting any increase in expenditure. The chief potential value of
sludge lies in its protein and fat content and a survey of known and
potential uses reflects this fact. To illustrate some of the
principal features of potential sludge disposal schemes that involve
using sludge, five cases are presented in more detail. These are:
fat and protein extraction; precious metal recovery; use as building
material; electricity generation; and fuel production through low
temperature pyrolysis.

1. INTRODUCTION

Sewage sludge is viewed in a number of ways by different sections
within a community and by different communities. So that in practice the
methods of treatment and disposal adopted locally are determined by a
compromise of various and in some ways conflicting views. Essentially,
these are:-

. sludge presents - at least potentially - an environmental

threat and nuisance

sludge is an urwholesome, undesirable but inevitable

by-product of sewage purification, and as such should be

disposed of as cheaply as possible

sludge is a potentially valuable resource which should,

in principle, be exploited to the maximum and not wasted
Any sludge disposal philosophy reflects a balance of these considerations
but the balance is of a dynamic nature and, as a consequence of this, the
'best! treatment and disposal routes will tend to change with time.

In recent years public concern over metals, organic and inorganic
chemicals, parasitic organisms, and more general pollution caused by
sludge has not been significantly assuaged by the scientific evidence.
And as a side-effect of the consumerist movement the general public is no
longer - if it ever was - prepared to simply put up with nuisances such
as that caused by odour. Coupled with these factors the trend is for
modern societies to have an ever reducing tolerance towards risk-taking
on environmental and safety issues. A net effect is that increasing
public and political pressure is being focused on sludge disposal.
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Much of this pressure has been directed at the practices of sludge
disposal to agricultural land and to sea. Since these routes can, given
the right circumstances, often be the cheapest options open to a sludge
disposal authority, the increased costs resulting from the imposition of
further restrictions can be very significant. Because of the potential
need for changes in practice - changes that will cost more money - and
their desire to minimise the net increase in expenditure, sludge disposal
Authorities are increasingly looking at different and further ways of
exploiting the resource value of sludge.

There are a number of ways in which sludge can or could be
profitably used, and some of these currently constitute standard
practice. These will be mentioned in passing, but the paper will address
in detail only those uses which are not so common or are at the
development and evaluation stage.

2. SEWAGE SLUDGE AS A RESOURCE

Sewage sludge can be considered the archetypal waste material, the
waste not just of a single process but of multitudinous processes and
sources: comprising not only human faeces and sanitary-based material,
but also other domestic wastes and the wastes from innumerable trades.
In consequence, whilst crude protein and fat generally comprise the bulk
of raw sludge solids, there are many other constituents as well and the
concentration of any given constituent can cover a wide range. Some
representative concentrations are listed in Table 1 together with a
representive calorific value.

It is fairly clear that, in general, the principal value of sludge
as a resource lies in its fat and protein content, and that there exist a
number of possible strategies for tapping this resource. These range
from using whole sludge as an animal foodstuff, through application to
land as a fertiliser, direct extraction to produce feedstock for the
chemical industry, down to conversion into fuel products. Locally high
concentrations of other constituents of high value may also make
extraction of specifies worthwhile in some cases. An example of this,
described later, is the possible extraction of gold and other precious
metals from some incinerator ashes.

Table 2 contains a few details on a number of known and potential
uses of sewage sludge, and five of these are described more fully in
following sections of the paper. These uses have been selected on the
grounds of example and potential significance at large sewage treatment
works. A significant omission from Table 2 is any information on costs.
Generally this issue has been poorly addressed by the public
literature, and makes an informed assessment and ranking of the
alternative uses a very difficult job indeed. This is exacerbated by
local factors such as the scale of operation, market outlets and the
availability of government grants for capital expenditure, and by the
variability of commodity prices.

3. [EXTRACTION QF FAT AND PROTEIN

The most thorough investigation of this option for using sewage
sludge was carried out in the Unite? Kingdom in the late 1970's by Thames
Water Authority and Unilever Ltd 2), A process was developed for
extracting both fat and protein from co-settled primary and activated
sludge at Beckton where the sewage from 2.2 x 106 people is treated. The
production of fat was chosen for optimisation because of the potential
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Table 1. Approximate resource content of co-settled primary
and activated sludge

Representative Nominal market Nominal gross
Constituent concentration value of constituent value of resource
(kg/tonne dry solids) (2/kg) (£/tonne dry solids)
crude protein 320 0.2 64
(low grade feedstuff)
fat 150 0.2 30
total nitrogen 52 0.25 13
(as fertiliser)
total phosphorus 16 0.6 9.6
(as fertiliser)
potassium 3.5 0.15 0.5
(as fertiliser)
mineral oil 31 0.17 5.3
fibre 120 0.01 1.2
starch 9 - -
sugar 4 - -
vitamin B12 0.0025 4200 10
cadmium#* 0.016 1.2 0.02
copper#® 0.69 1 0.7
lead® 0.57 0.3 0.2
nickel#® 0.13 ) 0.5
zinc#* 1.4 0.5 0.8
chromium#* 0.78 4.1 3.2
mercury#* 0.003 8.5 0.03
tin* 0.098 9.5 0.9
silver® 0.017 150 2.6
gold* 0.001 8470 8.5
Energy
18000 0.0020 36-76
content to 0.0042
(MJ/tonne (£/MJ as primary
dry solids) fuel: coal, gas, o0il)

% concentration covers a wide range
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for non-edible uses such as the manufacture of soap, and less effort was
put into the production of protein. Essentially the process for fat
production consisted of dewatering by belt press, extraction with hexane,
crystallisation at low temperatures, saponification, removal of mineral
0il by solvent extraction, and precipitation of fatty acids using mineral
acid. The product was similar in chain length to that of beef tallow,
and in degree of unsaturation to that of palm oil, see Fig. 1.
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Fig. 1. Comparison of the fat extract from raw sludge with
beef tallow and palm oil.

Protein recovery was accomplished by treating the residue from the fat
extraction with alkali followed by acid. The product contained about 50%
true protein and further work would have been needed on optimisation,
particularly as regards the removal of heavy metals. Residues, one
containing organic and mineral solids and another containing heavy
metals, would have remained for disposal.

Financial analysis showed that the viability of the process was
critically dependent on the market price of tallow. Many other variables
entered into the financial equation including the cost of losing some of
the gas production at the digesters. The process was not considered
financially viable in the early 1980's because of the future projected
price of alternative feedstocks open to Unilever Ltd, and hence was not
implemented.

4, T EC Y

The metallic content of sewage sludge has many origins. Effluents
from industry generally contribute the major load but domestic sources
and the load introduced by urban run-off are also significant, and the
concentrations of total metals and individual metals span a very wide
range. An amount of work has been undertaken to examine the recovery of
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heavy metals such as cadmium, chromium etc but the costs of extraction
have generally been found to rule out this option. A general consensus
exists therefore that the heavy metals in sludge constitute a contaminant
rather than a resource, and this view is likely to be reinforced by
changes in industrial practice and structure, still stricter trade
effluent control and further reduction or abolition of lead in petrol.
However, the great variability in concentration suggests that there
might be some circumstances in which the recovery of high value
constituents might be economically and financially worthwhile. A classic
example of this is the situation concerning gold and silver. Mumma
et a1(3) presented concentration data for 31 sludges from cities across
the USA, the results for gold being shown in histogram form in Fig. 2.
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Fig 2. Variation in the gold content of a number of sludges
in the USA. (After Reference(3))

The higher concentrations are of the same order as found in North
American ores, and since the higher values were found in sludges produced
in the more western regions it was speculated that the variation in gold
concentration was a reflection of regional geology.

In parallel studies Envirorment Canada in 1984 funded a project to
determine the concentration of gold, silver and platinum group elements
in the sludge or ash from fourteen Canadian sewage treatment plants, and
to carry out a preliminary economic evaluation of precious metals
extraction from the more promising sludges or ashes(#). )

Levels of the platinum group elements were sufficiently low as to be
of no economic interest. By contrast all sewage sludges and ashes were
highly concentrated in gold and silver, in comparison with the abundance
of these elements in the earth's crust. Gold concentrations ranged from
0.29 to 1.55 g/t for sludges and from 1.3 to 4.75 g/t for incinerator
ashes. The corresponding figures for silver were 23 to 95 g/t for
sludges and 60 to 328 g/t for ashes. Out of the fourteen plants surveyed
there was only one (Asbridges Bay, Toronto) where the combination of
metal concentration and plant capacity were sufficiently large to suggest
that recovery would be economical. The sludge at this plant contained
1.55 and 95 g/t of gold and silver respectively. Because gold and silver
are both conservative elements they become concentrated when the sludge



is incinerated. This results in concentrations in the ash of 4.75 g/t
gold and 328 g/t silver. Based on 1984 prices (Cdn) of $400/ounce for
gold and $12/ounce for silver, the gross metal value of the incinerator
ash is $203/t. This compares to an average gross metal value for
Canadian and US gold and silver ores of $108/t.

Sewage ash is a complex material which is not amenable to
conventional processes for gold/silver extraction. A preliminary
screening suggested that segregation roasting/ flotation concentration
process should be applicable. Using this as the basis for the conceptual
design, it was estimated that the capital cost for an 80 t/d plant would
be approximately $4 million with an annual operating cost of
$1.5 million. Based on projected metal prices (Cdn) of $500/ounce for
gold and $12/ounce for silver, this would provide a payback period of 1.7
years. Experimental data is required to validate the projected metal
recoveries and cost estimates. Although the number of plants where this
technology would be applicable is obviously small, it could be quite
profitable for those which do qualify.

5. SLUDGE AS A BUILDING MATERIAL

An innovative method for combining the use and disposal of sludge is
its use as a component of building materials. The organic, mineral and
water content of sludge all have potential value, and significant
attempts have been made to exploit this in the production of bricks and
cement. Some work has also been undertaken on the manufacture of
lightweight aggregate from incinerated sludge ash(5,6); the use of liquid
anaerobically digested sludge as a mix water for concrete{7); and the
compression and heating of sludge with other materials to produce a
wall-board'®/,

A recent study conducted at the University of Maryland evaluated the
use of wastewater sludges as a substitute for other organic materials
such as sawdust in the production of light-weight building bricks(9).
The project included production of bricks at bench-scale, a full-scale
production run of 35 000 bricks and a further full-scale run of 400 000
bricks.

During the bench-scale experiments, sludges at a nominal 25% solids
concentration were added to the clay mixture at ratios of up to 50% by
volume. After firing, the sludge amended bricks were subjected to
various tests in order to compare their properties with those of
conventional bricks. Density of the bricks decreased as the volume of
sludge increased; a 50% addition of sludge reduced the density by about
20%. Bricks produced with 40% or less sludge, met the compressive
strength standards as defined by ASTM. The addition of sludge increased
water adsorption which potentially improves mortar bonding, mortar curing
characteristics and freeze-thaw resistance.

The bricks produced at full-scale were significantly improved over
those at bench-scale e.g. compressive strength of the full-scale run was
approximately double that of the bench-scale bricks. In general, the
quality of sludge amended bricks were considered to be equivalent to that
of the manufacturer's normal production. There were no discernible
differences in the appearance, texture or smell of the amended bricks.
Although the type of sludge did affect the colour of the brick e.g. iron
conditioned sludge resulted in red bricks, this was not perceived to
represent a problem.

Calculations indicated that in the United States, 15% of the annual
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municipal sludge production could be incorporated in brick production.
Allowing for the inevitable disparity between where sludge is produced
and where bricks are manufactured, this application could still represent
a realistic market for a significant fraction of the sludge produced.
Potential benefits could be realised by both the brick and the sludge
industries. With respect to brick-making, the addition of sludge results
in a less dense product with increased water adsorption properties,
reduces water consumption because the water in the sludge provides for
the necessary fluidity and may reduce energy costs in the brick kiln due
to the inherent calorific value of the sludge. Most importantly, it is
not unrealistic to expect that the brick manufacturer would receive a
subsidy from the sludge generator because he is in fact accomplishing the
necessary task of sludge disposal. With respect to sludge disposal, the
extremely high temperature (1000 to 12000C) achieved in the brick kiln
should oxidise all organic matter and destroy all pathogenic organisms.
Although the sludges used in the study did not contain high levels of
heavy metals, it is probable that heavy metals in sludge would be
dispersed throughout the ceramic matrix in a relatively immobile form.
Finally, because hot kiln exhaust gases are routinely captured and
recycled to the initial drying stage, the provision of adequate air
pollution control is relatively simple.

Though Bonomo et al(10) examined the use of industrial sludges,
there is no known European work on the use of sewage sludge for brick
manufacture. However a proposal for its use in cement production has
been reported(11). Anaerobically digested sludge from works serving a
population equivalent of 150 000 would be dried to 70-75% dry solids
content wusing a thin-layer contact dryer with integral vapour
compression. The dried sludge would be hauled by road vehicle to a
bunker at the cement works, from which it would be metered onto a belt
weigher and blown into the lower section of the heat recovery system of
the cement kiln, see Fig. 3.

1. Reception of dried
sludge

Metered feeding
Rotary kiln 15000C
Heat recovery

Raw cement meal feed
Electrostatic
precipitator

o W
« o o v @

Fig. 3. Use and disposal of sludge through cement production.
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Keller(11) indicates that the practical limit on using sludge as a fuel
supplement in a kiln is 15% of the total heat input. For the case at
issue only 3% of the total heat requirements will in fact be met, the
cement producer paying for this heat on the basis of equivalent savings
in coal. In turn the supplier of dry sludge will be responsible for the
installation, maintenance and operation of the sludge feeding system, and
will pay both the capital and operating costs of the installation. In
addition the sludge suppliers will pay the cement factory a fee for
taking (burning) the sludge.

Keller identifies a further potential limit on the use of sewage
sludge in this way, this being set by the chlorine contents of the sewage
sludge and the raw-meal feed. For rotary kilns with a heat recovery
system the total chlorine input, he states, should not in practice exceed
0.02% with respect to final kiln product.

No adverse effects of sludge on cement clinker quality were
anticipated. However, no tests had been performed to confirm this view.

6. ELECTRICITY GENERATION

The Hyperion Energy Recovery System (HERS) in Los Angeles was
designed to upgrade sludge handling facilities and ultimately provide an
energy efficient alternative to the ocean discharge of sludge 12),  The
basic process consists of dewatering digested sludge with solid bowl low
speed centrifuges, drying the cake by the Carver Greenfield Process ie
multi-stage evaporation, combustion of the dried material in fluid bed
incinerators and landfilling of the incinerator ash.

Electrical power is generated from two sources, digester gas and
heat recovery from the incinerators. Digester gas is compressed and
scrubbed for hydrogen sulphide removal and burned in gas turbines to
generate electricity. Incinerator off-gases are passed through waste
heat boilers which generate high pressure steam which in turn drive steam
turbines for power generation. Both turbine systems generate low
pressure steam which is used to heat the digesters and to drive the
Carver Greenfield Process.

The projected total electrical energy production from the plant is
25 megawatts. Approximately 15 megawatts will be utilised by the liquid
and solids processing systems at the plant, leaving 10 megawatts
available for sale to a local utility.

The HERS system is capital intensive and complex but it has been
designed as a complete integrated system in order to maximise the
utilisation of all available energy streams. The success of this method
of sludge treatment and cost recovery ie the sale of electrical power,
will depend on a number of factors. The first is plant size. Some of
the components of the HERS system such as the fluid bed incinerator and
Carver Greenfield Process are very costly and can only be justified when
the economy of scale at larger plants is achieved. In the case of Los
Angeles the design capacity is 366 tonnes of raw sludge per day. Another
consideration in any thermal process is the efficiency of the sludge
dryer. Although capital intensive, the Carver Greenfield Process is a
very efficient method of drying sludge. More conventional dryers such as
rotary drum dryers and paddle dryers require 3 to 4 MJ/kg of water
removed but the multiple evaporator effects of the Carver Greenfield
Process reduce the energy requirement to less than 1 MJ/kg. Probably the
most important consideration in a project of this nature is whether there
is a market for the electrical power and at what price. In order to
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stimulate energy recovery, federal law in the United States guarantees
that excess energy will be purchased by the local utility at the premium
rate which they charge their customers. This ensures that a market for
excess electrical power is always available. This situation is not true
in many other countries. 1In many places the local power authority is
under no legal obligation to buy power from individual generators. In
this case a long term contract negotiated with the local utility would be
a prerequisite for considering this method of sludge disposal and energy
recovery.

7. I M

Enormous efforts have been made world-wide in recent years to
research and develop alternatives to the use of fossil fuels, and it is
important that the use of sludge as a fuel source is seen within this
context. Thermochemical conversion of biomass to fuel products is just
one route which has been examined, and there are three principle process
classes - pyrolysis, gasjfication and liquefaction. These processes have
been reviewed elsewhere(13)., It was concluded that for sewage sludge
treatment and disposal low temperature conversion would have the most
immediate potential.

The basic concept of low temperature conversion of sewage sludge to
produce fuel products has been known for many years 14), Recently,
German researchers have made significant advances in understanding the
mechanisms by which sludge is converted to 0il(15). They heated dried
sludges to 300-3500C in an oxygen free enviromment for about 30 minutes.
The researchers postulated that catalysed vapour phase reactions
converted the organics to straight chain hydrocarbons, much like those
present in crude o0il. Analysis of the product confirmed that aliphatic
hydrocarbons were produced, in contrast to all other processes which
produce aromatic and cyclic compounds, whether utilising sludge,
cellulose or refuse as the substrate. The German researchers have
demonstrated oil yields ranging from 18-27% and char yields from 50-60%.
The oil had a heating value of approximately 39 MJ/kg and the char about
15 MJ/kg.

A research program conducted by Enviromment Canada's Wastewater
Technology Centre has generated comparable results(! ). A continuous
reactor, see Fig. 4, was designed and operated, in part, to determine the
effect of operating variables on product quality and yield. Tests, at a
feed rate of 750 g/h, with a number of mixed sludges (primary + waste
activated) resulted in yields of 22 to 25% for oil, 50 to 60% for char,
10 to 12% for non-condensible gas (NCG) and 5 to 12% for reaction water.
Typical calorific values for the oil, char and NCG were 36.7, 6.2 and 5.8
MJ/kg, respectively. Temperature affected both the yield of individual
products and the split between products. As the temperature increased,
the yield of o0il increased until the optimum temperature had been
achieved. At higher temperatures, the oil yield tended to decrease as
conditions favoured the formation of increasing quantities of NCG. The
calorific value of the NCG increased in direct proportion to the
temperature. 0il viscosity and char yield tended to decrease as the
temperature increased. The elemental characteristics (C,H,N,0,S) of the
oil were not significantly affected by processing conditions. In
general, the process proved to be quite stable, in that, while swings in
operating parameters such as temperature were reflected in relative
yields, the process did not fail nor did the quality of the o0il change
significantly.
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Fig. 4. Continuous laboratory equipment for low temperature
conversion of sludge.

A significant feature of this conversion option is that the major
energy product - oil - is produced in a single step, and that storage and
transportation of the product should be economic. This is in contrast to
many other methods of exploiting the energy content of sludge in which
the recovered energy - methane, steam, hot flue-gas, electricity - is
mainly used in-house or in the immediate neighbourhood of the plant.

Currently, the least valuable use for the 0il would seem to be as a
substitute for No.6 fuel oil. However, the high nitrogen content of the
o0il, and the consequent potential for NOy emissions, is cause for some
concern in this area. And it remains to be shown that the oil as
produced by this process is non-corrosive and has stable storage
characteristics. Preliminary tests indicate that the oil can likely be
upgraded to an industrial transportation fuel. These are issues critical
to the success of any marketing operation, a fact recognised by the EEC
Commission in its formulation of the 1985-1988 EEC Non-Nuclear Energy R &
D Programme, which calls in part for research proposals to process
pyrolytic oils into suitable fuels.

Any proposed process has to be examined in relation to the whole
system of which it will form one component, and this systems approach has
been applied by WRe in its preliminary assessment of low temperature
conversion as an alternative sludge disposal method. Since the oil is
formed from the organic and volatile component of a sludge the obvious
choice of feedstock in order to maximise oil production will be raw
sludge. However, many works currently employ anaerobic digestion and it
is wholly feasible that this process would be retained. One potential
advantage of retaining anaerobic digestion in such a disposal route would
be the achievement of complete thermal self-sufficiency, using digester
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gas alone, under optimum conditions of solid/liquid separation, dryer
operation and heat recovery, see Fig. 5.
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Fig. 5. Domains for thermal self-sufficiency of a route
involving low temperature conversion of anaerobically
digested sludge (combustion gases used directly for
flash drying, waste heat from dryer recovered to
provide digester heat, oil marketed externally).

The economics of converting both raw and anaerobically digested
sludge have been estimated therefore, and compared with those of the
equivalent incineration routes. These comparisons have been made for a
raw sludge production of 30 000 tonne DS/year, and have assumed an
economic value for the oil equivalent to that of crude petroleum oil
(20.2.85). The results of this appraisal are shown in Fig. 6 and
indicate that a thermal conversion route could be up to 40% more economic
than an equivalent incineration route, regardless of whether raw or
anaerobically digested sludge was processed.

This alternative use for sewage sludge clearly has an exciting
potential, and Enviromment Canada's 1long term plans call for the
demonstration of both conversion technology and fuel use at a 25-tonne/d
facility. The current schedule projects the demonstration phase of the
programme for late 1988 and 1989,
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Fig. 6. Economic comparison of incineration and low temperature
conversion routes for sludge disposal.

8. SUMMARY AND CONCLUSIONS

Whilst there is a lot of interest in the potential for using sludge
it has to be recognised that most of the proposed uses are not proven.
Much research, development and evaluation work needs to be done before
this situation can change. If this work is carried out and is successful
in proving a number of the more unconventional uses for sludge, it is
likely that the influence of local factors will bear heavily in deciding
which use is most beneficial and whether it can be justified on economic
and financial grounds.

A set of criteria is outlined in Table 3, and it is urged that
sludge disposal authorities employ such or similar criteria to assess
proposed uses of sludge. It ought to be possible to assess alternatives
using these, with ever increasing confidence, from conception to
implementation.
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DISCUSSION
P. BALMER

Would it be better to use raw or anaerobically digested sludge to produce
fuels by the low temperature conversion technique?

R.C. FROST

It is not possible to fully answer this question at the present time.
There are conflicting factors. On the one hand, conversion of raw sludge
will result in a greater final yield of oil and, hence income, than if
digested sludge is converted. However, the conversion of a substantial
proportion of raw organic and volatile matter to digester gas will cause
the dewatering and drying loads to be less if digested, as opposed to raw
sludge, is thermally converted to oil. This may result in a less capital
intensive route, and model calculating indicate that the route involving
digestion will have a much superior overall energy balance. There is
also the prospect that the quality of the o0il produced from digested
sludge may be superior to that produced from raw sludge and, hence, may
be more marketable.

Research is currently being undertaken to resolve these questions.
L. SPINOSA

What are the prospects for the incorporation of sludge into building
materials?

R.C. FROST

This would seem potentially to be a good, environmentally acceptable
method of disposal of sludge. The high temperatures of cement and brick
manufacture will destroy pathogenic organisms and many complex chemical
pollutants, whilst the heavy metals will be incorporated into the
cementatious or brick matrix. It remains to be seen though whether the
cement and brick industries are willing to accept sewage sludge. Studies
need to be made to find out how much sludge could nationally be disposed
of by this route and at what costs.
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SESSION 2 : CHARACTERIZATION OF SLUDGE

Sampling techniques for sludge, soil and plants

Abundance and analysis of PCBs in sewage sludges

Chemical methods for the biological
characterization of metal in sludge and soil

Characterization of the physical nature of sewage
sludge with particular regard to its suitability
as landfill

Microbiological specifications of disinfected
sewage sludge

Inactivation of parasitic ova during disinfection
and stabilisation of sludge

Epidemiological studies related to the use of
sewage sludge in agriculture

Transport of viruses from sludge application sites

Health risks of microbes and chemicals in sewage
sludge applied to land - recommendations to the
world health organisation




SAMPLING TECHNIQUES FOR SLUDGE, SOIL AND PLANTS

A. GOMEZ*, R. LESCHBER** and F. COLIN**¥

* I.N.R.A., Station d'Agronomie, Centre de Recherches de Bordeaux
(France)
** Institut fir Wasser—, Boden-, und Lufthygiene des Bundes-

gesundheitsamtes, Berlin (FRG)
*** Tnstitut de Recherches Hydrologiques (I.R.H.), Nancy (France)

Summary

The necessity of analyzing inorganic and organic substances in
environmental samples in the micro- and ultramicro-analytical ranges
has led to higher requirements for accurate sampling. Although in the
field of sludge, soil and plant sampling and investigation, a number of
recommendations exists, an overview of the general aspects of sampling,
sample pretreatment and preservation is pointed out as a basis for
representative results in the subsequent investigation and analysis of
sludge, soil and plant material.

GENERAL REMARKS

Modern environmental investigation methods and analytical procedures
usually cover the microanalytical range and require highly sensitive
analytical apparatus and experienced laboratory staff. In the field of
sludge investigation, the fulfilment of these requirements did not seem to
be necessary for a long time, due to the relatively high concentrations of
pollutants, e.g. heavy metals in sludge as compared with other
environmental matrices. Due to the improvement of the knowledge on the
negative effects of very low concentrations of some of these pollutants in
biological processes, there was an increasing need for analyzing substances
in the micro- and ultramicroanalytical ranges in sludges as well. In the
field of heavy metal analysis, this was mainly due to the determination of
mercury and cadmium especially when transfer reactions in the system
sludge-soil-plant had to be studied. During the 1last few years, in
addition, there was an increasing interest in the determination of organic
substances which may act as pollutants in the above-mentioned transfer
system. In the analytical field, all these requirements were met
satisfactorily by the improvement of existing analytical systems e.g.
flameless atomic absorption for cadmium determination, cold vapour
technique for the determination of mercury etc., or by developing new
analytical methods e.g. GC-MS-coupling for the determination of unknown
organic compounds. These improvements led to new demands in the field of
sampling and sample pretreatment for sludges as well as for soils and
plants.

SAMPLING OF SLUDGES

Although reference was made to basic requirements of sampling, in
former manuals and handbooks of waste water treatment and analysis,
detailed procedures were missing for quite a long time. This changed during
the last decade when some countries 1laid down regdlations on the
agricultural use of sewage sludge including guide or limit values for heavy
metals, thus requiring analytical procedures which were given as part of
the statutory text or within separate instructions. Now, there are a number
of 'reports and standards which can be used for proper sampling (1 - 6). In
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these methodologies or procedures, particular emphasis is placed on how to
obtain representative samples. Detailed information on the collection of
representative samples from tanks, pipes, channels, heaps and stockpiles is
given by the British Standing Committee of Analysts (1) and it is pointed
out that all procedures should be carried out by competent trained persons.
The same requirements are part of the German Standard existing at present
as draft standard (2). Moreover, special attention is paid to the
cooperation between the staff doing the sampling and the laboratory staff
responsible for the performance of analytical procedures. Single or grab
samples are considered to be usually inappropriate due to frequent changes
in the composition, water content, etc... of sludges. Therefore, most of
the references cited contain instructions on how to accurately collect
composite samples.

Sampling of sludges benefits also of the accumulated experience in the
field of liquid- or muddy- industrial wastes (8, 9). Different cases have
to be considered whether the sludge is liquid or solid. Nevertheless, it is
always better to carry out the sampling from a material flux during its
flow or handling that from a deposit or a storage capacity (9). In the case
of liquid sludges in flow, whether the totality of the flux may be sampled
during a part of the time, by cutting the liquid vein, or a part of the
flux during the totality of the time. Various methods are described,
especially to obtain pumping and transverse homogeneity of the liquid (9).
Sampling may be executed directly on rotary drums such as digesters.

Homogenization efficiency of the anaerobic digesters has been measured
for various configurations and agitation systems (10). Due to accessibility
problems (8), special systems are necessary for sampling in lagoons. The
available techniques for solid sludge deposits of relatively low thickness
are similar to that conceived for soils (4).

Although rotary drums exist upstream, it is reported that great
variations in sludge composition within an operating day occur at plant
hauling tank truck batches to disposal sites and at sludge dewatering
facilities. From this point of view, a composite sample should be composed
of at least three grab samples taken at different times (3).

Automatic samplers have been conceived in order to obtain composite
samples of liquid sludges (7). Some of them are marketed.

To perform subsequent analytical determinations, it is necessary to
homogenize this sample before dividing it into a number of subsamples of
equal composition. This may lead to certain errors. To overcome some of
these problems, an American Manuel resulting from the cooperation of a
number of Agricultural Experiment Stations in the United States recommends
the preparation of dry residue to determine as many parameters as possible
from homogenized dry matter (5). For the same reason, the German
Regulations on sewage sludge demand the determination of heavy metals from
dried, homogenized sludge samples which have to be digested with aqua
regia. Interlaboratory comparisons performed within the work of Concerted
Action COST 68 have shown that the use of dried sludge samples for analysis
leads to reasonable accuracy and reproducibility. Nearly in all cases,
however, the sampling of aqueous or wet sludge samples (suspensions,
pastes, humid solids) is necessary. This step is of greatest importance for
all follow-up procedures. Some aspects have already been mentioned above,
and some others have still to be discussed, although not in detail because
comprehensive experience is described in the cited references.

The choice of apparatus and material may be very important : there are
scoops, hollow bodies to be closed by valves, grips and prickers to take
samples and bottels or vessels with wide openings to transport and store
sludge samples. They are all made of glass, polyolefine, metal or
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combinations of these materials to make sure that the samples will neither
be contaminated during sampling nor altered during storage, which would
interfere with following examination. If changes due to diffusion of
substances have to be expected during storage of the sample, only glass
bottles or metal containers have to be used. If sludge samples have to be
frozen, only plastic bottles and, if possible, metal containers may be
used.

For the performance of sampling, special attention has to be paid to
the choice of the sampling site in order to obtain a representative sample,
to the clear 'description of the site and to an unmistakable marking of the
sample. The frequency of sampling depends on the requirements of
examination and on the importance of possible changes of the sludge
properties. Time of sampling and duration may be of importance in processes
with a discontinuous production of sludge. The quantity of the sample
usually depends on the examination programme and its extent. Possible
inhomogeneities of the material require that an adequate number of single
samples of the same size is taken at different sites or at different times
and that they are pooled to form a representative composite sample.

Many processes described for the sludge sampling, especially concerning
the number and the volume of elementary samples constituting a composite
one, are based on empirical considerations, for example, taking composite
samples from sludge stockpiles or from fields, a number of 25 cores should
be taken to form a composite sample (4).

Recently, important progresses have ©been carried out (3,9),
particularly :

-~ use of variographic analyse result series, obtained either with the time
(chronological series) or with the space (depots), allows to determine
the degree of successive sample interaction and to fix the minumum
elementary sampling frequency.

- use of multifactorial statistical analytical methods allows to carry out
variographic studies on a very restricted number of  sludge
characteristics which describe as well as possible their variability.
Thus, it is possible to determine the deposit structure for a relatively
low cost. The disposal structure knowledge allows to adjust sampling
operations, not only to know the sludge characteristic average but also
the statistical property distribution and extreme characteristics.

To carry out the sampling, manual sampling is the most frequent way
because experience has shown that sampling devices used in automatic
sampling (e.g. pumps, valves) may easily be blocked by sludge components.
If the composition allows mechanical or automatic sampling, it has to be
taken into consideration that especially the physical properties of sludge
may be changed by mechanical conveying installations and that residual
quantities of sludge which remain in the system will mix with the next
sample. Small sample quantities may have influence on the results.

As sludge may change rapidly due to biological reactions, these samples
have to be examined as soon as possible. Physical variables which can be
determined easily e.g. temperature, pH value and conductivity would be
determined directly at the sampling site. During further examinations in
the laboratory, special importance would be attached to a proper and
thorough mixing of the sludge before filling it into the sampling bottles
for different investigation purposes.

During the period between sampling and analysis, sludge samples must be
kept under conditions corresponding to the original ones. If the sludge is
kept cool and in the dark, changes caused by biological and chemical
processes can be minimized. If sludge samples have to be preserved for a
certain period only, cooling to about 4° C would be applied. Preservation
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by addition of chemicals cannot be recommended.

For the evaluation of results by the investigating laboratory, a
sampling report which has to prepared by the person who takes the samples
will be of great advantage. This report would include data on the reasons
for sampling, sample type and site, date, time, person, sampling device,
local observations and observations relating to the sample, pretreatment,
possible preservation and storage conditions of the sample until delivery
to the investigating laboratory.

SAMPLING OF SOILS

Soil sampling is commonly used in agriculture. The aim of this practice
is to establish the major parameter variations responsible of the fertility
in order to bring a correctible fertilization for optimizing the planned
cultures (11, 12). Following several steps are used for soil sampling :

- taking off elementary samples in the field;

- pretreatment of samples : drying, grinding, sieving, for example in view
of reduction and possible preparation of a composite sample;

- laboratory treatment : possible grinding, reduction of the sample to an
aliquot for a representative analysis of the whole.

It is generally considered that the 2 last steps are well under control
and the main source of errors is in the field sampling.

The increasing production of sewage sludges and their unquestionable
agronomic value have 1led to consider their wuse in agriculture.
Nevertheless, the often high contents in various mineral elements (such as
zinc, cadmium, mercury) or organic compounds (such as PCB), regard to the
normal soil contents, put a bridle on their agricultural use.

Various regulations have been established in several countries
including France (17) to limit the concentrations of elements capable to be
phytotoxic or to contaminate the trophic chain. This makes necessary to
strike a mineral - and possible organic - balance of the soil which is
intended to receive the sludge. Thus, the sampling methodology and analysis
must allow the determination of the total element amounts present in the
soil and not, in contrast with agronomic practice, the variations in the
fertility parameters.

The extrapolation of results, obtained on a few soil samples to the
plot from which they were taken off, implies certainly enormous errors. The
only way to establich an exact balance of a plot consists in a sampling
which assumes completely its diversity and the element gradients intended
to be analyzed.

The plot diversity is understood by the pedologic study of its
constitutive soils. Inside each pedologic unit, the composition variation
is related to the possible gradient of the elements under consideration.
Therefore, the sampling planning will be applied to the sub-plots formed by
the different pedologic units. As before, the sampling planning will
include the following steps : sample taking off, pretreatment, then
laboratory treatment before analysis. The 2 last steps being regarded as
well known and low tainted with error, it seems to be important to consider
more particularly the sample taking off procedure.

From a general point of view, the sampling procedure is executed using
an empirical method.and is controlled afterwards by statistical studies. It
has appeared to us more interesting to take up the following approach : we
establish a sampling planning based on the statistical study of a
close-mesh sampling of an homogeneous and low metal polluted soil plot
(13). The plot* studied in this paper is located on a "Touya" soil

* The French Ministry of Environment had paid for this part of the work.
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cultivated in non-irrigated maize monoculture since its breaking up in
1984. The soil, a typically brown acid isohumic one, is developped on
recent Quaternary (Wirm). It is characterized by a relatively high content
in organic matter (5 to 6 %), a texture with mainly fine limon (15 to 20 %
of clay) and an initially low pH (4,5 to 5) associated with a notable
charge in exchangeable aluminium (about 300 ppm). Regular limings have led
to a notable increase in pH values of the soils in this agricultural area
and, by this way, the disappearance of mobile aluminium.

The maize monoculture receives yearly an average of 180 kg/ha nitrogen
(principally urea), 150 kg/ha phosphoric acid (alternance of superphosphate
and scoria) and 150 kg/ha potassium chloride. A liming of about 1500 kg of
CaO/ha/2 years is applied (dolomy form) in order to increase the initial
level of magnesium.

The plot is a square of 100 m x 100 m where 100 samples have been taken
off, using a network of 10,40 x 10,40 m chosen to avoid the superposition
of sampling points with maize rows. Some heterogeneities may exist among
the seed-rows, due to the intense colonisation of the line by the
roots—-coma or to a localisation always possible of a starter manure or also
of treatment produces. It is clear that this possible heterogeneity is
destroyed by next tillage.

Each sample is obtained with one sole drill-blow of 20 cm depth. The
sample is immediately put into a tight-closed plastic bag and brought to
the laboratory.

The scheme of sample treatment is reported on the document n° 1 added
in annexe. The weighing of the whole sample, fresh or aid-dried, is carried
out to exhibit a possible sampling heterogeneity due to the operator and,
on the other hand, to show in the plot the main differences of texture,
organic matter content or existence of wettings which may influence the
sample moisture. The following parameters were measured on the set of 100
samples : total carbon (Anne method), granulometry (5 fractions), heavy
metal concentrations (Cd, Co, Cu, Ni, Pb, Zn). The metals have been
analyzed after mineralization with aqua regia, cadmium in graphite oven and
the others by atomic flame absorption.

Beyond these determinations carried out on the whole of 100 samples,
composite samples have also been prepared. THe procedure used for that is
indicated in the added document (annexe n° 2). For each elementary sample
silted at 2 mm, 10 g of so0il were sampled and then mixed to constitute a
sole sample, from which 3 sub-samples were taken off using the "corning and
quatering" technique. This operation has been triplicated. Thus, 9
sub-samples were prepared and 3 separated analysis carried out on them.

The analytical results obtained on the five elementary samples are
reported in the document annexe n°3. The variation in weight due to the
sampling is relatively slight and approximatively equal to fresh - or dry -
weight. This confirms a relative textural homogeneity (visible in the
field) and the absence of wettings. The variability in carbon and clay is
indeed extremely low (variation coefficient of 5 to 6 %) but, on the other
hand, large differences are observed for metals.

To determine the minimum sample number necessary for plot
characterization, two statistical methods have been used for interpretation
of these results : a classical method using relative precision curves and a
geostatistical method working by "krigging". Taking account of the spatial
independance exhibited by the geostatistical method, the results of both
methods lead to a sample number around 20, following an uniform repartition
for a relative accuracy of 10 %. A minimum of 25 samples has finally been
chosen, uniformly distributed, so that the accuracy will be below 10 %.
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The examination of analytical results obtained on composite samples and
reported on table-annexe n°4 indicates that, except for cobalt, the results
obtained on a composite sample coming from mixing of 100 elementary samples
are very close to the average value of the 100 samples analyzed one after
the other. It is thus possible to conclude without excessive error that :

- analysis of 25 samples taken off uniformly from an homogeneous plot must
lead to an estimation of the content in different elements, with a
precision lower than 10 %; a correct characterization of this plot type is
consequently possible;

- analysis of a composite sample of 25 elementary samples with several
repetitions is able to give a correct estimation of the plot (with an
accuracy of about 10 %).

Concerning the precautions required for sampling, pretreatment and
laboratory treatment, one is referred to the study presented at the
Brighton Symposium (14) by one of us.

SAMPLING OF PLANTS

Plant sampling benefits of the long agronomic experience. Nevertheless,
it must be noticed that, in the normal practice, the aim is the deviation
appreciation in relation with an optimal-like situation or the research of
one - or several - cause (s) responsible of observed symptoms.

In the case of transfer risks of undesirable elements such as heavy
metals, the sample will have to allow the total amount appreciation
immobilized by plants and, also, the repartition of these elements in the
different plant organs. This will allow the evaluation of trophic chain
contamination risks (comestible parts) but also the transport and
contamination risks (part exported and then restituted to the soil after
composting or transformation into manure).

Consequently, it will be necessary to know exactly the concentration in
elements of each plant part for establishing a balance and also the
respective weight of each organ under analysis when the whole is too big to
be analyzed, or to know the average element percentage when the analysis of
the whole plant is possible.

An additive notion will have to be taken under consideration : the
plant age or stage conditions the element repartition and concentration in
it. For comparative studies (for example, different varieties of the same
plant), it will be necessary to locate with a maximum of accuracy the step
to which the sampling and then the analysis are referred.

From these general considerations, a sampling planming can be deduced
(16)

a/ definition of the plant number to be sampled - This depends, at the same
time, on the size of the plant and of the plot where the sampling is
executed. If the plant is small, for example Ray-grass, several individuals
have to be taken off in a given point to constitute the sampling unit. In
the opposite case (maize in the ear stage for example), one sole plant may
constitute the sampling unit. The number of sampling units is dependent of
the observed plot heterogeneity. If one is referred to the above paragraph
concerning soil sampling, for a same pedologic unit, 20 to 25 sampling
units must be taken off to integrate the possible gradients relative to the
elements in the soil. Each sampling unit may be either submitted to organ
separation (if the different elementary repartitions are wished) or stored
in its whole before going through the pretreatment process.

b/ sampling - During the sampling harvest, all precautions would be taken
to avoid pollutions such as loam projections by the sampling instrument. If
possible, it is preferable to operate always in the same conditions : for
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example, same hour of sampling, same climatic conditions. Indeed these
factors may influence the elementary composition of the plant and, more
certainly, its moisture. Samples will be then put in tight-closed
containers (for example, plastic bags) and hold in a cool place to avoid
any variation prejudiciable to the next operations. Too important sampling
campaigns will be avoided, because they increase too much the delay between
the pretreatment and the treatment assuming the sample conservation.

c/ treatment of the sample - Each sampling unit would be submitted to
certain operations necessary to preserve its representativity and
conservation with the time, until the constitution of an average sample or
its analysis. The following operations are distinguished :

. cleaning - The sampled plant may have been polluted by loam or compounds
such as pesticides or spraying of nutritive solutions. This operation
involves the following steps : wiping dry if the sample is very dirty,
washing by brief rubbing of the surface with cotton wool or woven
impregnated with water, eventually added or liquid detergent or diluted
acid solution; then rinse 2 or 3 times by rapid passage of the sample into
a water bath, the last of them being constituted by demineralized water,
then wringing of the sample.

. conservation of the fresh sample - The analyses are relative to fresh
material and if it is impossible to do it immediately after cleaning. The
samples will be stored in plastic bags thightly closed in a refrigerator.
In case of storage in a freezer, particular precautions must be taken to
recover the whole sample, because it will be constituted of 3 phases
vegetal fragments, exsudate ice crystals, water of defreezing.

. dessication - This operation must be carried out on the whole sample as
quickly as possible to stop the biological processes which may alter the
sample. Different possibilities are available :

- dessication by heating in a drying oven, made more efficient by
aircirculation; for the choice of the working temperature it will be taken
into account of possible losses of some elements by volatilisation (case of
mercury and selenium). Generally the temperature will never exceed 80° C

- dessication by infra-red heating

- dessication by freeze-drying.

. grinding - The aliquot for the analysis being generally smaller than the
sample, it is necessary to grind this one. The material used must not bring
any pollution (case of stainless steel for the analysis of some metals) and
will avoid the contamination of one sample by the precedent one. This
operation will always be followed by a rehomogeneization of the obtained
powder. One must note that a direct relationship is found between the
fineness of the ginding and the weight of the aliquot assuming its
representativity.

d/ Constitution of an average sample - For practical and economical
reasons, it is not always desirable to analyze each sampling unit; in this
case an average sample representative of the whole of the sampling units
would participate in an equivalent way of the others to the constitution of
the final sample. One of the methods leading to this is : after grinding
and rehomogeneization of each sampling unit, a same weight of vegetal
material is taken off, to constitute the average sample after
rehomogeneization of the aliquots. It is possible to carry out this
operation, either on the whole plant or on dry material. To avoid errors
due to dessication of the sample, weighing must be done immediately after
grinding, when fresh material is used. The material used does not bring
pollution or elementary retention (for example, it will be better to avoid
the use of a mixer with stainless-steel pieces for the analysis of some
metals).
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e/ When a long storage precedes the analysis, a rehomogeneization of the
vegetal powder would be executed before any analysis procedure. Indeed, a
sedimentation of the vegetal particles, due to gravitational force and
differences in the grain density in the powder may occur during the storage
phase.

GENERAL CONCLUSION

Sampling is a decisive step in the study of pollutants transfers in
the system sludge/soil/plant. Many precautions are necessary and the
present study cannot be considered as exhaustive. Nevertheless, it has an
indicative value, which may be used as a basis in most of the research
cases. Only a personnal experience allows to improve the steps reported
here because earch research is a specific case.

Résumé

La nécessité d'analyser des échantillons pour 1le contrdle de
l'environnement, dans le domaine minéral ou organique et ceci a des
niveaux micro ou ultra-micro-analytiques, conduit & des exigences
accrues dans les procédures d'échantillonnage. En ce qui concerne les
boues de station d'épuration, les sols et les plantes, il existe un
certain nombre de recommandations pour 1'échantillonnage et 1la
recherche. Les principaux aspects relatifs a 1l'échantillonage sont
abordés ici. Au long de ces pages, l'importance d'un échantillonage
correct, du pré-traitement de l'échantillon et de sa conservation est
mise en évidence pour 1l'obtention de résultats représentatifs dans le
domaine de la recherche et de l'analyse des boues, des sols et des
plantes.
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Annexe 1 -

Sample processing

Fresh weight —_— Air drying —_— Dry weight
(homogeneity of samples) (Homogeneity of the moisture)
Aliquote sampling  -e—————  Packing  ---—-— Grinding (2 mm)
Grinding (300 y) ———»Mineralization ——— = Solution
| b '
C (and S) analysis N analysis Analysis P205'colorimetry
metals
L.Granulometry
Annexe 2 -

Composite sample

100 samples
10 g/sample

Mixture

f/I\\‘ x 3
(Ml M2 M3 )

Average sample —» M M

/N AN /Di\c

Analysis




Annexe 3 -

Results of separated analysis on 100 samples

| Mean | Standard | Coefficient of
Average deviation variation
|
c p. 1 000 27,3 1,73 6,3
Clay p. 1 000 183 | 9,4 | 5,1
Co mg/g 1,22 0,25 20,2
Cu " 3,41 1,00 29,4
Ni " 7,69 0,89 11,5
| Pb | 11,6 1,24 10,7
Zn " 15,7 2,12 13,5
Fresh weight g 1021 } 120 11,7
Dry weight g | 797 I 94 11,8
|
Annexe 4 -

Composite sample results (ppm)

Mean (mg/g) Standard deviation | Coef. Variat. %

My s My M My M3 o M M

Co 2,16 2,07 2,29 0,147 0,314 0,005 6,8 15,1 0,2
Ni 7,59 7,22 7,55 0,287 0,009 0,467 3,8 0,1 6,2
Cu 3,30 3,55 3,44 0,310 0,318 0,165 9,4 9,0 4,8
Pb | 11,1 | 10,8 | 10,7 | 0,320 | 0,556 | 0,419 | 2,8 5,2 | 3,9
Zn 15,0 16,4 17,0 0,440 0,558 0,250 2,9 3,4 1,5




DISCUSSION

The main points to emerge from the discussion were that:
1. It was important to ensure that sampling schemes were practical and
feasible and not just based on statistical theory.
2. The details of a sampling programme inevitably depended on a first
step of setting out the aims of what you want to achieve.
3. Analysis for some organic contaminants could be very expensive so it
was only worth doing on a representative sample even if this in turn was
expensive to obtain.
4, Liquid sludge was easier to sample properly than solid sludge.
5. For soil sampling, depth of sample could be important on
sludge-treated fields and also the pH value and nitrogen content of the
soil should be considered as well as the metal content when assessing
the implications of results.
(Contributors to discussion: Hall, Levi-Minzi, Fleming).
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Summary

PCBs could be an hindrance for the agricultural use of
municipal sewage sludges. In some cases PCBs from sewage
sludges can be at the origin of the extreme biomagnifica-
tion of these pollutants in agroecosystems. A systematic
control of PCBs content of sewage sludges is needed. The
Program COST 68 ter of the European Communities had pro-
moved an intercomparison project to collect the experien-
ces of European laboratories involved in PCBs-determina-
tion in sewage sludges and to identify the major error
sources of this analysis. The samples submited to analysis
were a set of pure PCBs congeners, a mixture of comercial
PCBs, cleaned and rough extracts from sludges and a dried
sewage sludge powder. The results obtained show that im-
provements are necessary, mainly in the strictness of

the handling of the samples and the identification of

the most acceptable extraction method, to reach an accep-
table coherence between the results of different labora-
tories.
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I. ABUNDANCE OF PCBs IN SEWAGE SLUDGES

The term "PCBs" represents a well-known family of organic micro-pollu-
tants which consists of theorically, 209 different congeners, only 102
congeners of which are found in comercial mixtures. The presence of
these products in municipal sewage sludge had been largely studied in
the last years (ref. 1 to 9). The concentrations of PCBs found in west-
ern European sewage sludges varies mainly between 1 to 10 ppm (dry
materiel).

Municipal sewage sludge contain a lot of organic micro-poliutants from
which only PCBs had been well studied (ref. 1, 2, 11, 12, 13). The

main families of organic-micro-pollutants found in sewage sludges are :

. Halogenated aromatics : . polychlorinated biphenyls PCBs
. polychlorinated terphenyls PCTs
. polychlorinated naphtalenes PCNs
. polychloro-benzenes

. Aromatic amines and nitroso-amines

. Halogenated aromatics containing oxygen :
. phenols
. chlorophenols
. polychloro-diphenylethers
. polychloro-dibenzofuranes
. polychloro-dibenzo-p-dioxins

. Polyaromatic and heteroaromatic hydrocarbons
. Halogenated aliphatics

. Aliphatic and aromatic hydrocarbons

. Phtalate esters

. Pesticides : . Lindane
. Dieldrin
. DDE
. Organo-phosphorus

In a recent research realized on the sewage sludges of six swiss
towns (ref. 10) the concentrations of PCBs were compared with the
concentrations in PAH (polyaromatic hydrocarbons) phtalates, 4-nonyl-
phenol, cadmium and zinc. The results of this research are presented
on the FIGURE 1

II. EFFECTS OF PCBs FROM SLUDGES ON SOILS, PLANTS
AND AGRICULTURAL ECOSYSTEMS

Organic micro-pollutants in sewage sludges, cannot be, generally, so
easily translocated in the plants as heavy metals. That could be one of
the reasons for the existence of only few studies about environmental
problems induced by organic micro-pollutants in soils (ref. 31) and in
sludges. Again, PCBs had been the better studied amongst these products,
partly because they seem to be the less degradable. Some authors (ref.
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14, 15, 16) have studied the degradation of PCBs in soils. Results de-
pend on the rate of chlorination of PCBs and the biological activity of
the soil. The halflife varies between 2 monthes for 2, 4-dichloribiphe-
nyl to 15 years and up for PCBs with more than 3 chlorine atoms.

FIGURE 2 shows the range of concentrations of PCBs found in natural
Swiss soils and soils treated by municipal sewage sludges and composts
(ref. 10). The mean magnification factor of PCBs concentration between
natural soils and sludges-treated soils is about 5 and between natural
soils and compost-treated soils about 20.

FIGURE 2 shows also the range of concentrations of PCBs found in some
species of Swiss agro-ecosystems. The role of PCBs brought by sewage
sludges and composts to the bio-accumulation of these products in the
fauna is clearly underligned by the significative increment of PCBs con-
centration in the earthworms living in soils treated by sewage sludges

and composts. Earthworms are a basic food for a lot of animal species

of agro-ecosystems and their PCBs contamination by sludges and composts
is probably one of the main reasons for the extremely high concentrations
of PCBs found in the eggs of birds of prey.

III. ANALYSIS OF PCBs IN SEWAGE SLUDGES

1) Présentation of the COST-Intercomparison

The results presented above show that PCBs are one of the major orga-
nic micro-pollutants to be controlled in sewage sludges. But systema-
tic control of PCBs content of sewage sludges, soils and agricultural
products is hampered considerably by the lack of simple, straight-
forward, rapid and accurate analytical methodologies.

Consequently the Working Party 2 of the COST 68 ter programm had pro-
moved since 1982 an intercomparison project with the view to :

- Collect the experiences of European laboratories involved in PCB-
determination in sewage sludge, and establish a realistic picture
of the current state-of-the-art.

- Identify the major error sources associated with PCB-determination
in sewage sludge.

The first exercise aims at a correct picturetaking of the situation
with regard to PCB-determination in sewage sludge and its structure
was adequately designed.

This paper presents the results of this exercise.

The following materials was sent out for analysis :

1. Hexane-solution of the PCB-components IUPAC no :

28 : 2,4,4'-trichlorobiphenyl
52 : 2,5,2',5'-tetrachlorobiphenyl
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77 : 3,4,3',4'-tetrachlorobiphenyl

100 : 2,4,5,2',5'-pentachlorobipheny]l

138 : 2,3,4,2',4',5'-hexachlorobiphenyl
153 : 2,4,5,2‘,4',5'-hexachlorobipheny1
180 : 2,3,4,5,2',4',5'-heptachlorobiphenyl
The code of this material was MI.

2. Hexane-solution of technical mixtures Chlophen A30, A40, A60.
Code M2.

3. Two raw-extracts made from Ispra standard sewage sludge SL3 accor-
ding to two different extraction techniques. Codes M3A and M3B.
M3A was extracted by acid-digestion way of the dried sludge during
24 h in a solution of 2 volumes of 70 % perchloric acid in 3 vo-
Tumes of glacial acetic acid (ref. 17).

M3B was extracted by direct stirring of the dried sludge in the
n-hexane.

4, Purified (cleaned) extract made from Ispra Standard sewage sludge
SL3. Code M5.
M5 was obtained cleaning M3A solution by sulfuric acid (ref. 18)
and Florisil column chromatography (ref. 19) and precipitation of
sulfur by metallic mercury (ref. 20).

5. Ispra standard sewage sludge SL 3. Code M4.

For the material M1 it was asked to express the concentration of each
the seven congeners (in ag/ml) in the solution. For the other mate-
rials the results had to be expessed according to the sheet of re-
sults presented on the FIGURE 3 and it was asked to add a description
of analytical methods.

The exercise was developed stepwise :

- First step :  Analysis of M1 and M2. After this step each labora-
tory have received the true value corresponding to
these materials. These results could be utilized to
quantify later on M3, M4 and M5.

- Second step : Analysis of the extracted sludges materials M3 and
M5.

- Final step : Analysis of the dried sludge material M4.

At the beginning of the exercise, 71 laboratories had indicated an
interest in participating. At least, 39 laboratories have actually
send results. The origins of these laboratories are :

24 from Federal Republic of Germany
from France

from Nederland

from Switzerland

from Finland

from Belgium

from Ireland

from Sweden

—_—— —_ N W WD
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FIGURE 3:

SHEET OF RESULTS

SAMPLE M
1) . Concentration of isomer 28(‘) inMo T e ug/ml
. Concentration of isomer 52(]) inM L e, ug/ml
. Concentration of isomer 77(]) in M T e ug/ml
. Concentration of isomer Iol(l)in M T e ug/ml
. Concentration of isomer 138(]>in M 1 e ug/ml
. Concentration of isomer 153(])in Mo 0 e ug/ml
. Concentration of isomer IBO(I)in Mot i it pg/ml
2) Concentration of the isomers 28, 52, 77, 101, 138, 153 and 180¢')
together in M
..................... ug/ml
3) . Concentration of clophen A30(2) inM ot e ug/ml
. Concentration of clophen ASO(Z) in M1 i e i ug/ml
. Concentration of clophen A60(2) LT S ug/ml
TOTAL  tiiiiieevrecnccennans ug/ml
4) Concentration of the sample M in total PCBs(J): ..................... ug/ml

() According to Ballschmitter numbering.

(2) Or equivalent trade mark (Aroclor, Phenochlor, Kanechlor...).

(3) Please describe how do you proceed to calculate this concentration in total
PC8s :

- 130 -



2)

Amongst these 39 laboratories :

- 36 sent results for Ml

- 37 sent results for M2

- 21 sent results for M3A and M3B
- 18 sent results for M4

- 20 sent results for M5

About chromatographic columns :
- 37 laboratories have utilized capillary columns
- 2 laboratories have utilized packed columns.

About detection method :
- 38 laboratories have utilized ECD detector
- 1 laboratory has utilized MS detection.

Results

TABLE 1 presents the "true" and mean value for all the results. The
dispersion of the results is presented by means of figures showing
some selected results classified in function of the percent of de-
viation with regard to the "true" and mean value.

This percent of deviation was calculated utilizing the following
formula :

Percent deviation = b%— - 1) x 100

R : mean or true value for the material
R : value found by the laboratory.

On each figure the true (for M1 and M2) or the mean (M3, M4, M5)
value is indicated.

The FIGURE 4 shows the results obtained for total concentration
of the seven congeners.

The FIGURE 5 shows the results obtained for the congener 28.

The FIGURE 6 shows the results obtained in terms of total PCBs
in the material M2.

The FIGURE 7 shows the results obtained for the concentration of
the congener 28 in the material M5.
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TABLE 1

SAMPLE CONGENER TARGET VALUE MEAN VALUE
( pg/ml)
28 2,5
52 0,9
M1 77 0,75
101 0,5
138 0,45
153 0,35
180 0,3
Clophen A30 5,0
Clophen A50 2,5
Clophen A60 5,0
M2 28 0,82 pmg/ml
52 0,3 "
101 0,35 "
138 0,62 "
153 0,54 "
180 0,42 "
Total PCBs 1,41 }4g/m1
28 0,062 "
52 0,034 "
M3 A 101 0,031 "
138 0,052 "
153 0,044 "
180 0,026
Total PCBs 2,88 }Ag/ml
28 0,14 "
52 0,07 "
M3 B 101 0,065
138 0,14 "
152 0,13 "
180 0,073 "
Total PCBs 4,9  pa/g
28 0,26 "
52 0,13 "
M4 101 0,15 "
138 0,23 "
153 0,21 "
180 0,14 "
Total PCBs 1,15 /Ag/ml
28 0,055 "
52 0,028 "
101 0,034 "
M5 138 0,055 "
153 0,048 "
180 0,028 "
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sAMPLE : M 1
total congeners : 28 + 52 +
77 + 101 + 138 + 153 + 180

number of results : 34

true value: 5,75 pg/ml

"

S

"

-20

%

0
deviation

+20 +40

7 +60

FIGURE 4 : % deviation of the results obtained for the concentration of total of congeners 28 +

52 + 77 + 101 + 138 + 153 + 180 in the sample M 1.

[ ] saMpLE : M 1
]

] congener : 28
._. number of results : 32
l true value : 2,5 ag/ml

) 1
|
n
T n
-60 -40 -20 0 +20 +40 " +60
% deviation

Figure 5 : % deviation of the results obtained for the concentration of the congener 28 in

the sample M 1.
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SAvPLE : M 2
total PCBs
number of results : 28

true value : 12,5 /,g/ml

"

L

-60 -40

-20

%

0
deviation

+20

+40

FIGURE 6 : % deviation of the results obtained for the concentration of total PCBs in
the sample M 2.
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sample: M 5
. congener: 28

number of results: 15
out of the figure:.1 result

mean value; 0,055 ug/ml

Ll

-60

-40 -20 0 +20 +40 . +60

% deviation

FIGURE 7 : % deviation of the results obtained for the concentration of the congener 28

in the sampie M 5,

|
SAMPLE : M 5

congener : 180

number of results : 16

. Mean value : 0,028 /Ag/m]

..q

n
n

-60

-40 -20 0 +20 +40 +60
% deviation

FIGURE 8 = % deviation of the results obtained for the concentration of the congener 180

in the sample M 5.
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The FIGURE 8 shows the results obtained for the concentration of
congener 180 in the material M5.

The materials were send to test the purification methods.

The main purification methods utilized by the laboratories ha-
ving analized M3 are listed below :

- Chemical purification methods :
-- H2504 concentrated
-- H2504, 7% 503
-- ethanolic KOH at 60°C

- Chromatographic purification method :
-- chromatographic columns packed with : Florisil,
Alumina and Silicagel.
- Additional purifications for sulfur removal :
-- precipitation with metallic copper or mercury
-- chemical reaction with Na2503.

The results obtained for M3A material about the congeners 28 and
180 are presented on the FIGURES 9 and 10. There was no diffe-
rences in the quality of the results obtained between M3A and
M3B.

The main target of this exercise was to test the extraction me-
thods. These extraction methods can be classified in two groups:

2.3.1.1) Batch procedures
B-1 : Acetone-petroleum ether extraction (ref. 21)

The reference sample M4 was shaken for one minute. Ten grams of
powder were weighted in a centrifuge tube with screw cap, next
20 ml of acetone were added and the tube was shaken for 20 minu-
tes by means of a mechanical shaker. Next the sample was
centrifugated for 10 minutes with a relative centrifugal force
of 915 N kg-1. The acetone phase was decanted into a separation
funnel and the whole extraction procedure was repeated with ano-
ther 20 ml of acetone. After combining the acetone phases 5 ml
of a saturated solution of sodium sulfite were added to remove
sulfur and the solution was shaken for 1 minute. Next 350 ml of
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SAMPLE : M 3a
congener : 28

number of results : 14

out of the figure : 3 results

Mean value : 0,062 ﬂg/m]

-60

-40 -20

0 +20 +40 +60
deviation

%
FIGURE 9 : % deviation of the resultsoobtained for the concentration of the congener 28

in the sample M 3a.

L ,
] saMpLE : M 3a
congener : 180
n number of results : 16
|
Mean value : 0,026 rg/m]
|
L
;|
|
n
L
|
]
n
W
-60 -40 -20 0 +20 w40 " 60
% deviation

FIGURE 10 : % deviation of the results obtained for the concentration of the congener 180

in the sample M 3a.
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water were added and the solution was extracted two times with
portions of 50 ml of petroleum ether by shaking for 20 minutes.
The petroleum ether phases were decanted and the combined petro-
leum ether extracts were dried over anhydrous sodium sulfate and
concentrated to a volume of 20 ml.

B-2 : Acetone-hexane-diethylether extraction (ref. 22)

10 m! destilled water was added to 2.00 g of the dried sludge

in a test tube, mixed well, and centrifuged. The supernatant was
removed and saved. 20 ml acetone was added to the wet sludge
and the tube rotated overnight.

After centrifugation, the acetone extract was transferred to a
separatory funnel containing 20 ml 0,9 % sodium chloride solu-
tion plus the supernatant from above. The sludge was re-extrac-
ted for 30 min. with 15 ml 2 : 1 hexane : acetone, and after
centrifugation the solvent extract was added to the separatory
funnel, which was then shaken well. After phase separation, the
organic phase was transferred to a pear-shaped flask. The aque-
ous phase was re-extracted with 10 m1 9:1 hexane:diethyl ether,
and the organic phases combined and concentrated to 4 ml under a
nitrogen stream in a 600C water bath.

B-3 : Acetonitril-water and hexane extraction. AOAC general
method for chlorinated pesticides (ref. 23, 24).

25 g of Ispra Powder are extracted twice with acetonitrile-water
mixture (75:25) in a centrifuge tube with a mixer. The extracts
were transferred to 1 1. separatory funnel. Saturated NaCl solu-
tion (10 ml1), water (600 ml) and hexane (100 ml) were added. The
funnel was shaken vigorously for 1 minute. An aliquot (75 ml) of
hexane was concentrated to 2 ml with rotary vacuum.

B-4 : Pre-formaldehyde solution and acetone-hexane extraction
(ref. 25).

10 g of the sample M4 and 12 m1 of a 35 % formaldehyde solution
in water were put in an 1000 ml Erlenmeyer flask. This mixture
stood without stirring over night. Then 200 ml of an 2:1 hexane
acetone solution was added. After shaking for 12 hours the inso-
luble particels were separated by centrifugation (5 minutes at
2500 rpm) and the liquid part was transferred in a 1000 ml sepa-
ratory funnel. The insoluble residue in the centrifuge tube was
stirred with 50 m1 of hexane acetone 2:1, subsequently this
mixture was centrifuged, too and the clear solution was also
decanted in the separatory funnel. To the united extractes 150 ml
distilled water and 50 ml of a saturated sodium chloride aqueous
solution were added. After shaking for 1 minute the aqueous phase
was let off in a second separatory funnel with 50 ml hexane. This
procedure was repeated once more and both hexane extracts were
collected in the first separatory funnel and washed with 150 ml
distilled water and 50 ml of a aqueous saturated sodium chloride
solution. After drying the hexane extract for an 1/2 hour over
sodium sulphate and filtration three drops of dodecane were ad-
ded and the hexane was completly evaporated. The residue was
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dissolved in 10 ml of a 1:1 cyclohexane ethylacetate mixture.

B-5 : Direct hexane extraction (ref. 26, 27).

The dried sludge (0,2 g), distilled water (10 m1), and n-hexane
(20 m1) were homogenised in a centrifuge tube for 5 minutes with
a Silverson mixer. When necessary, the mixture was centrifuged
at 3'000 rpm for 3 minutes. The sample was re-extracted twice
with n-hexane. The combined n-hexane extracts were concentrated
to approximately one ml for direct application to the clean-up
column.

Seven laboratories had extracted the dried sludge by the Soxhlet
method. The solvents utilized were :

S-1 : 25 % ml acetone, 75 % vol. n-hexane.

S-2 : hexane, acetone, diethyl ether, petroleum ether (2,5 :
7,5 : 1 1),

S-3 : pure n-hexane.

The time of reflux varies between 6 to 24 hours.

Below there is the description of one of this extraction method
(ref. 28).

Put the empty extraction thimble into the soxhlet, connect
reflux condenser and round flask and extract by a mixture
of 12,5 m1 acetone and 37,5 ml n-hexane until gas chromato-
gram by ECD detection does not show any PCB peaks or peaks
of other disturbing impurities.

This procedure may take one day or even longer. In this case the
extraction mixture has to be renewed once or several times until
the blank test is satisfactory.

Put an exactly weighed amount of the dried sewage sludge (about
5 g) into the clean extraction thimble and extract in Soxhlet

by a mixture of 12,5 ml acetone and 37,5 ml n-hexane for eight
hours. The extract solution will become yellow to brown. Concen-
trate the extract solution by an evaporator until nearly
dryness.

Add 20 m1 of n-heptane and evaporate until nearly dryness.

Solve the residue in n-heptane and transfer to a 10 ml1 volumetric
flask and fi11 us by n-heptane the calibration mark.

2.3.1.3) Steam distillation (St).

One laboratory have indicated, without details, to have extract
the material M4 by a combined steam distillation-extraction me-
thod utilizing pentane as solvent.
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2.4)

2.3.2) Pre-digestion solvent extraction

2.3.1.1) Saponification (ref. 29) (Sp)
Macerate 20,0 g sewage sludge in a macerator (Waring Blendor)
with 15 ml 0,2 M NHgCl-solution for 5-10 s. Add 100 ml hexane-
acetone (1:1 v/v). Macerate 5 min. Transfer the macerate into a
250 ml centrifuge beaker. Centrifugate at 2000 g for about 3 min.
Transfer the above solvent over glass wool into a 500 ml separa-
ting funnel and transfer the sediment with 50 ml1 hexane-acetone
(1:1 v/v) into the macerator. Add 10 ml 0,2 M NH4CL to the sedi-
ment and macerate 5 min. Transfer the above solvent over glass
wool in the separating funnel after centrifugation.
Transfer the hexane extract into a 100 ml flask, add 20 ml of
alcoholic potassium hydroxide and saponify on a waterbath for at
least 45 min. at 70°C (measured inside the flask). Use a conden-
sor on the flask. Add a few drops of water and mix. If the soap
solution turns turbid proceed with saponification. Cool the solu-
tion and pour it into a separating funnel (250 ml1). Add 30 ml of
pentane, 20 ml of water and shake for 30 s. Transfer the pentane
layer into another separating funnel. Extract the water layer 3
times with 15 ml of pentane and transfer the pentane layers to
the second separating funnel. Wash the combined pentane solutions
several times with 15 ml of water until neutral. The pentane
solution should now be clear. Pass the pentane solution through
a chromatographic column containing anhydrous sodium sulphate.
Rinse the column with pentane and concentrate carefully on a ro-
tavapor to 2 ml at 300C under slight vacuum.

Note - Especially chlorobiphenyls with lower chlorine contents
are volatile and may evaporate.

The dried powder is vigorously shaken during one minute. Appro-
ximately 10 g of powder are exactly weighed and then digested by
80 mi of acid solution (i.e : 2 vol.s 70 % perchloric acid in 3
vols glacial acetic acid), for 24 hours over a steam bath. After
cooling and doubling the volume by distilled and hexane washed
water, the sample is transferred to a separatory funnel and ex-
tracted with 3 vols of 20 ml each of n-hexane. The 60 ml of total
hexane extract are concentrated to approximately 2 ml.

Results obtained on the material M4

FIGURES 11 and 12 show the results obtained for the concentra-
tions of the congeners-28 and 180 by the laboratories having
performed the total extraction, purification and quantitation

of the dried sludge material M4.

On these figures the extraction methods are indicated in front
of the points representing the results.
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w2 saMpLE : M 4
congener : 28
M s-3 number of results : 15
-1 out of the figure : 2 results
B 8-3 Mean value : 0,26 pg/g
WsS-2
Ws-3
SR
s-3
s-38
n
ms-5
W 54
-3
A NEs
Bst
-60 -40 -20 [o] +20 +40 i +60

% deviation
FIGURE 11: % deviation of the results obtained for the concentration of the congener 28
in the sample M 4.

s-1jJ}
. - B SAMPLE : M 4

congener : 180
» [l

ls 3 number of results : 10
o2

out of the figure : 7 results
. B-4 Mean value : 0,14 yalg

| B

.B—S
.5-1

=
+20 +40 +60

-60 -40 -20 0

% deviation

% deviation of the results olitained for the concentration of the congener 180
in the sample M 4 ’

FIGURE 12 :
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IV. QUALITATIVE PERFORMANCES OF FOUR EXTRACTION METHODS

One of the major requirements in view of a successful extraction is to
avoid further difficult purification steps.

Utilizing an other dried sludge from the EEC Ispra Center, the Institut
du Génie de l'Environnement of the Swiss Federal Institute of Technology
of Lausanne had compared four methods which do not need special stirring
material or special glass equipment (ref. 30).

These methods were :

- Acid digestion (A), described above.
- Saponification method (Sp), described above.
- A direct hexane-extraction without special mixer :

The dried sludge (2.0 g), distilled water (50 ml1), and n-hexane (80 ml)
were homogenised in a 250 ml glass-balloon with a magnetic stirrer for
15 hours. The mixture was centrifugated at 3'000 rpm for 10 minutes.
The sample was re-extracted twice with n-hexane. The combined n-hexane
extracts were concentrated to approximately one ml.

- An alkaline extraction method abble to extract both PCBs and PAH from
sludges (adapted from ref. 36) :

5 to 10 g of dried sludge are reflux boiled with methanolic-KOH 2 N,
during two hours. After cooling, the mixture is transferred to a sepa-
ratory funnel and extracted 3 times with 50 ml1 of hexane. The combined
extracts are concentrated to approximately one ml.

The other conditions were :

- Clean-Up : The extracts from the four previous methods are purified
by the same method on Florisil column chromatography. An additional
clean-up was realized on the extracts from Acid digestion and direct
hexane extraction to precipitate sulfur by metallic mercury.

- Chromatographic conditions : A Perkin-Elmer Sigma 3 B chromatograph,
with an electron-capture 63Ni detector was used with N2 as carrier
gas. Injection in split mode. A fused silica column (30 m., i.d.: 0,25
mm) coated with SE 52 was utilized. Temperature conditions : injector
temp.: 2750C., detector temp.: 3500C, oven temp.: 1709C up to 2650C,
ramp rate : 20C/min.

A Perkin-Elmer Sigma 10 B data station was used as recorder and inte-
grator.

Two extractions were performed which results are presented on the TABLE
below :
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PCBs concentration (mg/kg)

Extraction 1 Extraction 2 M
Acid digestion 3,19 3,17 3,18
Saponification 2,84 2,29 2,56
Direct hexane extract. 4,23 4,48 4,35
Alkaline extraction 4,04 3,94 3,99

The chromatograms obtained after a single Florisil clean-up are presen-
ted by FIGURE 13.

The chromatograms obtained show that acid digestion and direct hexane
extraction give extracts with a lot of sulfur and consequently these me-
thods need a further purification step by metallic mercury (ref. 20),
additional step which is not necessary with the saponification and alka-
line methods.

V.

DISCUSSION

1) Comments about the quantitation

Most of the researches dedicated to PCBs contamination and most of

the regulations about this pollutants give results on total PCBs con-

tent. However during the ten last years developments on capillary GLC

and consequent higher resolution, had allowed to determine and quanti-
fy individual congeners (ref. 32, 33, 34).

PCB residues in the environment and in sewage sludges result from
different mixtures of various technical products which, however, may
have undergone changes in their distribution pattern due to degrada-
tion or metabolization of individual congeners. Depending upon the
substrate, distribution patterns of the individual PCB components in
the residues may vary. For example, PCB residues in fish are of a
different composition than those in milk fat.

Owing to their complex nature of PCBs involving numerous individual
congeners, gas chromatographic determination of the PCB content is
quite problematical. So far, this has been done mostly by using pac-
ked columns with a low separation efficiency. The peaks commonly mea-
sured are broad and may consist of numerous individual PCB congeners
or even other interfering substances. Since in addition the response
of the detector signal (peak area) is different for the individual
compounds, identical peak areas may well be consistent with the pre-
sence of different amaunts of individual congeners. It is not possible
to assign the peaks to defined compounds in a qualitative mode and
confirm this. For quantitative evaluation, the areas of a number of
peaks of a sample are compared with peaks occuring with identical re-
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tention time from a commercial product (e.g. Clophen A 60). From this
a "PCB content (calculated as Clophen A 60)" is inferred although the
non-identity of the PCB distribution pattern of the peak with that of
the sample is known.

For some time already, a number of laboratories have used gas chroma-
tography with capillary columns of high separation efficiency for de-
termination so that now most individual PCB components result in sepa-
rate peaks. However, quantitative determination of all individual con-
geners to determine the "true" total content of PCBs involves consi-
derable expenditure (calibration by means of approximately 100 single
components) which cannot be justified for routine analysis. As an
interim solution a few randomly selected peaks from a capillary gas
chromatogram were referred to commercial technical products and from
these an apparent total PCB content was extrapolated. In such extra-
polations, it is entirely possible that the true PCB content is si-
gnificantly higher than the calculated one; i.e. in fish which contain
besides the components of (highly chlorinated) Clophen A 60 also low-
chlorinated (i.e. from Clophen A 30) ones. On the other hand, the

true content in mother's milk is only ca. 50 % of the extrapolated

PCB content because numerous individual congeners of the commercial
technical products are no longer contained in mother's milk.

The Federal Health office of the Federal Republic of Germany had
developped a concept of PCB residue analysis according to which extra-
polation to a fictitious PCB content is replaced by the actually mea-
sured contents of selected individual PCB congeners. For this purpose,
the following 6 individual congeners have been selected (the figures
given i? brackets refer to the IUPAC numbering (in accordance with
ref. 32).

1) 2, 4, 4'-trichlorobiphenyl (28)
2) 2,2',5,5"'-tetrachlorobipheny]l (52)
3) 2,2',4,5,5'-pentachlorobiphenyl (101)
4) 2, 2',3,4,4*,5'-hexachlorobiphenyl (138)
5) 2,2',4,4',5, 5' -hexachlorobipheny]l (153)
6) 2 2',3,4,4',5,5'-heptachlorobipheny1 (180)

These defined individual congeners are to serve as indicators of the
entire PCB distribution pattern in the samples. They represent limi-
ting factors for both the technical PCB products, which are the cause
of the world-wide contamination ot fhe environment and for the vary-
ing PCB patterns in envirormental samples due to metabolization and/
or accumulation within the food chain and therefore they are suitable
for the establishment of maximum residue limits (ref. 35).

The selected individual PCB components are commercially available
both in pure form and as solutions.

For the previously presented reasons, these six particular congeners
were those selected for the quantitation in the COST exercise.

In fact some other congeners are of importance in environmental and

sewage sludge samples. The TABLE 2 presents the abundance of 14 indi-
vidual congeners in a mixture of Aroclors, waste-waters and sludges
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MIXTURE OF AROCLOR 1242 + 1254 + 1260

q ACID DIGESTION (A) SAPONIFICATION (Sp)

DIRECT HEXANE EXTRACTION ALKALINE EXTRACTION

|

FIGURE 13: Chromatograms of PCBs extracted*from a EEC-Ispra sewage sludge by the
fourgmethodsytestedspmandgchromatogram of an Aroclor mixture
(*: after a single Florisil purification step)
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from three Swiss-towns (ref. 10) and in the dried sludge utilized for
the COST exercise. According the results presented in this Table,
congeners 60, 95, 110, 118 and 149 should be eventually considered

in addition of the six congeners utilized in the COST exercise and
selected by the Federal Health O0ffice of the FRG.

Quality of the results obtained in the COST exercise

In spite of insufficient number of laboratories having send results

the main conclusion of the exercise is that the dispersion of the re-

sults obtained increases with the quantity of preparation step of the

samples.

For the sample M1 for which it was needed to quantify pure congeners :
75 % of the results are in the range of +/- 20 % of deviation for
the total concentration of the 7 congeners.

68 % of the results are in the range of +/- 20 % of deviation for
the congener 28, which quantitation have gave the worst results.

For the sample M2 for which it was needed to quantify a mixture of
commercial PCBs :

55 % of the results are in the range of +/- 20 % of deviation for
the total PCBs quantitation.

For the sample M5 which was a purified extract from a sewage sludge :

62 % of the results are in the +/- 20 % range of deviation for the
congener 28.

62 % for the congener 101.
56 % for the congener 180.

For the sample M3A which have needed a purification step realized by
each laboratory :

53 % of the results are in the +/- 20 % range of deviation for the
congener 28.

53 % for the congener 101.
56 % for the congener 180.

For the sample M4 which have needed a total process of extraction,
purification and quantitation from a dried sludge :

41 % of the results are in the +/- 20 % range of deviation for the
congener 28.

41 % for the congener 101.
35 % for the congener 180
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3)

4)

Errors on extraction and purification steps

It appears that extraction and purification are the critical steps
to increase the dispersion of the results. These two operations are
in fact closely linked.

- If the extraction step is poor the extract is clear and easy to
purify but the recovery of PCBs will be low.

- If the extraction step is efficient the rate of recovery of PCBs
will be good but the extract will need a difficult purification
step in which ore @0 loose the benefits of the extraction.

The results obtained in the COST exercise and the research presented
in the chapter IV suggest that :

- Steam distillation and saponification (ref. 29) methods are quite
poorly extractive, mainly for highly chlorinated congeners.
However, saponification gives very clear extracts.

- Acid digestion (ref. 17) is an extremely strong extraction method
(particularly concerning sulfur content of the samples) which needs
special attention to purification steps.

- Batch-solvent extractions (ref. 21 to 27), Soxhlet extraction (ref.
28) and alkaline extraction (ref. 36) give both good recovery and
quite clear extracts.

Less differences appear between purification methods. Column Chroma-
tography (with Florisil, alumina or silica-gel) seems to be well adap-
ted to sewage sludge extracts. The experience of the operator in the
use of these chromatographic materials is the critical point for this
operation. Desulfuration can be operated by metallic mercury (ref. 20)

Instrumental analysis and quantitation

The COST exercise has indicated some other sources of errors in the
analyses of PCBs in sewage sludges :

4.1) Solvents

It must be absolutely ensured that the standard substances and the
samples are dissolved in the same solvent because otherwise changes

in vapourization profiles may result which in turn could lead to chan-
ges in retention times, peak areas and peak heights. For example, u-
sing toluene instead of iso-octane as a solvent has resulted in an
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increase of peak height by 35 % (ref. 35).

Calibration graphs are to be established to ensure that operation ta-
kes place in the (approximately) linear range of the ECD. These cali-
bration graphs have to be established utilizing different rates of
dilution of the standard solution.

In many laboratories, the use of internal standards (e.g. isodrin;
1, 2, 3, 4-tetrachloronaphthalene; hexabromobenzene) to reduce the
injection error has proved to be useful.

Quantitative evaluation is conducted by determination of the peak
area or heights for the individual PCB components in the sample ex-
tract and comparison with the areas and heights, respectively for a
standard solution of known concentration.

In most of the cases this operation is performed by a computerized
equipment. The recognition of the peaks is made utilizing relative
or absolute retention time. The calculation of peak areas and heights
is performed by the computer according some criteria. Amongst these
criteria :

- the test area of the peak before confirmation (area sensitivity),

- the slope and the rate of change in the slope of the signal level
used by the system to determine wether it is on baseline or not
(base sensitivity),

- the criterion used by the system to consider or not a small peak on
the trailing side of a big peak (skim sensitivity),

- the baseline treatment (valley to valley, horizontal, etc).

Due to the presence of impurities and the difference of balance bet-

ween congeners the computerized system can integrate differently the

same peak between the standard solution and the sample-extract solu-

tion. FIGURE 14 shows an example of this type of errors. The figure
shows an enlargement of the area taken as reference by a computerized
integrator for the peak corresponding to the congener 180 :

A : in the chromatogram of a mixture of AROCLORS 1242 + 1254 + 1260.
B : in the chromatogram of the extract from an environmental sample
(brown trout).

In this particular case, the error induced by the computerized area
calculation of this peak is about 16 % in proportion of the comparison
of the heights.
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Diferences between the areas taken as reference for the computerized

integration of the same peak (congener 180):

FIGURE 14 :

A- in a mixture of comercial Aroclors 1242 + 1254 + 1260

B: in the extract of an environmental sample (brown trout)

~ 150 -



VI. CONCLUSION

The intercomparison exercise of the WP-2 COST 681 group has shown that
the analyses of PCBs in sewage sludges have to be improved to reach an
acceptable coherence between the results of different laboratories.

The two main aspects of improvement are :

- the strictness of the handling (calibration graphs, same solvent
for samples and standards, internal standard, quantitation opera-
ting on the heights of the peaks)

- identification of the most suited extraction method to be choose
amoungst : batch-solvent extraction, Soxhlet extraction or alkaline
extraction.

Any future intercomparison program should forms on the improvement of
the methodological aspects.

But PCBs are not the only organic-micropollutants in the sludges. To
increase the acceptability of the sewage sludges for agricultural use,
but also in view of their incineration, it 1is absolutely necessary to
increase our knowledge about the presence and the analysis of all the
other main group of organic micro-pollutants which are present in this
sludges. For this purpose, extraction procedures allowing to study se-
veral types of organic micro-pollutants should be promoved.

ACKNOWLEDGEMENTS

The authors wish to thank Prof. Dr. Ing. Reimar LESCHBER, chairman of
the WP-2 COST 681 and M. Pierre L'HERMITE from the Environment Research
Programm of the CEC for their support during the study presented in this
paper. They are also highly grateful to all the laboratories having par-
ticipated in the intercomparison presented in this paper.

=151 -



)

2)

3)

4)

5)

6)

REFERENCES

J.N. Lester

Occurence, behaviour and fate of organic micropollutants during waste
water and sludge treatment process.

Paper presented at the EEC concerted action on the characterisation,
treatment and use of sewage sludge. (Working party 5, may 25-26, 1982
Stevenage, United Kingdom).

T.R. Bridle and M.D. Webber
A Canadian perspective on toxic organics in sewage sludge.
Ibid.

A.E. Mc Intyre, J.N. Lester, R. Perry

The influence of chemical conditioning and dewatering on the
distribution of PCBs & organochl. insect. in sewage sludges.
Environ. Pollut., B. 2, pp. 309-320, (1981).

A.E. Mc Intyre, R. Perry, J.N. Lester

The behaviour of PCBs and organochlorine insecticides in primary
mechanical wastewater treatment.

Environ. Pollut., B. 2, pp. 223-233, (1981).

G. Burgermeister, P. Ammann, J. Tarradellas.

PCB dans les boues de quelques stations d'épuration de Suisse,
Characterization, Treatment and Use of Sewage Sludge. D. Reidel,
publ. pp 264-269 (1981).

L.F. de Alencastro, J. Tarradellas

Etude de la concentration en PCB des eaux usées dans les stations
d'épuration.

Gaz-Eaux-Eaux Usées, 63, 3, pp. 113-122 (1983).

W. Fieggen

Pestictdes and PCBs in sewage sludges

Paper presented at the EEC concerted action on the characterization,
treatment and use of sewage sludge. (Groningen. The Netherlands,
1980).

E.E. Shannon, F.J. Ludwig, I. Valdmanis
Polychlorinated biphenyls in municipal wastewaters
Environment Canada, research report, 49 (1976).

A.E. Mc Intyre and J.N. Lester

PCB and organochlorine insecticide concentrations in forty sewage
sludges in England

Environm. Pollut., B, 3, pp. 225-229 (1982).

- 152 -



10) J. Tarradellas, L.F. de Alencastro
The role of analytical technics in the study of PCBs in wastewaters.
15th Annual Symposium on Analytical Chemistry of Pollutants,
Jekyl1-Island (USA), 20-22 may 1985.

11) H. Harms, D.R. Sauerbeck
Toxic organic compounds in town waste materials : their origin con-
centrations and turnover in waste composts, soil and plants,
Environmental effects of organic and inorganic contaminants in
sewage Sludge. D. Reidel, publ. pp 38-51.

12) M. Rocher, A. Copin
Identification of some organic micro-pollutants in urban sewage

sludges.
Ibid. pp. 52-58

13) T.R. Bridle, M.D. Webber.
A Canadian perspective on toxic organics in sewage sludge.
Ibid. pp. 27-37

14) 1I.J. Tinsley
Chemical concepts in Pollutant Behaviour
Wiley Interscience publ., p. 153 (1979).

15) P. Moza, J. Scheunert, W. Klein, F. Korte
Studies with 2,4',5-trichlorobiphenyl - 14 C and 2,2',4,4',6-pen-
tachlorobiphenyl-14 C in carrots, sugar, beets and sotil.
J. Agric. Food Chem. 27, 1120-1124 (1979).

16) G.F. Fries
Potential polychlorinated biphenyl residues in animal products from

application of contamnated sewage sludge to land.
J. Environm. Qual. 11(1), 14-20 (1982.

17) R.L. Stanley, H.T. Lefavoure
Rapid digestion and clean-up of animal tissues for pesticide residue

analysis.
J. of Ass. of Official Agricultural Che. , 48, 666-667 (1965).

18) P.G. Murphy
Sulfuric acid for the clean-up of animal tissues of acid stable
chlorinated hydro-carbons residues.
J. of Ass. of Off. Anal. Chemists, 55, 1360 (1972).

19) P.A. Mills, B.A. Bong, L.R. Camps, J.A. Burke.
Elution solvent system for Florisil colum clean-up in organochlorine

pesticides residue analysis.
J. of Ass. of Off. Anal. Chemists, 55, 39 (1972).

=153 -



20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

C.F. Rodriguez, W.A. Mc Mahon, R.E. Thomas

Method development for determination of polychlorinated hydrocarbons
in municipal sludge.

Technical Report Data EPA 600/2-80-029 (1980).

R.C.C. Wegman, A.W.M. Hofstee
Water Res. 16, 1265 (1982).

S. Jensen, J. Mowrer
Dept. of Chemical Environmental Analysis. Stokholms Universitet-
Sweden. (Personal Communication to WP 2-COST 681).

General method for chlorinated and phosphatated pesticides.
Official methods of analysis of the AOAC, 11th ed., 475, (1970).

C. Corvi.

Laboratoire Cantonal de Chimie, Case Postale 109, 1211 Genéve
(Switzerland) (Personal Communication to WP 2-COST 681).

A. Trenkle

Staatliche Landwirtschaftliche Untersuchungs- und Forschungsanstalt
Augustenberg. Nesslerstr. 23, D-7500 Karslsuhe 41 (BRD).
(Personal Communication to WP 2-COST 681).

A.E. Mc Intyre, J.N. Lester and R. Perry.

Analysis of Organie Substances of Concern in Sewage Sludge.

Final report to the Department of the Environment (Great Britain)
for Contracts DGR/480/66 and DGR/480/240. November 1979.

J.F. Eades and M. 0. Neill.
An Foras Taluntais. Oak Park Research Centre. Carlow (Ireland)
(Personal Communication to WP 2-COST 681).

K. Wrabetz,
Bayer AG, Zentrale Analytik, 5090 Leverkusen (FRG)
(Personal Communication to WP 2-COST 681).

L.G.M. Th. Tuinstra, A.H. Roos

A Universal method for the Analysis of PCB Congeners : Sewage Sludge.
State Institute for Quality Control of Agricultural Products.

P.0. Box 230. 6700 AE Wageningen (The Netherlands).

(Personal Communication to WP 2-COST 681).

L.F. de Alencastro, J. Tarradellas

PCBs in dried sewage sludge : comparison between four extraction
methods.

Institut du Génie de 1'Environnement, EPFL-Ecublens, 1015 Lausanne
(Switzerland).

(Personal Communication to WP 2-COST 681).

—154 -



31)

32)

33)

34)

35)

36)

H. Lorenz, G. Neumeier
Polychlorierte Biphenyle (PCB)
MMV Medizin Verlag Miinchen, BGA Schriften 4/83, p. 81-91 (1983).

K. Ballschmitter, M. Zell
Analysis of Polychlorinated Biphenyls (PCB) by Glass Capilary Gas-

Chromatography.
Fresenius Z. Anal. Chem. 302, 20-31 (1980).

E. Schulte, R. Malish
Berechnung der wahren PCB-Gehalte in Umweltproben.
Fresenius Z. Anal. Chem. 314, 545-551 (1983).

J.C. Duinker, M.T.J. Hillebrand

Characterization of PCB components in Clophen formulations by
Capillary GC-MS and GC-ECD Techniques.

Environm. Sci. Technol., 17, 449-456 (1983).

H. Beck, W. Mathor

Analytical Procedure for the Determination of Selected PCB Compo-
nents in Food.

Bundesgesundheitsbiatt, 28, no 1, p.1-12 (1985).

G. Grimmer, H. Bohnke, H. Borwitzky.
Gas-Chromatographische profil Analyse der PAH in Klarschlammproben.
Fresenius Z. Anal. Chem. 289, pp.91-95 (1978).

=155 -



DISCUSSION

It was pointed out that the use and disposal of PCBs in industry was
now strictly controlled. Also sludge was spread on only a small percentage
of agricultural land. Doubt was expressed about the significance of sludge
as a source of PCBs in agroecosystems. Aerial deposition was likely to be
more important.

(Contributors to discussion : Davis, Tjell)




CHEMICAL METHODS FOR THE BIOLOGICAL CHARACTERIZATION OF METAL
IN SLUDGE AND SOIL

H. HANI and S. GUPTA

Swiss Federal Research Station for Agricultural Chemistry
and Hygiene of Environment
CH - 3097 Liebefeld-Berne

Summary

0.1 M NaNO3 is used to assess bioavailability of metals in different
polluted soils. Promising results are obtained for cadmium, zinc and
copper whereas more research is still needed for nickel, to find out why
the plant response is not so well correlated to soluble soil concentra-
tions as in the case of the other three metals. The German colleagues
prefer CaCl, because this solvent extracts 2 to 4 times more of the metals
than NaNO3.

It is further shown that the NaNO3 extraction method is also suited to
characterize critical metal levels in soils which were "naturally"
contaminated by different pollution sources. The consequences of the
findings for the soil protection against pollution in the Swiss legisla-
tion are emphasized.

1. INTRODUCTION
In the Minster Seminar (3) the following was concluded:

- Bioavailable concentrations of metals in soils are required to assess the
significance of contamination in terms of effects on crops and the food
chain.

- Neutral salt extractantsprovide the most promising chemical method to
reflect the bioavailability of metals from very different soils.

- Progressive acidification and sequential extraction techniques offer as
research methods a way of characterizing forms of metal in soil at least
on an empirical basis, and of evaluating the long-term bioavailability of
metals.

- The soil solution is the interface between the plant root and the soil
and therefore the concentration of metal in soil solution is likely to
be closely related to bioavailabitity.

It is the purpose of this paper to substantiate the results of neutral salt
extractants and te give indications that the method, in addition to cadmium
and zinc, can possibly be extended to copper and nickel.

2. NORMAL UNCONTAMINATED SOILS

On analysing normal unpolluted soils the answer one would like to get of
these analyses is to know if the status of nutrients is sufficient for a
proper plant growth.
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In the case of trace elements, Sillanpdid, e.g. estimated critical
deficiency levels for copper and zinc in soil using acid ammonium acetate—
EDTA (pH 4.65) as extracting agent (5):

- copper < 0.8 - 1.0 ppm
- zine < 1.0 - 1.5 ppm (+ pH correction)

At the moment it remains doubtful if much milder extractants (such as
neutral salt solutions) which are proposed for polluted soils can also be
used for the so-called normal soils. The very low metal concentrations
found in these solvents may cause serious analytical difficulties. However,
at the last consultation of the FAO network on trace elements held in
Murat-le-Quaire (France, 17-20 September, 1985) it was decided to examine
in a final attempt the suitability of various weaker soil extractants to
characterize the plant availability of trace elements in normal soils. It
has to be repeated that the use of mild extractants was proposed in the
light of soil pollution, believing the status of trace element deficiency
could furthermore be described with sufficient reliability by the amount
dissolved in stronger extractants.

3. CONTAMINATED SOILS

3. 1 Cadmium and zinc

In the Minster Seminar (3) it was shown that neutral salt solutions like
0.1M NaNO3 and 0.05 or 0.1M CaClp extracted the amount of cadmium and zinc
from very different soils which was reasonably well correlated with the
plant content. Sauerbeck (4) prefers the extraction with CaCls because the
amounts brought into solution by this solvent are 2 to 4 times higher for
cadmium, zinc and nickel (comparative measurements for copper are not yet
available) than the amounts extracted by NalNO3. Thus, detectable amounts

of cadmium can be dissolved from neutral soils of low contamination degrees
which is not possible with NaNO3. However, beside the purely analytical
aspects the chemical reactions of the anion should also be considered:

In contrast to nitrate, chloride has marked complexing properties. Further
experiments have to show how these complexing properties influence the soil
plant relationship for other metals than cadmium and zinc (e.g. copper and
nickel).

The results of a pot experiment with soils which were exposed in the field
to different sources of pollution are presented in tables 1 and 2 as well
as in figure 1. The plants were analysed for cadmium, zinc, nickel and lead.
Because the contents of zinc and cadmium were the only ones which were
situated well above the natural background levels in some cases, these two
elements have to be regarded as the metals which, considering the
investigated pollution sources, can cause serious problems in soils.

It is clearly confirmed by these results that the total content of heavy
metals in soil is by no means a good approach to assess bioavailability.
This is especially true for soils 4 and 7 in figure 1: Due to unfavorable
properties of soil It already 51.9 ppm of total zinc give rise to 1.91 ppm
of soluble zinc in soil and correspondingly high values in plants, whereas
the properties of soil T prevent a considerable increase of the soluble
fraction even at a total content of 1212 ppm.
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In soil 2, where the highest concentration of zinc in 0.1 M NaNO3 is found,
toxic e€ffects on plants can't be excluded (s. the low dry matter yield of
radish tubers in table 1).

However, it has to be mentioned that contrary to soils contaminated by salt
solutions some unexpected results were obtained with the "naturally"
polluted soils. The zinc conten#sof plants grown in soils 1, 7 and 9 are
too high compared to the zinc concentration in 0.1 M NaNO3. One phenomenon
which should further be studied is the kinetics of the dissolution of metals
in different polluting compounds. It has to be considered that it might be
difficult to understand in all cases the dissolution reaction of metals in
the polluting compounds by a single extraction procedure of short duration
(e.g. 2 hours) so that the plant reaction can be predicted properly.

According to table 2 the concentrations of cadmium in 0.1 M NaNO3 lie below
the critical value of 0.06 ppm in all soils. This is in agreement with the
cadmium contents of less than 1 ppm in rye grass and radish tubers. For
radish .leaves, however, soluble soil concentrations below the value of
0.06 ppm can already lead to contents which are sbove the zootoxic thres-
hold of 1 ppm.

Table 2 Influence of cadmium in soils - enriched from different
sources - on the cadmium content of plants (for soil properties

s. figure 1)
SOILS 1 - 10 PLANTS (mg Cd/kg dry matter)
Total content cadmium conc. Rye grass Red.tubers | Rad.leaves
of Cadmium (ppm)| in 0.1 M NaNOg (cut 1-3)
(ppm)
0.1k - 6.1 < 0.06 0.2-0.84 0.2-0.88 0.2-3.11
(crit.value:l) (erit. value 0.06)

3. 2 Copper and nickel

Figures 2 and 3 show the results of a pot experiment with 6 different soils
to which zinc and copper have been added separately in form of their nitra—
tes. Concerning the assessment of bioavailability, the comparison of the
two figures is encouraging because 0.1 M NaNO3 seems to be an almost as
good extractant for copper as for zinc (1). Much lower correlations were
found for NH)OAc and DTPA (s.figures 4 and 5). The same results were
obtained for cadmium and zinc (2).

Figure 6 is a presentation of copper contents in vineyard soils. Although
total contents often exceed the critical walue considerably, the soluble
s0il concentrations remein within the tolerated range. This harmonizes
with the analysis of vine leaves because the measured contents of 11.3 -
17.9 ppm are still below the phytotoxic threshold of 20 ppm.
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First results with nickel are promising. However, further research is
needed to find out why the plant response is not so well correlated to
soluble soil concentration as in the case of cadmium, zinc and copper.

4. EFFECT OF METALS ON MICROORGANISMS

Similar to metal contents in plants and to plant growth soil microorganisms
and their activities are related to the metal concentration in the soil
solution. The figures in table 3 illustrate this statement.

Table 3 Effect of soluble cadmium concentration on % carbon mineralization

SOILS
Sandy loam Sandy loam
pH 5.7 pH 7.0
% carbon mineralization 59 101
Total Cd added (mg/kg soil) 16 16
Soluble Cd (mg/kg soil) 0.61 0.05
CEC (meq /kg soil) 80 124

The investigation of the effect of metals on soil microorganisms is
essential for the judgment of proposed guiding values in soils. For copper,
e.g. 1t was observed that the soluble soil concentration (0.1 M NaNO3) which
caused 20 % reduction in carbon mineralization was 7 times lower than the
concentration which induced phytotoxic contents of 20 ppm in plants (1).

5. CONCLUSIONS

- Due to the importance of bioavailable concentrations of metals in soils
in assessing the significance of contamination, soluble metal concentra-
tions in 0.1 M NaNO, were introduced as guiding values beside those of
total contents in tée Swiss legislation.

- For safety reasons the guiding values are half the critical values.

- In judging the guiding values the reaction of different plants and of
s0il microorganisms have to be considered.

- Switzerland started the experiments with NaNO3 and has therefore the
greatestexperience with this extractant. CaCl2 is the preferred method
in Germany. For the future work it should be tried to decide on a stand-
ard method in Europe.
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DISCUSSION

The discussion focussed on the relative merits of calcium chloride
compared with sodium nitrate. The important principle was that neutral
salts were the best extractants for assessing bioavailable concentrations
of metals in soils. The authors preferred sodium nitrate because they were
experienced with its use and had an archive of reference results going back
five years. Calcium chloride removed more cadmium from soil than did sodium
nitrate and therefore analysis of the sample was likely to be easier
especially for soils near to background concentrations. On the other hand
calcium chloride extracts could pose interference problems and the
significance of the formation of chlorocomplexes with cadmium was unclear.
(Contributors to discussion : Leschber, Sauerbeck, Matthews, Levi-Minzi)




CHARACTERIZATION OF THE PHYSICAL NATURE OF SEWAGE SLUDGE

WITH PARTICULAR REGARD TO ITS SUITABILITY AS LANDFILL

U. LOLL
Abwasser-Abfall-Aquatechnik
Heidelberger LandstraBe 52

D-6100 Darmstadt, FR of Germany

Summary

The most significant property of those sewage sludges which are
planned to be deposited is the physical nature. Nevertheless the
criteria of dry solid matter after natural and mechanical dewatering
of sewage sludge has been mostly used until now. This parameter
describes the behaviour of the material placed in the depositing
bulk only insufficient. Therefore it is necessary to define para-
meters for the bearing capacity, the density and the shearing
strength that are able to describe the soil mechanical behaviour of
sewage sludges which are planned to be deposited. The paper presents
new appropriate measuring methods, measuring devices and criteria to
determine the depositing capability of dewatered sewage sludges.

1. INTRODUCTION

The physical properties of sewage sludge are especially important
for the design of sludge pumps, thickeners and dewatering equipment and
for the optimization of conditioning, dewatering, heat treatment and
controlled tipping operations (landfill).

For the physical parameters listed in Table 1, there are standard
methods which have become widespread internationally. Full details of the
tests and the corresponding national and international standard specifi-
cations are given in the final report of the COST 68 TER Project (2) or
in that of the COST 68 Project (1), with reference to further relevant
literature. In addition, Colin (4) has described the most important
features involved in characterizing the physical state of sludges.

At present there is no standardized method of determining
"suitability as landfill", which is extremely relevant to sludge disposal
practice. As land available for tipping becomes ever scarcer, especially
in the heavily populated areas of the industrial countries, and the
dumping in them of dewatered sludge, either alone or mixed with household
or industrial waste, has to be carried out under technically controlled
conditions, there is a pressing need for suitable parameters giving
information on the bearing capacity, solidity and a shear strength of
dewatered sludges. Possible test methods and equipment have thus been
tested in Germany in a cooperative project (supported by the Federal
Ministry of Research and Technology - BMFT) over the last 3 years, and
initial proposals have been made for the establishment of threshold
values.

The aim is to develop a standard, internationally-applicable test to
determine the suitability of dewatered sludge as landfill on the basis of
the results reached together with the other partners in the Euro-COST
Programmes.
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Table 1: Internationally standardized methods to describe the physical
status of sewage sludge

I.) GRAVIMETRIC

) Total solids (per cent dry matter)
.) Volatile solids (loss on ignition)
) Dissolved solids
) Suspended solids

II.) OONDITIONING AND DEWATERING

) Conditionability (coagulant demand)
) Effect of shear (floc strength)

.) Specific resistance to filtration

) Capillary suction time

) Campressibility coefficient

III.) OTHER PARAMETERS

10.) Particle size distribution

2. PARAMETERS FOR DESCRIBING THE PHYSICAL STATE OF THE SLUDGE WITH
REFERENCE TO ITS PROCESSING AND DISPOSAL

Colin (in references 3 and 4) defined the categories for charecter-
izing the physical state of sludge as follows:

(a) Liquid state Sludge which flows under the effect of gravity. This
is the best state for handling.

(b) Plastic state The state in which the material may undergo permanent
deformation if the mechanical stress applied to it
exceeds a certain threshold. Sludges in this state can
be pumped if sufficient pressure is applied.

(c) Solid state with shrinkage This is a solid state in which the volume
decreases as drying progresses, i.e. it relates to a
medium still saturated with water.

(d) Solid state without shrinkage Below the moisture content level cha-
racterizing the 1limit of the preceding state, the
volume of the sludge no longer decreases as drying
progresses, i.e. the medium is no longer saturated
with water.
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In properly run tips, sewage sludge, which is mostly mechanically
dewatered, is usually placed in the "plastic" or "solid with shrinkage"
state. Sludge in the "solid state without shrinkage" is also sometimes
placed in landfill.

In any event, the "solid state without shrinkage" is also fully
suitable as landfill, as the material can have a load placed upon it
without damage, both during casting and when subsequently placed under
load, and it does not have limited solidity or low shear strength.

The threshold of suitability for use as landfill probably lies in
the upper range of the plastic state (where a large force must be applied
to deform it) or in the solid state with shrinkage.

There is no direct connection between the above definitions and
suitability as landfill, which means that efforts at measuring the former
are hardly applicable to the problem to be addressed here.

The penetrometer presented by Colin, which is used for describing
the plastic state, is most suitable for consideration.

fixed device for
measuring the depth of
penetration

reading window — EEZ(

T?

metal tape
measure

module locking
lever

moving unit — [ ]

penetration-
measuring module
additional ma:sf\.

base with
adjustable——w—,
height

levcl-adjust:
screws

Fig. 1: Diagram of the penetrometer with various diveces with different
angles of conicity (after Colin)




Since the tests developed by Colin are only related to sludge
transport, storage handling and production techniques, the results
obtained cannot be applied to the setting of targets for values
appropriate to landfill.

In particular, the way in which the samples are prepared and mounted
in the test apparatus does mnot enable the boundary conditions in the
landfill to be simulated.

3. RESEARCH OBJECTIVE

The aim of the studies, which have been planned to cover a fairly
long period, is to define the suitability of dewatered sludges for use as
landfill on the basis of figures drawn from soil mechanics, and to
develop easily manageable measuring techniques for wuse 1in sludge
dewatering and controlled tipping operationms.

In particular, the minimum strength of sludges to be tipped was to
be determined, with regard to the way in which they are placed and the
way in which they are expected to behave over a long period in the
landfill site. In the first cooperative experiments, the strengths of
several hundred sewage sludges of various origins, which had been subject
to varying stabilization, conditioning, dewatering and post-treatment
processes, were studied using the test equipment and procedures described
below. After choosing a suitable test procedure, the aim was to promote
the international harmonization of determination methods with the
recognized standard test on the basis of the results obtained.

The possible influence of sludge treatment, conditioning and, where
used, subsequent treatment on changes in its consistency were to be
studied to enable sludge treatment sequences to be optimized.

4, TEST APPARATUS AND PROCEDURES

To perform the investigations, the following laboratory apparatus,
which is familiar in soil mechanics, being based on the associated test
procedures, were used:

- Laboratory vane apparatus to measure the vane shear strength (Fig. 3)
- Falling-cone apparatus for measuring cone shear strength (Fig. 4)
- Plunger apparatus to measure bearing capacity (Fig. 5).

The sample or specimen container shown in Fig. 2 was used for all
tests so as to produce constant test conditions.

The sample container has a capacity of 1.5 litres, a height of
approx. 150 mm and a diameter of 113 mm.

The dewatered sludge is placed in the sample container in 4 layers,
each being compacted with a hand rammer with a surface area of 10 cm?
until no further compaction is possible and the surface is reasonably
even. To provide a defined test surface, the compacted specimen is cut
through with a knife under the removable headpiece and the upper part of
the specimen discarded.

The vane apparatus for measuring vane shear strength, which is shown
in Fig. 3, has an electric motor and can also be operated by hand.

The vane is turned either manually with a handle or using the motor.
The vane is connected through a torsion spring to a display which shows
the angle of deflection on a 360° scale by means of a trailing pointer.

The torsional moment can be calculated from the angle of deflection
shown and the spring constant.
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The torsional moment increases as the vane turns and the pointer
remains stationary at the reading of maximum moment, when the specimen
fails. The experiment is repeated three times for each measurement in
order to exclude any accidental readings. The value of the vane shear
strength is calculated from the torsional moment at failure of the
specimen, the geometrical data on the vane and tables specific to the
apparatus.

The falling cone shear strength is defined as the resistance of a
soil. to penetration by a geometrically defined cone. This 'cone
resistance' is determined from the weight and vertex angle of the cone
and the depth to which it penetrates. With the apparatus shown in Fig. 4,
the cone is so placed at the beginning of the experiment that its point
just touches the surface of the specimen. It is held in this position
magnetically. After release the cone falls and penetrates the material to
be tested. The depth of penetration of the cone is measured after 5
minutes. Five measurements are carried out in each experiment at
different points on the same specimen. The falling-cone shear strength
can be determined from the depth of penetration of the cone using
correlation tables relating the penetration depth of the various cones
and the shear strength determined with the vane apparatus.

Bearing capacity is determined using a plunger apparatus with a
bearing surface area of 10 cm?, which is balanced with a counterweight
and placed vertically on the surface of the sludge to be investigated.
According to the consistency of the sludge, it is loaded to between 0.1
and 10 kg. After 30 seconds under load, the depth of penetration of the
plunger is measured. The depth of penetration is plotted against the load
in KN/m?, giving load curves illustrating the behaviour of the material
under load. From these curves, the load under which the plunger
penetrates to a depth of 4 mm is defined as the bearing capacity of the
material under investigation. For each test, the specimen is placed under
load three or more times with varying loads to determined this point. The
depths of penetration allowed lie between 2 and 6 mm.

5. EVALUATION OF TEST APPARATUS AND METHODS

Although all 3 apparatuses gave the expected scatter of results,
partly caused by the nature of the material sampled, they yielded a
relatively high degree of wuniformity in the sludge strength data
obtained, after a staff familiarization period. Interpretation of the
results showed that, even with differing types of sludge to be tested,
all three test methods performed similarly and indicated comparable
sludge strengths. Correlations were obtained for each combination of the
three apparatuses described. The correlation coefficients obtained
between these, r = 0.9, showed good comparability of results.

Converting the minimum strengths laid down yielded the following
error estimation for the three laboratory test apparatuses used:

- vane shear strength Cpp, = 10.0 KN/m? + 2.0 KN/m?

- falling-cone shear strength Cr/ = 12.3 KN/m? + 1.3 KN/m?

- bearing capacity Cpp = 23.5 KN/m? + 2.3 RN/m?

The measuring errors which were determined were partly caused by the
test technique, but also often by the lack of homogeneity of the
specimens. The primary causes of inaccuracies were uneven compaction of
the specimen and fibres and other solid particles.

As a rule, such errors give the impression of a strength higher than

it really is. However, these can usually be quickly eliminated by taking
multiple readings.

¥
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Drying of the surface of the sample had a differing effect on the
different apparatuses. While the vane apparatus was virtually unaffected,
the plunger was somewhat affected and the falling cone considerably.

Without going into the reasons in detail, these being destined for
inclusion in an extensive research report, the results up to now indicate
that the vane apparatus is the most accurate of the three test
apparatuses presented.

6. RESULTS

From a large number of test results, we now proceed to a more
detailed description of the correlation between vane shear strength, as
determined by the apparatus assessed as best, and the percentage of dry
solid matter in the dewatered sludge. In Fig. 6, pairs of results for
vane shear strength and solid matter content in the sludge being tested
are correlated for a number of differing sludges.

If the possible minimum values for sewage sludge to be suitable as
landfill are taken to be 357 dry matter or a vane shear strength of 10
KN/m? (see Fig. 6), it can be seen that there is no linear relationship
between the two values. This means, in the face of current practice which
holds that sewage sludges with more than 357 d.m. are suitable as
landfill, that, in the light of their soil mechanics properties, this is
not always true. As may be seen in Figures 6 and 7, many sludges did not
attain the minimum strength of 10 KN/m?, which has been determined as the
minimum working value, although their d.m. content was over 35%, and that
some of the sludges studied had already reached the criterion fixed for
minimum strength and thus for suitability as landfill at a dry matter
content below 357. Sludges for which both parameters lie below the
minimum value must generally be regarded as not suitable as landfill.
Sludges with both properties exceeding the minimum values may be regarded
as unrestrictedly suitable as landfill. In general it can be stated that
the criterion of dry solid matter (or of water content) in dewatered
sludge is not a satisfactory measure of its suitability as landfill. The
tests described above represent a significantly better method for
determining this parameter, as it relates to real tipping conditions.

The introduction of these new criteria would provide a guarantee for
the tip operator that the sludges delivered could be placed without
difficulty and without having deleterious effects on the stability of the
tip. For operators of sludge dewatering plants, it could mean that they
would need to use new sludge stabilization, conditioning, dewatering and
subsequent handling techniques in order to comply with the new criteria.
In this connection it should be emphasized that a higher final solid
matter content in dewatered sludge does not automatically mean that it
has a higher strength.

7. CHANGES IN THE SUITABILITY OF MECHANICALLY DEWATERED SEWAGE SLUDGE
AS LANDFILL ON ADDITION OF QUICKLIME

There are various ways of rendering more suitable as landfill
sludges which do not comply with the minimum values for the criteria
given. One example is to add quicklime after mechanical dewatering.
Fig. 7 shows changes in the dry matter content and vane shear strength
for a digested sludge dewatered on a filter belt press. At that stage,
without the addition of lime, the sludge had a dry matter content of
20.8%7 and a vane shear strength of 2.5 KN/m2. Both final dry matter
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content and vane shear strength increased with increasing lime dosage. It
emerged that whereas after the addition of approximately 75 kg of
quicklime per m® of dewatered sludge, a final dry matter content of 35%
was reached, the vane shear strength still did not exceed the minimum
value.

After the addition of approx. 225 kg of lime per m®, both parameters
reached the range in which the sludge's suitability for dumping is
undisputed. When 300 kg of lime per m® were added in the tests, this was
clearly an overdose.

8. PRELIMINARY RESULTS AND CONCLUSIONS

These studies, on which only a brief report has been possible here,
have between them determined that the criterion of final dry matter
content is not a satisfactory description of the suitability of dewatered
sludge for use as 1landfill. The test apparatuses presented are in
principle suitable for measuring soil mechanics data which describes the
behaviour of dewatered sludge when used as landfill. Current and future
studies are intended to refine the test methods and in particular to
adjust the initial postulated working values of minimum strengths to the
real necessities of landfill operations. Attempts are to be made at
further development of the proposed test methods in cooperation with more
international institutions, with the aim of developing a generally
recognized standard of measurement. The work described here was funded by
the Ministry of Research and Technology of the Federal Republic of
Germany.
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Summary

Some selected literature dealing with indicator organisms for con-
trol of disinfection measures for sewage sludge is discussed. The
question whether bacteria or bacteriophages can be used as indica-
tors for pathogenic viruses is still undecided and must be further
investigated. Also still uncertain is the suitability of certain
groups of bacteria as reliable indicators for other pathogenic bac-
teria. Enterobacteriaceae and fecal streptococci seem to be suitable
to a certain extent. Further comparative investigations are still
necessary.

Since no standardized microbiological methods in this field are
available internationally a pragmatic proposal of the requirements
for an efficient disinfection of sewage sludge with various methods
is presented for discussion. This seems necessary because in several
countries the authorities are in need of such definitions to pre-
pare legal regulations for public health reasons.

1. INTRODUCTION

The task of Working Party 3 has been to exchange scientific informa-
tion on all aspects of pathogenic microorganisms in sewage sludge, as
they affect human and animal health when sludge is applied to land. Atten-
tion has been focused on the definition of an adequate time interval bet-
ween sludge application and allowing cattle to graze, sludge disinfec-
tion, indicator organisms and epidemiological studies. The working party
has discussed these subjects in its meetings on the basis of reviews by
some of the members and has produced summary reports representing the
general opinion of the members which does not exclude that in certain
points different opinions still do exist.

As far as indicator organisms are concerned the following conclu-
sions have been drawn for the Final Report (Part II) of COST 68ter Treat-
ment and Use of Sewage Sludge (1).

Indicator bacteria have only a limited use in the field of sewage
sludge hygiene. In many cases it is advisable to analyse for or seed with
pathogens directly. Two possible uses of indicator organisms have been
identified: monitoring disinfection processes and checking for regrowth
after disinfection. Fecal streptococci appear to be most useful for criti-
cal monitoring of disinfection processes. E. coli or other related counts
(coliforms, enterobacteriaceae) have a general low resistance and would
only detect gross under-processing. Bacteriophages (especially male-spe-

*This paper reflects the personal opinion of the authors and not
necessarily that of Working Party 3
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cific) and mycobacteria are potentially useful, but there is too little
data to further define their use. To check for regrowth in disinfected
sludge, enterobacteriaceae and most probably also total coliforms can be
used.

In the following paper we do not intend to repeat all the discus-
sions on indicator organisms with pro and contra. We rather would like to
discuss the problem on the basis of some recent developments in that
field and finally present a pragmatic proposal for the hygienic evaluation
of some disinfection methods as in some countries it may be needed for poli-
tical decisions.

2. BACTERIA AND BACTERIQPHAGES AS INDICATORS FOR VIRUSES

Scarpino has recently discussed indicator systems for monitoring the
virological quality of potable water, wastewater, solid waste, shellfish,
fish and crops (2). For drinking water he directed concern at the bacterial
indicator system that is routinely used to approve its safety. Based on
reported viral isolations, the coliform standard used may itself be in-
herently defective or the bacterial sample quantity and timing may be the
difficulty. In addition, consideration must be given to the wide range of
susceptibility to chlorine disinfection displayed by different viruses
and the more recent disclosure that there may be disinfection rate diffe-
rences between stock virus strains commonly used in laboratory disinfec-
tion studies and the apparently more resistant indigenous viruses. Studies
have shown how low levels of viruses may pass through the water treatment
procedure and be later isolated from drinking water samples while the
coliform indicators apparently do not survive the rigors of water treat-
ment.

It has also been established that fecal coliforms, fecal streptococci
and total coliforms are not always adequate indicators of viruses in dis-
infected primary sewage effluents. Viruses were found to survive in all
the effluents even though the fecal coliform counts were within the limits
permitted in USA for recreational waters and for approved shell-fish-gro-
wing waters. It was emphasized that even if the total coliform counts had
been used instead of the fecal coliforms, the bacterial counts would still
have been within the acceptable limits of safety - with pathogenic viruses
still present.

Concerning bacteriophages as an indicator of water contamination the
author expresses guarded optimism that under certain circumstances bacterio-
phage indicators can be used to detect viral presence and inactivation
but not in all situatioms.

Studies with solid wastes suggest that Salmonella are rather stable
microorganisms which could be a better indicator for the potential presence
of viruses in sewage than currently used fecal streptococci or fecal coli-
forms. Studies of viruses and bacteria under identical conditions show
that viruses survive longer than bacteria under most conditions. This of
course would cast doubt on using bacteria as indicators of virus presence.
Scarpino draws the conclusion in his study that in the solid waste envi-
ronment it would appear that the only reliable indicator of virus pre-
sence is finding the virus itself.

For the indication of viruses on or in crops he thinks that although
fecal coliforms have been used to evaluate public health risk in regard
to crops, the indicators for virus presence seem justifiable at present.
Also in this case there does not appear to be a substitute for direct eva-
luation of pathogenic viral presence.

=179 -



Scarpino has drawn these conclusions: "Certainly we should continue
to strive to develop a surrogate system or model that would enable us to
replace the direct determination of pathogenic viruses. However, this has
not always been possible, but the vision does not need to fade; the same
and other candidates need to be re-examined or discovered. Perhaps we
should accept the fact that indicators need not to be 100 Z successful
in every case - and that direct pathogenic virus determination is the
best way to safeguard public health. The indicators could provide us with
assistance in reducing public risk, but should never replace direct ob-
servation. Again, perhaps the best indicator for pathogenic virus presence
is the virus itself." (2)

3. INDICATOR ORGANISMS FOR PATHOGENS OTHER THAN VIRUSES

3.1 The US-Environmental Protection Agency has initiated a literature
review on density levels of indicator and pathogenic organisms in munici-
pal wastewater sludge (3). This report is based on the assumption that
"sludges originating from municipal wastewater treatment plants harbor a
multitude of microorganisms, many of which present a potential health
hazard. Risk of public exposure to these organisms is possible when slud-
ges are applied to land as a means of disposal. In recognition of this
problem, and as required by Section 405 of the Clean Water Act of 1977
8PL 95-217), criteria for the control of infectious disease in the land
application of sewage sludge and septic tank pumpings were issued by the
U.S. Environmental Protection Agency (EPA) in 40 CFR Part 257 (Federal
Register Vol. 44, No. 179, September 13, 1979).

The "Part 257 criteria" specify what minimum treatment of municipal
wastewater treatment plant sludges is required prior to land application
of the residue. Acceptable treatment methods, termed "Processes to Signi-
ficantly Reduce Pathogens," are as follows:

- Aerobic digestion - Agitation of sludge in aerobic conditions at resi-
dence times ranging from 60 days at 15°C to 40 days at 20°C, with a
volatile solids reduction of at least 38 7.

- Air drying - Draining and/or drying of liquid sludge on underdrained
sand beds, or on paved or unpaved basins in which the sludge is at a
depth of 9 inches (22.9 cm). A minimum of three months is needed, two
months of which temperature average on a daily basis is above 0°C.

- Anaerobic digestion - Maintenance of sludge in the absence of air at resi-

dence times ranging from 60 days at 20°C to 15 days at 35°C to 55°C,
with a volatile solids reduction of at least 38 7.

- Composting - Using the withinvessel, static aerated pile or windrow com-
posting methods, the sludge is maintained at minimum operating condi-
tions of 40°C for five days. For four hours during this period, the tem-
perature exceeds 55°C.

- Lime stabilization - Application of lime to sludge in quantities suffi-
cient to produce a pH of 12 after two hours of contact.

- Techniques demonstrated to be the equivalent of the above on the basis
of pathogen removals and volatile solids reduction.

An additional category of treatment processes, termed "Processes to
Further Reduce Pathogens', was designated in Appendix II of 40 CFR Part
257 as required if (1) affected land is to be used within 18 months of
sludge application for the cultivation of food crops and (2) the edible
portion of the crop is likely to be exposed to the sludge. These additio-
nal processes are:
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- High temperature composting
Heat drying
Heat treatment
Thermophilic aerobic digestion
- Irradiation."
For the review the following organisms, categorized into four groupings,
were emphasized:
- Indicators - Total coliform, fecal coliform, and fecal streptococcus bac-
teria; Clostridium perfringens (welchii); bacteriophage
- Pathogenic bacteria - Salmonellae, Shigellae, Pseudomonas sp., Mycobac-
terium spp., Candida albicans, Aspergillus fumigatus
- Enteric viruses - Enterovirus and its subgroups (polioviruses, echoviruses
and coxsackieviruses), reovirus and adenovirus
- Parasites - Entamoeba histolytica, Ascaris lumbricoides, Taenia spp.,
Schistosoma spp., and others.
In addition to reporting density levels in raw sludge and septage,
and the effectiveness of conventional sludge treatment processes in redu-
cing density levels, this review also identified design and operating va-
riables that affect process efficiency, compared results of laboratory
pilot-scale studies to those of full-scale plants, and contrasted survi-
val of indicator organisms to that of pathogens. Methods used by each re-
searcher to enumerate organisms were also described, and brief summaries
were provided of related citations that were encountered but were not ac-
tually used in this report.

Density levels in raw sludge

Levels of bacteria, viruses and parasites in raw sludge are presented
in Table 1. Note that the densities of pathogenic organisms are several
logs less than indicator organisms. Also, there is a noticeable lack of
information on the densities of select pathogenic organisms in raw sludges
and septages (i.e., lack of parasite organisms data in septages).

The following sludge treatment methods were evaluated in their effect
to reduce the numbers of indicator organisms and of pathogens: anaerobic
digestion, mesophilic aerobic digestion, "mesophilic'" composting (45°-65°C
or higher), lime stabilization, drying beds, sludge storage /lagooning,
sludge conditioning/ mechanical dewatering.

The review results in the following conclusions and recommendations.
"Because a large body of literature containing comparable data is not avai-
lable, it is recommended that additional research be conducted on the ef-
fectiveness of sludge treatment processes in reducing density levels of
organisms. It is recommended, further that researchers document carefully
all pertinent aspects of their experimental design.

The following conclusions appear to be valid based on the literature
reviewed.

Anaerobic digestion and lime stabilization consistently produce reduc-
tions of about | to 2 logs in densities of indicator and pathogenic bac-
teria and, in the case of anaerobic digestion, in densities of viruses as
well. At a minimum, effectiveness depends on the processes being carried
out under the conditions specified in 40 CFR Part 257. Neither sludge stabi-
lization process appears to be particularly effective for inactivating pa-
rasite organisms.

Conditions of mesophilic composting may inactivate common indicator
and pathogenic bacteria and viruses, provided that specified temperatures
are attained uniformly throughout the compost mass for over the specified
time period. The pathogenic fungus Aspergillus fumigatus thrives under
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conditions of mesophilic composting, however, and parasite ova appear to
survive this process.

Density reductions of bacteria by aerobic digestion are variable and of
relatively small magnitude. However, there is a lack of data on the perfor-
mance of this process and also of air drying in reducing densities of micro-
organisms.

Sludge lagoons can achieve l-log reductions in densities of bacteria
and viable parasite ova, but, depending on conditions, storage of one month
to more than three years may be required.

Mechanical dewatering of sludge, with or without the use of chemical
conditioners, has little reliable effect on densities of pathogens.

Few of the laboratory-scale studies reviewed could be related to re-
sults obtained at full-scale treatment plants. Operating parameters used
in laboratory experiments differed radically from those at full-scale
plants. For this reason, comparing density levels was seldom possible. In
addition, laboratory studies often used seeded bacteria, viruses, or pa-
rasites and it is doubtful whether their behavior mimics that of natural-
ly occurring organisms.

No single indicator organism (either bacteria or bacteriophage) was
found to maintain a density level of a constant relative value to that of
pathogenic organisms. The data available made it impossible to determine
whether this inconsistency is due to the inability of current techniques
to enumerate pathogenic bacteria and enteroviruses accurately, or to the
fact that densities actually vary.

Of the traditional indicators, fecal streptococci appear to be the
most conservative indicator of both the density levels of pathogenic bac-
teria and enterovirus in raw sludge and of their inactivation during sludge
treatments. Additional research is required to identify other indicator
systems, both bacterial and viral, whose numbers better reflect both den-
sity and reduction of density levels of pathogenic organisms.

A wide variety of methods were used to enumerate all of the organisms
considered in this review. Although standard methods are available for
quantifying the coliform and streptococcus bacteria and for Salmonella sp.,
there are no standard techniques for other pathogens, enteroviruses, or
parasites. It is recommended that this area be addressed so that compa-
rable data can be produced in future studies."

3.2 In extensive microbiological studies a variety of composting systems
were investigated by de Bertoldi et al. (4, 5) and the isolated numbers of
Salmonella spp., fecal coliforms and fecal streptococci compared (Table 2
and 3).

Based on their results in Table 2 and 3 as well as on results publi-
shed elsewhere and on unpublished data de Bertoldi et al. (5) did evaluate
the composting methods tested. Their conclusions are:

"Several factors affect pathogen survival during treatment. In com-
posting, heat is one of the primary factors contributing to pathogen inac-
tivation. Most pathogenic microbes are destroyed by heating for several
hours to temperatures above 50°C. Microbial competition is another im-
portant factor in controlling pathogen diffusion during composting. A
variety of saprophytic microorganisms participates in the composting pro-
cess; these microorganisms might be considered the indigenous or natural
microflora of the compost system. Municipal sludge contains a second
microbial population, the pathogens, which represent a numerically in-
significant fraction of the total microbial population. Hence competition
comes into play when the community is heterogeneous and the population
density is high relative to_the supply of any limiting feature of the en-
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vironment. The indigenous saprophytic population has a highly distinct
competitive advantage over the other population; composting material is
not the natural environment for pathogenic microorganisms, therefore in
this ecosystem competition will tend to result in the elimination of the
less fit rival.

The choice of the most suitable composting process depends on diffe-
ring local situations and conditions; nevertheless only processes which
guarantee good quality and sanitized end-products should be chosen.

All the experimental data reported in this paper indicate that static
composting systems provide a better control over pathogens than does tur-
ning.

In the closed systems, horizontal reactors seem to guarantee better
control over pathogens than vertical continuous reactors. This may be
mainly due to the fact that masses over three meters high are difficult to
control during the composting process. In particular oxygenation of the
mass is not homogeneous, resulting in anaerobic zones with lower tempera-
tures.

Since the term "composting" encompasses numerous processes which may
create physiologically disparate physico-chemical environments for patho-
gens in the sludge being composted, it can not be tacitly assumed that
composting renders municipal sludge pathogen-free. However, well-conducted
processes with prolonged periods of high temperatures do seem to provide
a sanitized product.

Finally, there is a need for a better definition of the term "saniti-
zed compost'. At present, there is no legal specification of what should
be a disinfected sludge.

For this reason, and because it is essential for compost to have speci-
fications for pathogens, too, it is of primary importance to lay down not
only which microorganisms are to be monitored, but also their maximum per-
mitted level in a sanitized product.”

It is therefore, suggested to use as indicators enterobacteriaceae
with a limit of 5x10”/g and fecal streptococci with a limit of 5x10”. These
figures derive from numerous experiments which were carried out by de
Bertoldi and co-workers in Pisa on many different composting processes.
When these indicators are lower in number than the limits given above,
Salmonella spp. is always absent.

For parasites the eggs of Ascaris suum are usually considered as the
representative indicator or test organism. Their thermosensitivity is in
the range between 50° - 55°C so that they are covered by tests performed
with microorganisms like fecal streptococci or f2-phages with a higher
thermostability.

The figures for fecal streptococci mentioned above present a contra-
diction to a statement of Havelaar (6) who proposed for the hygienic eva-
luation of the aerobic-thermophilic stabilization (ATS) of liq$id sludge
the fecal streptococci as indicators with an upper limit of 10 /g. Further
investigations under practical con- ditions are necessary to disentagle
this difference in opinion.

There is a further contradiction in the opinions as far as the hygie-
nic evaluation of ATS is concerned. The evaluation of ATS is based on the
assumption that ATS is performed in only one reactor (6). Recent investi-
gastions in practice have shown that ATS in one reactor may result in a
hygienically safe product when all necessary parameters for pathogen kill
are favorable, which never can be guaranteed under the hard conditions of
sewage works practice (7). Therefore a prerequisite for the production of
a hygienically reliable product is the two or three stage operation of such
ATS_plantsgcombined withgascontinuousyregistration of the temperatures in
the reactors with liquid sludge (8, 9, 10). Under these conditions the
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proposed continuous monitoring of each batch of the end-product of ATS
plants based on indicator organisms like fecal streptococci (6) is super-
fluous. Moreover a batch-wise control of the end-product of a single-stage
ATS plant is practically not possible because none of the ATS plants to
date is operated as batch system for economic reasons; all of them are con-
tinuous or semi-continuous systems.

3.3 1In a very thorough study in three German plants where municipal refuse
is composted in different systems:
- Prat-system: refuse + refluxcompost + water + ammonium compounds
- DANO-system: refuse + sludge
- Hazemag-system (aerated static pile): refuse + sludge,
the authors inoculated the raw material directly with liquid cultures of
Staphylococcus aureus ATCC 6538
Klebsiella pneumoniae  ATCC 4532
Streptococcus faecalis ATCC 6057
Candida albicans ATCC 10231
These bacterial strains are the same which are used in the Federal Republic
of Germany as test strains for testing the antibacterial effect of chemi-
cal disinfectants (11).

The results of this study are very important for the evaluation of
composts from municipal refuse. In none of the composts investigated the
outer compost layers were considered to be hygienically safe. Even if the
material of these layers was put into the inner core of the windrows by
mechanical means the authors did not always succeed in destroying all of
their test microbes. But also in these experiments Streptococcus faecalis
proved to be a reliable indicator organism.

Based on their results the authors doubt that the results of studies
in other composting systems which are published in the literature and indi-
cate that these other systems are producing composts free of pathogens,
are appropriate. They ask the question whether it is really necessary to
make such rigid demands on the hygienic quality of refuse composts and
tried to answer it by other investigations.

They made microbiological analyses of composts of the three plants
tested which were sold to the public and compared the results to analyses
of organic fertilizers, garten molds, peat which were bought in shops and
soils of private gardens, sand from children play grounds and top-soil of
forests. Three typical results are shown in Figures 1-3. From the results
of this study the authors draw the conclusion that the refuse composts
usually had higher densities of germs, than the fertilizers or soils. This
seems to be very natural since the composts are produced by microbiological
conversion processes and are used from bacteria and fungi as substrates
for nutrition. They consider all 18 of the detected bacterial species as
pathogenic or facultative pathogenic. From these they found in compost
and in the other materials investigated: Citrobacter, Enterobacter, E. coli,
Klebsiella, Pseudomonas, Aspergillus, Salmonella. Only from compost were
isolated: Achromobacter, Proteus, Serratia, Enterococcus, Streptomyces,
Mucor, Rhodotorula, Penicillium, Geotrichum candidum.

Since these microbes may become pathogenic only under certain condi-
tions they do not raise the hygienic risk of the compost so that no ag-
gravating differences between the composts on the one hand and the sum
of the other substrates analyzed could be seen. The question of the real
risk of the utilization of refuse or refuse/sludge composts in agricultu-
re, landscape gardening or private gardening can only be answered by a
thorough analysis of risk which could not be done within this study. As
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long as the utilization of the substrates like organic fertilizers, garden
molds, peat, soils etc. is not regularized the authors do not have objec-
tions against the utilization of refuse composts for the purposes for which
they are destined (11).

3.4 Another approach to the problem of indicator organisms and monitoring
pathogen destruction was made by a research group in the USA (12, 13).
Although several studies showed the potential for destruction of pathogens
by composting, the authors thought a method for determining the capability
of a particular system was needed.

"A straightforward method of determining the success of a process in
destroying pathogens would be, of course, monitoring for the pathogens them-
selves or for an indicator organism. The utilization of pathogens is not
practical because, for most, the procedures are too difficult for routine
application. The use of a specific pathogen is ruled out not only because
of the difficulty, but to be effective one would have to know the concentra-
tion of the pathogen at the initiation of composting. A specific pathogen
could be low enough in numbers or sensitive enough to destruction by heat
so that its absence would not guarantee that all others had been destroyed.

The use of the indicator organisms (fecal coliforms) were ruled out
because although these organisms may be destroyed during the composting
process, they are capable of repopulating the compost if they are reinocu-
lated and reinoculation is impossible to prevent in most composting proces-
ses as they are presently conducted.

To overcome these problems it was decided to use a temperature-by-time
monitoring system with the relatively heat-resistant bacterial virus f2
as a standard. A search of the literature showed that the resistance of f2
to heat was high enough so that if it was destroyed all enteric pathogens
would be also. The D values of a number of enteric pathogens as compared
with f2 are shown in Table 4. A D value is the amount of time required to
cause a ten-fold (one log) reduction in population numbers. The tempera-
ture must be specified. A plot showing the number of logs of f2 killed for
different temperatures with time is shown in Figure 4. As a reasonable
goal for a composting operation it was decided to use 15 logs of f2 inacti-
vation. At 55°C this could be achieved in 2.5 days. In the canning indu-
stry, the time at a particular temperature to inactivate 11 logs of bacil-
lus spores is considered adequate, but even with the control realizable
in the canning process for uniform heating the theoretical spore reduction
often is not obtained. Therefore, in a much less controllable composting
system, the use of a 15 log criterium did not seem to be an unreasonable
value to insure safety.

To determine the applicability of the approach to the Beltsville pro-
cedure and to determine the most suitable monitoring sites, 15 composting
piles were monitored taking random probings associated with three pile re-
gions: the center, the lateral portions, and the lower portions at the pile
end (pile toes). Consistently the latter area was found to be at the lowest
temperatures. Nevertheless it was found that one could expect to achieve
at least 55°C in this portion of the pile and therefore in all portions
of the pile for 10.6 days of the 2! day composting period with a confidence
level of 95 percent. Therefore it appeared reasonable to monitor the pile
in this zone.

Studies have shown that salmonellae are capable to some degree of repo-
pulating sludge and compost. In sterilized compost growth can be extensive,
but in sludge and compost that has not been sterilized, the population in-
crease over the inoculation levels is usually only a log or so with a re-
duction _to undetectable levels in _a few days. The experience at Beltsville
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has been that during periods when windrow composting of raw sludge was in-
terrupted by heavy rains and cold, one was able to find salmonellae in
stored compost and on the site pad. But monitoring monthly for one and one-
half years while composting by the aerated-pile method, one was unable to
detect salmonellae on the pad or in stored compost. As a result of this
experience it is recommended that in addition to temperature monitoring

the finished compost be monitored monthly at the site for salmonellae by
an agency independent of the organization operating the site and doing the
temperature monitoring.

As of March 18, 1982, the Dickerson sewage sludge composting site in
Montgomery Country, Maryland had been in operation for 15 months and had
been using the temperature-by-time criteria and salmonella monitoring since
starting. Once the six monitoring points have maintained a minimum tempera-
ture of 55°C for at least three comnsecutive days then only biweekly tem-—
perature monitoring is required. In addition to temperature monitoring, a
monthly sampling of the 21 day old aerated piles, screened compost storage
piles, and unscreened compost storage piles was conducted. Samples were
taken at a point one-foot below the pile surface and analyzed for salmonel-
lae. As yet no samples positive for salmonellae have been found."

3.5 In own experiments according to the Swiss regulations for the determi-
nation of enterobacteriaceae (EB) after disinfection of sludge we found
that in quite a considerable number of cases EB could be cultivated on
selective solid medium and identified even when the Mossel-enrichment broth
was negative for EB.

We also could confirm the statement of Scarpino (2) that there may
be differences in disinfection rate when using laboratory stock virus strains
versus indigenous virus. We found certain differencies in the temperature
sensitivity between laboratory strains of Salmonella spp. when seeded into
the sludge and indigenous Salmonella spp. strains isolated from the same
sludge. The same was also true for strains of Streptococcus faecium (ATCC
6057) and strains indigenous of the same sludge.

In other own experiments it could be proved that indigenous fecal
streptococci (FS) have a considerably lower pH-sensitivity than Salmonella
spp. thus indicating that it may become necessary to choose different indi-
cators for the hygienic control or evaluation of different sludge treatment
systems.

3.6 In summarizing the literature quoted and other literature as well as
own experiences it must be concluded that the problem of monitoring methods
to render sewage sludge free of pathogens by looking for indicator orga-
nisms is not solved for a long time yet. Several approaches were described
but all of them still have to prove their efficacy under practical condi-
tions and for more than only one system of sludge treatment. The concerns
of Scarpino (2) and others about the use of bacteria or bacteriophages as
indicators for pathogenic viruses have to be considered as well as the con-
clusions and recommendations of Pederson (3) and the demands of de Bertoldi
et al. (5) to better define the term "sanitized compost” and to lay down
not only which microorganisms are to be monitored, but also their maximum
permitted level in a sanitized product. For this evaluation also the re-
sults of Schrammeck and Sauerwald (11), which are of practical importance,
have to be drawn into considerationm.

In following the conclusions of Working Party 3 that it is in many
cases advisable to analyse sludge for pathogens directly and use them to
seed sludge to test the efficacy of treatment systems the described obser-
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vations have to be considered that under certain circumstances differences
in sensitivity of indigenous pathogens and the seeded laboratory strains
may exist which can distort the results of such studies. This question has
especially to be investigated in connection with the recommendation of f2-
phages as indicator organisms (12, 13).

Much more practical work is to be done in this respect before final
decisions can be made and standardized methods are internationally available.
To achieve this easier the recommendation of Pederson (3) should be better
observed in the future that researchers document carefully all pertinent
aspects of their experimental design.

Since the authorities in several countries are preparing regulations
for the safe utilization of sewage sludge in agriculture, gardening and
possibly in forestry the politicians need definitions of parameters for
hygienically safe sludges which are relating to practice, which can be con-
trolled by the authorities and which can easily be changed when new scienti-
fic results indicate that there is a need for revision. Therefore in the
following chapter we are presenting for discussion a proposal of the re-
quirements for efficient disinfection of sewage sludge with various methods.

4. PROPOSAL FOR REQUIREMENTS OF DISINFECTING SLUDGE

I. At the time of delivery of hygienically safe sludge by the sewage

treatment plant to the customer the sludge should meet the following re-

quirements: 9

- the slydge should not contain more than 5 x 10 Enterobacteriaceae and
5 x 107 Fecal Streptococci per gram or milliliter,

- the sludge should not contain salmonellas (pre-enrichment) in 100 g,

~ the sludge should not contain infective parasite ova.

ITI. For efficient disinfection of sludge the technologies used should meet
the following requirements:

1. Pasteurization

Pasteurization of sewage sludge is only appropriate if raw sludge is
treated prior to digestion (pre-pasteurization). Pasteurizing of digested
sludge (post-pasteurization) should be abundoned because it almost inevitab-
ly results in a recontamination with regrowth of enterobacteriaceae, sal-
monellas and other bacteria.

Pasteurization should generally be done for 30 minutes at at least
70°C which includes a safety margin. Higher temperatures can also be
applied with appropriate exposure times. Pasteurization between 60°-70°C
for at least 30 min is only acceptable in combination with subsequent stabi-
lization processes like e.g. anaerobic digestion.

2. Composting

a) Windrow (Stack)-Composting

To ensure a hygienically safe product the composting process must be
operated for at least three to four weeks. During this time the tempera-
ture should exceed 65°C for at least one week.

It is most important that all of the compost mass in the windrow must
reach this temperature for the recommended period of time. These require-
ments can be met by operating a program of regular turning of the piles or
by covering them with a layer of composted material. Thus a more uniform
temperature profile in the composting material can be achieved. To further
improve,the hygienic,quality,of the,compost the composting process should
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be followed by curing the material in stacks for another three or more
weeks.

b) Bioreactor-Composting

In bioreactors more uniform temperature profiles in the composting
material can be attained and the temperature can be influenced by the aera-
tion rate and the technique of feeding. For a hygienically safe product
the temperature of the compost in the reactor should reach 65° - 70°C and
the material should not pass this temperature range faster than in 48 hours.
The flow time of the material through the reactor(s) should be in the range
of two weeks or above. A subsequent curing time of at least three weeks
will help to improve the technical and hygienic quality of the compost.

In bioreactors the temperature must closely be monitored and in case
of disturbaces immediate counteractions by the operator are necessary. That
material which has not reached the required temperataure either must be
used as reflux material for another passage through the reactor or must
be stored in a windrow for at least three weeks with at least one turning.

3. Aerobic-thermophilic stabilization

Aerobic-thermophilic treatment of liquid raw sludge as the sole sta-
bilization process, combined with the aim to disinfect the sludge, should,
as a rule, always be operated at least as a two-stage system with two reac-
tors. The mean hydraulic detention time in the system should at least be
five days and the minimum detention time in each of the reactors one day.

Disinfection under these technical conditions can be achieved if in
the course of the whole process a minimum temperature of 55°C for at least
48 hours with a pH about 8 or 60°C for at least 24 hours with a pH distinct-
ly above 8 can be ensured.

With single stage aerobic-thermophilic stabilization an inactivation
of pathogens in sewage sludge can be achieved under certain conditions and
observance of certain parameters. But it is nearly impossible in the daily
practical operation to constantly maintain these necessary parameters and
control them. Moreover hydraulic short-circuits resulting in still infec-
tious effluent cannot be excluded.

Even in the two-stage aerobic-thermophilic stabilization process one
has to reckon with a breakthrough of pathogens in reactor I for similar
reasons as in the single-stage process which can be counterbalanced by the
thermical and biochemical activities in reactor II. Therefore aerobic-thermo-
philic stabilization of raw sludge with the purpose of eliminating pathogens
basically should only be operated as a two or more stage system.

4. Aerobic-thermophilic treatment with subsequent anaerobic digestion

When a single-stage aerobic-thermophilic treatment is used as a kind
of "pre-pasteurization" for the following anaerobic mesophilic digestion
process, the requirements are less stringent than those for aerobic-thermo-
philic stabilization because it results in a more effective and more rapid
decomposition of the sludge and of the pathogens in the subsequent mesophi-
lic anaerobic stabilization process.

For these reasons the single-stage aerobic-thermophilic treatment should
be operated in the temperature range of about 55°C for 24 hours and during
this time a temperatuare of 55° - 60°C should be maintained for at least
one hour in order to eliminate viable parasite ova.
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5. Lime treatment

a) Lime as Ca0

Unslaked lime is used to solidify dewatered sludge. This results in
an exothermic chemical reaction by which temperatures between 55°C and 70°C
should be reached. In the inner parts of the stacks these temperatures
remain for about 24 hours, thus resembling a prolonged pasteurization pro-
cess. The initial pH of the sludge-lime mixture should be at 12.5 or above.
For the hygienic success of the whole process the intensity and speed of
mixing lime with sludge, the method of conditioning and degree of dewate-
ring the sludge as well as the CaO concentration and quality are critical
factors which have carefully to be observed.

Disinfection in this temperature and pH range is achieved within a
few hours. For optimizing the process it is recommended to use an insula-
ted and closed vessel for storage of the lime-sludge mixture.

b) Lime as Ca(OH)

Slaked lime 1s frequently added to liquid sludge as a conditioning
step before dewatering. This will result in an increase of pH, depending on
the lime dose and the sludge characteristics.

Vegetative bacterial cells and the hygienically relevant viruses are
destroyed by liming of the sludge with an initial pH of 12.5 or better
above. The limed sludge should be kept at the treatment plant for at least
3 days before further utilization. It does not matter whether the lime is
used for dewatering sludge or just for mixing with liquid sludge as a dis-
infecting measure. Thorough mixing of lime and sludge is most important.

As far as parasite ova like those of Ascaris and Taenia are concerned
it is possible to reduce the epidemiological risk considerably when after
liming a pH of 12.5 or above was reached and a minimum storage time of two
months is observed.

Limed raw sludge can also be used for anaerobic digestion without
technical disturbances in the digester, even if the initial pH is above
12.5. In this case the method can be compared in its hygienic effect with
"pre-pasteurization”.

A dosis of 0.2 kg lime/kg DM is provisionally recommended.

6. Thermal Drying
Thermal drying generally is performed at temperataures slightly over

100°C for a long enough time to destroy vegetative bcterial cells, viruses
and parasite ova. Certain bacterial spores, which are not relevant for
human or veterinary epidemiology, may survive this process in reduced num-
bers.

Generally thermically dried sludges can be considered to be hygieni-
cally safe.

7. Irradiation
The recommendations issued by Working Party 3 of the CEC-Concerted
Action "Treatment and use of sewage sludge" - COST 68 bis for the required
irradiation doses for sludge disinfection are:
500 Krad for irradiation of liquid sludge
1.000 Krad for dewatered or dried sludge.

III. Newly developed technologies for the disinfection of sludge should be
tested before they are introduced into practice and, according to the re-
sults, be approved by national or local authorities. For these tests the
system should be controlled for its efficacy by using known and representa-
tive pathogens like salmonellas, parvovirus and Ascaris eggs. If this is
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not feasible for certain reasons also fecal streptocci can be introduced
as bacterial test organisms. For testing the disinfecting efficacy on vi-
ruses instead of parvovirus also the f2-phage should be used to add more
practical experience to the results described by Burge et al. (12, 13).

Disinfection processes should result in a complete inactivation of
salmonellas and infective ascaris eggs, a reduction of 4 logs of parvo-
virus gr a reduction of 4 logs of fecal streptococci (that not more than
5 x 107g/ml can be isolated) and 15 logs of f2-phages. All the results ob-
tained in following these recommendations of part III should be subject
to international discussions and be tessera for a final international
standardization of monitoring methods.
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Table 3. Effect of sludge composting in different types of bioreactors on the recovery
of sall llas, tecal colifs and fecal i (5)

MICROORGANISMS STARTING MATERIAL AFTER REACTOR PASSAGE

Salmonella sp. absent absent

F. coliforms 1.4 x 107 2.5 x 10® A
F. streptococci 3.4 x 10° 9.0 x 10°

Salmonella sp absent absent

F. coliforms 2.2 x ms 7.8 x 103 B
F. streptococci 8.5 x 106 1.9 x 109

Salmonella sp absent absent

F. coliforms 31 x 10} 2.5 x 108 C
F. streptococci 47 % 107 7.6 x xo6

Salmonella sp L3 x 10 absent

F. coliforms 57X 107 2.5 x 10* D
F. streptococci 8.0 x 16 L7 x 10%

Salmonelia sp 8.1 x 10° absent

F. coliforms 7.9 x xo' 9.2 x 10! E
F. streptococci 45 % 10° 1.9 x 10%

A = Vertical reactor (Weiss). Mixture sludge + organic fraction of SUW (14 d)

B = Vertical reactor (Weiss). Mixture sludge + organic fraction of SUW (21 d)

C = Vertical reactor (BAY). Mixture sludge + organic fraction of SUW (15 d)

D = Horizontal reactor {Yokohama/Japan). Mixture sludge + composted sludge (10)
E = Horizontal reactor (Paygro/USA). Mixture sludge + sawdust + composted sludge (14 d)

Table 4. Time required for a 10-fold reduction of enteric pathogen
by heat as compared with that for f2 bacteriophage (13)

D Value (Minutes)

Organism 55°C 60°C
Adenovirus, 12 NIAID 11 0.17
Poliovirus, type 1 32 19
Ascaris ova - 1.3
Histolytica cysts 44 2§
Salmonella* 80 7.5

Bacteriophage, f2 267 47
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INACTIVATION OF PARASITIC OVA DURING DISINFECTION
AND STABILISATION OF SLUDGE

E B Pike and E G Carrington
Water Research Centre, PO Box 16, Henley Road,
Medmenham, Marlow, Bucks, SL7 2HD, United Kingdom.

Summar y

Quantitative information upon the destruction of eggs of Ascaris spp.
and Taenia saginata by thermal disinfection and during stabilisation
of sludge has been examined to determine those processes which
significantly reduce viability or infectivity by at least 90% or
reduce them to undetectable levels. Where possible specific decay
rates have been calculated and used to compare the efficacies of
processes operated either batchwise or with continuc())us or
discontinuous feeding of sludge. At temperatures above 50 C, eggs
of T. saginata are more resistant than those of Ascagis spp. and
complete destruction requires treatment in excess of 60 “C for 3h, as
in pasteurisation, treatment with quicklime or in bioreactor
composting. Significant reductions in the infectivity of T. saginata
ova for calves are given by anaerobic mesophilic and gccelerated cold
digestion, by lagooning for 284, treamgnt at 52-60 C for 3h and by
thermophilic oxidative digestion at 47 "C for 6d. Lime treatment at
pH12 will significantly reduce infectivity of T. saginata but will
require at least 7d to reduce Ascaris viability significantly.

1. PARASITES IN SLUDGE AND THEIR CONTROL

The eggs of enteric helminth parasites and protozoan cysts are passed
by active cases and carriers in the cammunity and so are found in sewage.
Because of their small dimensions and similar density to that of water
they are only partially removed in sedimentation processes, except in
sewage treatments which are largely quiescent, such as oxidation ponds.
Nevertheless, they appear in greatly concentrated numbers in primary
sludges compared with sewage and treated effluent. Hence, sludge will
appear on a volume to volume basis to present the greatest hazard to the
health of man and animals in its disposal, although the real risk will be
determined by the actual numbers ingested and by such factors as the
immunity of the recipient host animal and the infectivity of the
parasite.

A World Health Organisation (WHO) Working Group considered that the
risks to human health from agricultural use of sludge was greater for
Taenia saginata and salmonellae than for the other pathogens identified.
1).

Man is the definitive host for the adult beef tapeworm, T. saginata
and for the large roundworm Ascaris lumbricoides. Sewage sludge and
other faecal contamination are the means by which infection is
transmitted, in the former case to cattle and the latter to man.
Roundworm infection by Ascaris suum is very common in intensively reared
pigs_but _is not usually transmissible to man and infection in pigs is
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normally by direct contamination on the farm. With A. suum, Echinococcus
species, Toxocara species and the sporozoan parasite, Toxoplasma gondii,
domestic, farm and other animals are the normal or definitive hosts,
although man can acquire infection. The role of sludge is therefore
unimportant since the input of these parasites to the sewerage system
must normally be small. The Working Group noted that the parasites for
which sludge was a significant vector were T. saginata, Ascaris species,
Toxocara species and sarcosporidia (1).

More recently, a COST 681 Workshop on Epidemiological Studies of
Risks associated with Agricultural use of Sewage Sludge concluded that
sludge spread on land could act as a vector of T. saginata and Ascaris
species and that its role in the spread of Giardia, Sarcocystis, and
Toxoplasma was less clear and required further study (2).

It is obvious that disinfection of sludge by methods sufficiently
intense to destroy the infectivity of the distributive stages of these
parasites will completely remove any hazard from agricultural use of
sludge. The practical problem lies in defining a degree of treatment
that will guarantee disinfection, with an adequate margin of safety, and
which can be carried out reliably at an acceptable cost. Another more
widely acceptable, but pragmatic, approach is to identify the ability of
commonly used processes for stabilising sludge to destroy the infectivity
of parasites and then to place suitable restrictions on the use to which
the land receiving sludge may be put, in order to allow the infectivity
to decay to an extent posing negligible risk. Such an approach is
implicit in many national guidelines or laws. Since incidences of
infections in the community, agricultural practices, climate and other
local factors will influence the risk, it is to be expected that such
recommended practices and restrictions will vary from region to region.
The features of these two approaches to disease control - disinfection
and stabilisation with controls on disposal - have been discused (3).

2. DETERMINING THE EFFECTS OF TREATMENTS ON INFECTIVITY OF PARASITES

The distributive stages of intestinal parasites found in sludge and
sewage are either eggs in the case of the helminths considered or cysts
for the protozoans. These are resting stages with much greater powers of
resistance to disinfection, drying and other treatments than the adult
worms or trophozoites which inhabit the body.

Ideally, the effect of disinfection and other treatments upon
infectivity should only be obtained by observing the ability of the
treated resting stage to cause infection in test host animals. This is
usually impossible, particularly if the definitive or only host is man or
very expensive if a large animal, such as cattle. Most investigators
have resorted to using systems modelling infectivity. These have
included microscopic examination to determine cellular integrity or
disorganisation, or attempts to initiate outgrowth and hatching of
infective stages from the resting stage by incubation in acid conditions
resembling those in the stomach and small intestine - as with the
bile/trypsin hatching test with T. saginata ova (4). The eggs of Ascaris
spp. are fertilised in utero and undergo cell division subsequently after
release from the female worm. After about three weeks at normal ambient
temperatures, development will have proceeded as far as the infective, L2
larval stage, in which the embryonic motile worm can be seen inside the
shell. Incubation of treated eggs in acidified water for three weeks is
often used as the basis of assaying viability of Ascaris eggs (4).
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Great care must be taken in interpreting the results of experiments
to determine the 'viability' or infectivity of parasitic eggs and much of
the published work is suspect. Thus comparative work has shown that the
bile/trypsin hatching and activation test for viability of T. saginata
ova greatly over-estimates their ability to infect calves (5,6) and is
not even correlated with it (6). The results of animal infectivity tests
are influenced by the innate or acquired immunity of the test animals,
although the latter can be obviated by segregation of the animals from
all likely sources of infection prior to test and by using animals of the
same breed and age. There is a considerable degree of variation in the
number of cysts produced in seemingly identical animals in a batch fed
with identical numbers of T. saginata eggs (6,7) and the response is not
proportional to the numbers of Taenia spp. fed to host animals (8).

The reason for these anomalies is probably because infection is not a
single or even simple process. - Apart from considerations of the immunity
of the host animal and its state of health, the infection process begins
when eggs are ingested. Enzymic activities in the qut bring about
dissolution of the protective shell of the eggs, followed by attachment
of the embryo to the gut wall and its migration through the animal body.
If large numbers of eggs are swallowed it is likely that an immune
response will result so reducing the final degree of infection.

These are analytical problems, similar in essence to those
encountered when attempting to estimate numbers of bacteria by viable
counting methods. Other difficulties arise when laboratory-scale models
are used to determine the decay of pathogens in treatment processes and
when 'surrogate' marker organisms are used instead of pathogens to
indicate the efficacy of treatment. These problems will be described in
later sections of this paper.

Another indirect way of determining the efficacy of treatment is by
intensive surveillance of disease and by studies of case histories of
outbreaks. 1In the general conclusions and recommendations of the EC COST
Workshop on epidemiology it was noted that ..."improved surveillance and
reporting of infections and diseases in human and animal populations
exposed to sludge are necessary to identify risk associated with
presently accepted sludge disposal strategies" (2).

3. PRINCIPLES OF DISINFECTION

The efficacy of a disinfection process depends ultimately upon two
factors, the time and the intensity of exposure. It is completely
unknown for all organisms exposed to disinfection to die simultaneously,
hence there is no such concept in reality as 'survival time'. The term
is often used, wrongly, to indicate the period of exposure, after which
the analytical methods failed to detect any survivors.

To determine and to predict the degree of disinfection needs a death
rate to be applied to a model of disinfection so that the effect of
period of exposure can be described. 'Survival times' cannot be used to
calculate death rates unless the initial population density and the
analytical limit of detection are known.

The simplest disinfection model, that of exponential decay, assumes
that all the pathogens are egually susceptible to disinfection and that
they are equally and randomly exposed to the agency, so that a constant
fraction x_/x_of the original population, x , is killed in any defined
interval of t fme (t-t ) °

= —k(t-t )
Xt/xo =e o)
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where k is the exponential death rate constant. Deviations from this law
will occur when organisms are clumped, are of differing resistances, or
when infectivity or viability are comprised of a number of vital
properties each differing in sensitivity.

Another important feature, often ignored when comparing mechanical
processes is the configuration of the reaction vessel or plant. There
are two ideal types of reactor, the batch and the continuous stirred tank
reactor (CSTR).

In the batch reactor, the material to be treated is retained for a
finite process time, before being emptied. It should also be stirred so
that all elements of the material are equally exposed to treatment. The
effect of disinfection is directly described by Equation 1, if the
special conditions apply. If the treatment is carried out in
continuously-fed narrow channels or pipes, or in a large number of
stirred tanks in series the treatment process is termed 'plug-flow'. If
back-mixing is unable to occur, so that each element of the material
receives identical exposure, then Equation 1 equally holds, if the term
(t-t ) is replaced by the retention period.

n the CSTR, material is fed continuously and overflows after
treatment at the same rate, expressed as the 'dilution rate', D,
expressed as volume changes per unit time. The mean retention period is
obviously 1/D. The CSTR is assumed to be completely mixed so that all
elements have an equal chance of being removed in any interval of time.
There is thus a statistical distribution of residence times, such that
the fraction of el_%l:wnts with a residence time equal to or greater that t
is expressed as e . It can be shown that after one volume change has
occurred in a CSTR (the mean retention period), 63.2% of the elements
originally present will have overflowed and therefore have received a
less complete treatment than they would if exposed in a batch reactor for
a similar process time. It follows that the CSTR provides a much less
effective degree of disinfection than the batch or plug-flow reactor and,
in general, CSTR's are completely unsuitable for processes where
disinfection is the primary aim.

The disinfection performance of a CSTR can be described, if it is
assumed to be in steady operation so that a number balance can be applied
to the pathogens entering, leaving and dying.

Rate of output = Rate of input - Rate of death

Dx = Dx - kx 2
o

where x  and x are the populations entering and leaving the veactor
respecthely. Since the mechanisms and the kinetics of death are
unchanged by the type of reactor under ideal conditions, the death rate
constant, k, has the same meaning in Equations 1 and 2. It is therefore
permissible to determine k experimentally in one type of reactor and
apply in to predict the efficiency of another.

In practice, continuous reactors, such as anaerobic digesters are fed
discontinuously, have ummixed or dead spaces, perhaps filled with grit,
which increase their effective dilution rate and may be poorly mixed, so
that Equation 2 does not hold campletely.

If the reactor is fed batch-wise so that a certain proportion is
replaced at periodic intervals, then its efficiency in disinfection will
be intermediate between that of the batch reactor and the CSTR. The more
frequently it is fed, relative to the mean retention period, then the
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more closely its efficiency will approach that of the CSTR. If the
fraction of the reactor volume replaced at each feeding is R and an
equivalent volume is removed before feeding, then the fraction x/x of
the original population, Xy surviving after treatment is given by °

x/xo = R/ (ekR/D -14R)

In practice, stabilisation processes, such as anaerobic mesophilic
digesters, are fed batch-wise either at daily intervals, as at smaller
works, or semi-continuously, as at larger works. Thus, their
disinfecting effect is best described by Equation 3 or Equation 2
respectively. It will be obvious that the disinfecting effect will be
reduced with batch-feeding, if fresh sludge is fed before an equivalent
amount is withdrawn. Sludge pasteurisation plants always treat separate
batches of sludge or are continuous with plug-flow characteristics
ensuring that each element of sludge receives a defined degree of
treatment, eg 30 minutes at 70 °Cc. 1In this case, Equation 1 will apply.
Composting in lower processes, or windrows, lime treatment, stockpiling
of sludge and cold anaerobic digestion processes will also be described
by Equation 1. Where sludge is lagooned, the retention characteristics
are usually poorly defined unless the lagoon is in the form of tanks in
series or a long channel preventing mixing and short-circuiting.

The effects of various sludge treatment processes upon the eggs of
Ascaris and T. saginata will now be considered, with the aim of
predicting how efficient full-scale processes should be at destroying
them. Not all published work can be used predictively, either because
unsuitable, inaccurate methods have been used to measure decay or because
the data is not gquantitative.

There remains the problem of interpretation of risk, because risk
cannot be directly related to numbers of parasites surviving. The United
States Environmental Protection Agency has categorised sludges and the
way in which disposal to land is regulated, according to the degree of
pathogen reduction expected during treatment. Thus, a 'process to
significantly reduce pathogens' must achieve 90% reduction in pathogens
(type unspecified) or 99% reduction in faecal coliform bacteria and the
operating conditions necessary for such processes to achieve this are
specified. Greater degrees of disinfection are achieved by other defined
processes 'to further reduce pathogens' which presumably are able to
reduce pathogens to undetectable levels (9). These definitions are
convenient, but arbitrary and will be used in this paper for interpreting
published data.

4, ASCARIS

The eggs of the pork roundworm (Ascaris suum) and of the human
roundworm (Ascaris lumbricoides) cannot be distinguished microscopically.
Both are usually, but not always, specific for their respective host.
However both species can be present in sludge, particularly if there is
drainage from pig-rearing units, markets and abattoirs. The fertilised
eggs, released by the female worm and passed with faeces, undergo
cellular development to the L2 larval stage in the external environment
and can only re-infect the host upon ingestion once this stage is
reached. The eggs remain infective for many months in soil and water and
are very resistant to chemical disinfection.

Table 1 shows that only processes in which the eggs are subjected to
heat of 50 "C or greater can reduce viablility to below detectable
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limits. The temperature is critical. Thus, exposure of eggs to 45-55 °%
in the Bauart-Weiss bioreactor for 72h failed to destroy viability
completely (10). Pasteurisation of eggs in sludge at 45 % for 3h had no
significant effect on viability, whereas it was destroyed after 15 min at
55 °C (11). Indeed if the data of Carrington (1l1) are examined further
by a plot of the natural logarithm of the specific death rate (1n k) upon
reciprocal absolute temperature (Arrhenius plot) it can be deduced that
the energy of activation for the disinfection reaction (the slope of the
curve) progressively decreases with increasing temperature. A similar
phencmenon was found for loss of viability in vitro of T. saginata eggs
(4). While the theoretical interpretation is speculative (eg that death
is caused by starvation at lower temperatures and chemical denaturation
of cell components at higher temperatures), the practical significance is
clear - that temperature control must be precise over the whole reactor
volume and must allow an adequate safety margin.

The processes shown in Table II are those which significantly reduce
(ie by at least 90%) viability. Lime treatment gave a progressive loss
in viability, significant at pH 12.5 and 11.6, but not at 7.7 and 10.6 in
the experiments of Schuh et al. (17) and in the experiments of Polprasert
and Valencia (18) at pH 9, 10, 11 and 12 - in which eggs of
A. lumbricoides in infected faeces were used. Only at 12.5 was the rate
of disinfection, corresponding to 90% loss in viability in 7.44, high
enough to make lime stabilisation an effective method for disinfecting
sludge containing Ascaris eggs.

All the processes in Tables I and II are batch or plug-flow processes
with the exception of anaerobic digestion at 49 “C, which is not a
practical proposition, since gas production and control is poor.

5. TAENIA SAGINATA

Although the in vitro test for viability of Taenia eggs is
relatively simple and rapid compared with tests for infectivity towards
calves, which involve slaughter and dissection of carcases, 2-3 months
after infection, viability bears no simple relationship to infectivity
and always over-estimates infectivity (5,6). Apart from cost,
infectivity experiments present several difficulties. In countries where
tapeworm infection is rare, supply of eggs for experiments is difficult.
Only those proglottides voided by cases or a few proglottides at the
distal end of the worm contain infective ova and, since eggs are
continually expelled from 'ripe' proglottides, few contain a full
complement of eggs (50-80 thousand).

During storage at 4 “C, infectivity is progressively lost, so that
fresh eggs must be used and that where the sludge treatments involve
exposure of the eggs for several weeks, as with anaerobic digestion,
control animals must be infected at the start and conclusion of each
experiment in order to separate the effect of the experimental treatment
from that of decay in storage. Thus during experiments conducted by
Severn-Trent Water Authority (STWA) and the Institute for Research on
Animal Diseases (IRAD) (see Reference and Acknowledgements), storage of
eggs for 25, 28 and 50 days respectively caused a decline in numbers of
cysts produced from a given number of eggs to 70, 76 and 0.96% of those
produced in ir_litial control infections. This represents a specific decay
rate of 0.18d ~ (or 90% loss in infectivity in 13 days).

The relationship between numbers of eggs fed to susceptible animals
and the count of cysts produced is not linear and even with the same
doses to animals of identical breed and ages, is extremely variable
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Table I. Processes giving complete destruction of the viability of
Ascaris eggs*

Process and conditions Authors (and reference)
Aerobic thermophilico: stabilisation, Strauch (12)

Fuchs system; 49.5 “C, 57h, pH 7.5

Aerobic, themophil(i)c stabilisation, Strauch, Hammel and

Thieme system; >53 ~C, 3-4d. Philipp (13)

Bioreactor composting: Kneer system; Strauch, Berg and Fleischle
50% sludge, 25% sawdust, 25% recycled (10)

campost, 75 % max., 24h; Bauart-Weiss
system; sludge 20% sawdust 30%, recycled
compost, 50%, 67 “C, 24h.

Pasteur(i)sation: batch gystem; 60 °c Strauch and Berg (14)
and 65 “C, 30 min; 70 “C, 5 min.

Pasteurisation: batch, 55 °C, 15 min Carrington (11)
Quicklime tseatment (calcium oxide): to Strauch and Berg (15)

produce 62 “C in first 2h, pH 13.4.

* Eggs of Ascaris suum added to sludge (11) or in sealed ampoules or
'germ carriers' into the treatment process. Viability estimated by
ability to embryonate on incubation and/or ability to produce L3
larvae in livers of mice.

Table II  Processes significantly reducing the viability of Ascaris

€ggs.
Process and conditions Survivor Specific Authors (and
ratio* deatglrate,* reference)
k (d7)
Anaerobic digestion; 4-
digester fed daily, 49 C:
Retention 104 <0.0043 >1.7 Carrington
164 0.0043 1.3 and Harman (16)
204 0.0043 1.1
Pas&eurisation: batches, 0.011 4.5 Carrington (11)
53 *C, 1h
LimS treatment; batches, 0.10 0.25 Schuh, Philipp
29 °C pH 12.5, 7.44 and Strauch
(17)

* Survivor ratio is fraction of treated eggs recovered fram sludge able

to embryonate compared with untreated eggs; k calculated from Equation
3 (batch-fed) or Equation 1
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(6,8). Analysis of data relating yield of cysts (y) to the number of
eggs given (x), STWA/IRAD experiments (6,7), yielded the relationship

y = 0.3886x0- 7073

This shows that %roduction of a single cyst would require ingestion of 6
eggs and that 10~ eggs would yield 1300 cysts on average. It therefore
follows that generalised infections with cysticerci must have resulted
from ingestion of one or more proglottides. Similarly, although a
threshold for infection exists it is low, compared, for example, with the
thousands of salmonellae required to set up clinical disease.

Few infectivity experiments have been carried out quantitatively.
Silverman and Guiver's (20) experiment showed that eggs in sludge
withdrawn after batch digestion at 35 % for 5, 10, 15 and 20 days,
pooled and fed to a single calf were not infective. Shafai showed that
aliquot samples of 20 000 eggs treated in water (not sludge) for 15 min
at 60 oC, 70 °c for 5 min and 80 °C for 2.5 min respectively were
rendered non-infective, compared with controls(5).

Table II summarises the results of infectivity experiments carried
out by STWA and IRAD. The experimental conditions have been described
(6,7). Results for those processes which did not significantly reduce
infectivity - anaerobic mesophilic digestion for 24h at 35 % (survivor
ratio, 1.0) and aerobic stabilisation at 7 °C in an oxidation ditch
'package' plant (0.16) are omitted. The eggs in these experiments were
exposed to the treatments for specified times, so that if first-order
kinetics were obeyed, disinfection would be described by Equation 1.
Some of the processes are carried out full-scale with continuous or
periodic feeding. As explained in section 3, this considerably reduces
the efficiency of disinfection, as shown by the calculation of survivor
ratio assuming the reactor to be a CSTR. Many processes are fed only
daily and if the treated 1liquor is withdrawn before feeding, the
efficiency is slightly improved, but only when the retention period is
short and the death rate high. The difference between the calculated
survivor ratios is appreciable only for thermophilic oxidation, eg 0.11
for the CSTR mode and 0.059 for daily feeding, with 6 days retention in
each case.

The difference between treatment at 60 °C in water, in which
infectivity was destroyed in 15 min (5) and at 60 % in sludge in which
1.1% of infectivity remained (albeit for only 4 cysts per animal for a
dose of 4850 eggs) emphasises that experiments should be carried out in
sludge to be representative.

The data of Table III on analysis show, as noted in Section 4 for
Ascaris eggs, that the specific death rate is not linearly related to
temperature. The Arrhenius plot of ln specific death rate on reciprocal
absolute temperature shows that the energy of activation, associated with
disinfection, decreases as temperature rises. This confirms the need for
careful control of temperature during pasteurisation.

6. CONCLUDING DISCUSSION

Comparison of Table I-III shows that the death rates of Ascaris eggs
are_much lower than those of T. saginata at temperatures below about
50 “C, whereas the latter are more resistant above 50 "C., Thus it must
be assumed that for a thermal process to kill both organisms, the aim
must be to kill T. saginata. This would appear from the evidence given
to require conditions in excess of 60 % for 3 hours, although the
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Table III. Processes significantly reducing the infectivity of
T. saginata ova for calves*.

Process and conditions Survivor Specific Survivor
ratio death, rate, ratio for
observed k (d 7) CSTR

Acgelerated cold digestion; 0.076 0.052 0.27

3 %, s04.

Anagrobic mesophilic digestion,

35 “C:

158 retention <0.00059 >0.50 <0.12
30d retention 0.0053 0.17 0.16
104 + secondary digestion 15d 0.0011 - -

Lagoon storage; 7 °C, 28d 0.018 0.14

Lime stabilisation, pHl12 initally

24h 0.041 - -
48h 0.050 - -

Pasteur%sation, 3h: o
52 oC + digestion 35 “C, 14 0.041 - -

55 C 0.014 34.0
60 °c 0.011 36.0
Thermophilic oxidative 0.00036 1.3 0.11

digestion; 49 °c, 6d

* From results of STWA/IRAD experiments, some published (6,7). Ova
suspended in microporous carriers in reactors. Survivor ratio
observed calculated as ratio of number of cysts produced from treated
eggs to that initially produced from same number of untreated eggs.
Specific death rates calculated from Equation 1. Where the full-scale
process 1is continuously-fed (CSTR), survivor ratios have been
re-calculated from Equation 2.

experiments of Table III did not determine conditions needed to reduce
infectivity below detectable limits. Table III shows that many processes
commonly used to stabilise sludge will also bring about significant
reductions in infectivity of T. saginata eggs for calves. Particularly
interesting, because of their suitability for use at small sewage works
are lagoon storage, accelerated cold digestion and lime treatment at
pH12. It will be noted that lime treatment has less effect upon Ascaris
eggs and it may be inferred that the initial pH value should not be less
than 12 and that if Ascaris infection is common amongst the human
population, sludge will need storing for longer that 24h, perhaps 7-104,
to achieve significant reduction. The efficacy of mesophilic anaerobic
digestion in reducing infectivity of T. saginata eggs is confirmed by
Table III.

Lastly, the results presented confirm the views of Working Party 3
expressed at the 3rd International Symposium on Processing and Use of
Sludge on the use of indicators of efficacy of treatment (21). It was
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recommended that in the initial development of new processes, tests of
efficiency should be carried out with pathogens rather than with
indicators. Thus the new processes of accelerated cold digestion and of
thermophilic oxidative digestion have been validated in Table III with T.
saginata, rather than with Ascaris ova as a more easily obtainable and
easier to use indicator. 1In this report of Working Party 3 an attempt
was made to express disinfecting ability in kinetic terms to enable
camparisons of resistance to be made. This approach has been continued
in this paper to enable comparisons to be made between small-scale batch
processes and large continuous and semi continuous processes.
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Summarz

The present knowledge and future research needs for epidemiological
studies related to the use of sewage sludge in agriculture were
discussed in a Workshop, organized by COST 681 Working Party 3, in
Metz (F) from May 21-23, 1985. The discussions considered four
separate themes: bacteria, parasites, viruses and occupational
hazards. One conclusion, common to all themes, was that there exists
a need for better surveillance of sludge exposed (human or animal)
populations and adequate reporting of surveillance data. These data
would give a continuous flow of information, and could indicate the
need for more detailed epidemiological studies in particular cases or
areas.

Such studies were at present considered necessary only with regard to
parasites, because it was concluded that the guidelines proposed in
the draft EEC directive were not always sufficient to prevent
parasitic infectiouns.

Sufficient knowledge was present with regard to risk assessment and
prevention of bacterial infections. Little was known about viral
infections or occupational hazards related to land use of sludge, but
epidemiological studies were not recommended because of the complexity
of the design and the small chance to obtain conclusive results.

It was again stressed that adequate prevention of sludge transmitted
infections requires measures that depend on local situatioms with
regard to such factors as prevalent {infections, type of animal
husbandry, availability of 1land, climate, etc. Guidelines, in
particular those from supranational bodies such as EEC, should take
this 1into account and local authorities should, where necessary,
require further steps to be taken.

1. INTRODUCTION

Working Party 3 of EEC COST Concerted Action Project 681 concerns
itself exclusively with pathogenic microorganisms in sewage sludge. It has
been well established that a great variety of pathogenic microorganisms
(bacteria, parasites, viruses, fungi, etc.) may be present in sludge, the
actual numbers depending on a great many factors such as country, prevalent
infections among the human population, season, industrial wastes (e.g.
slaughterhouses), etc. Therefore, the use of sewage sludge poses a health
hazard to man and animals. In this context, a hazard [1] is defined as the
potential for adverse health effects. Whether there indeed 1is a
significant health risk (i.e. a distinct possibility for infections to
occur) depends on factors such as the nature of the pathogen, its actual
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numbers, the sludge disposal practice, the use made of the land and other
geographical, climatological and demographic factors. It is the actual
risk that defines whether particular sludge disposal practices are
acceptable from a hygienic point of view and guidelines should preferably
be based on risk assessment.

Risk assessment of sludge use in agriculture has since 1long been a
matter of much debate and as yet no consensus has been reached on desirable
preventive hygienic measures. To further discuss and evaluate this
problem, COST 681 Working Party 3 organized a Workshop (21-23 May, 1985,
Metz, France) under the title: Epidemiological studies of risks assoclated
with agricultural use of sewage sludge: knowledge and needs. This Workshop
brought together a wmultidisciplinary group of 39 scientists from 12
countries with a wide range of expertise in problems on sludge hygiene.

The objectives of the Workshop were to consider carefully available
epidemiological studies and case reports, particularly from a
methodological point of view and to consider the risks associated with
sewage sludge 1n the overall epidemiology of certain infectious diseases.
Furthermore, recommendations were to be made as to which epidemiological
studies should be carried out in future.

The presently available knowledge was presented in review papers and
subsequently discussed in panel discussions, which set out to answer
questions on future research needs. The panel discussions were organized
in parallel on four themes: bacteria, parasites, viruses and occupational
hazards. The conclusions from the panel discussions will be briefly
presented below. Full details of the Workshop can be found in the
proceedings, that shall be published early 1986.

2. BACTERIA

Traditionally, concern about pathogenic bacteria in sludge has been
almost exclusively directed towards the genus Salmonella and this emphasis
was again confirmed in the Workshop. It was concluded that other bacteria
were of little concern as far as transmission by sludge was concerned, but
that there was ample documentation in the case of salmonellosis. In
particular, the following outbreaks were considered.

- Scotland: 23 incidents involving sewage effluents (10 incidents), septic
tank effluent (8 1Incidents), sewage sludge (3 1incidents), abattoir
effluent (2 incidents), [2].

= Scotland: detailed account of one of the above outbreaks involving 27
cattle and 98 human cases consuming raw milk. Sludge containing slurry
from a chicken factory was spread on grassland and cattle allowed to
graze almost Iimmediately [3]. Rare S.typhimurium RDNC isolated from
cattle, pasture, sludge and a poultry factory.

= U.K.: leakage of septic tank waste from household with S.Earatzghi B
carrier on to field. Five cattle infected on farm. Contamination of
water supply and failure of chlorination; 90 cases in village supplied
from borehole in field [4].

- U.K.: 30/90 cattle infected with S.aberdeen. Raw sewage from cracked
sewage pipe overflowing on the pasture [5].

- Switzerland: nine cattle infected with rare S.tokoin fed with grass cut
from pasture treated 4 weeks earlier with sludge; serotype isolated from
pasture 7 weeks after sludging. Cattle did not graze this pasture, so
cross—contamination was not involved [6]. The dried sludge remaining on
the pasture yielded S.tokoin. Other feedstuffs were negative for
salmonellas.

- Switzerland: five other outbreaks of salmonellosis involving use of
sludge on_grassland.

=211 -



It was noted however that these outbreaks occurred before the
publication of national guidelines and that they might not have occurred if
rules such as those proposed in the Draft EEC Directive on the use of
sewage sludge 1in agriculture had been obeyed. Preventive measures in the
Directive include the requirement for stabilization, which brings about a
significant, albeit variable reduction of viable salmonellae, and a no-
grazing interval between sludge spreading and the admission of cattle of at
least 6 weeks. Under most circumstances, these measures may be considered
to be effective but, depending on 1local conditions they might be
supplemented with national or 1local guidelines which may be more
restrictive. Such guidelines might include the need for disinfection to
eliminate positively any hazard.

The Workshop considered the available information on salmonellosis and
its control with regard to sludge adequate, and therefore no experimental
epidemiological studies were considered necessary. It was emphasized
however that there was a high priority need for recording and publishing
details of outbreaks, which could eventually lead to amendment of national
or international guidelines.

3. PARASITES

Contrary to the situation with bacterial infections, the spectrum of
parasites to be considered in relation to sludge use in agriculture is very
broad and fundamental information is largely absent. Parasites of concern
include the nematodes of the Ascaris spp., the trematode Taenia saginata,
the coccidia Sarcocystis and Cryptosporidium and possibly the protozoans,

Entamoeba, Giardia and Toxoplasma. It was agreed that the only absolutely

safe practice was disinfection of the sludge before application to land by

processes such as pasteurization or composting, provided proper control on
the efficiency of the process was exercised. On the other hand, improperly
handled sludge has been documented as a vector of such parasitic infections
as ascariasis and taeniasis in the past and might still be so in the
future. The proposed EEC Directive was not considered to be safe from the
parasitological point of view. In particular, concern was expressed on the
exclusion of treatment plants of a small processing capacity, on the
effectiveness of soil injection in eliminating the risk of transmission of
parasitic iInfections and on the highly variable effect of different
stabilization processes on viability and infectivity of parasitic stages.

In order to gain more information and possibly recommend further safety

measures, the following was recommended.

- Development of guidelines for parasitological investigation of sewage
sludges throughout Europe with particular reference to the types,
concentrations and origin (human or animal) of the various parasites.

-~ Epidemiological studies on the role of sludge 1in the epidemiology of
parasitic diseases.

- Surveillance of any parasitic diseases eventually assoclated with the use
of sludge under the proposed Directive.

4. VIRUSES

Though much is known about the occurrence of viruses in sewage or
sludge, many questions remain unanswered. One major obstacle 1s the
inadequacy of present methods to accurately measure and identify viruses in
environmental samples, in particular the lack of detection methods for
eplidemiologically relevant viruses like the hepatitis-A virus or gastro-
enteritis viruses (rota, calici, astro, parvo and the group of Norwalk
agents). Presently detectable viruses (predominantly in the group of
enteroviruses) are of little epidemiological concern in the field of sewage
and sludge hygiene and should be regarded as indicator viruses for human
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faecal pollution. It is questionable however in how far the resistance of
these indicator viruses 1is relevant for other viruses, and consequently
what value should be attributed to their inactivation during sludge
processing and application.

While the role of sewage as a vector of viral infections by various
routes (shellfish, drinking water, recreational water) has been amply
documented, little information 1s available on sludge. Only two case-
histories were identified, one on milk-borne hepatitis—A in Czechoslouwakia
originating from pollution of process water with cesspool contents [7] and
one on hepatitis—A among sludge spreaders [8].

It was considered practically impossible however, to design and imply
meaningful epidemiological studies with regard to viruses in sludge.
Firstly, there is no specific association between infection and disease
(low percentage of clinically manifest cases, wide range of symptoms for
one virus and same symptoms for different viruses). Secondly, such studies
might be immensely costly and even then lead to inconclusive results.

It was emphasized that an effective system of surveillance and
reporting should be developed and preferably be organized on an
international basis. For the time being, preventive measures should be
based on studies regarding the nature and survival of culturable viruses in
sludge, in particular the efficiency of various sludge treatment processes.

A particular point of concern for the virologists in the Workshop was
the increasing use of commercially available (sludge derived) compost for
private gardens, without any regulation with regard to its hygienical
quality.

5. OCCUPATIONAL HAZARDS

The panel on occupational hazards considered the possible adverse
health effects of microbiological origin for people who by their work come
into contact with sludge. It was realized however, that in some situations
(e.g. at a sewage treatment plant) it was difficult to discriminate the
effects of sludge and wastewater. Health risks identified and documented
in the 1literature were infections with hepatitis-A virus [8] among sludge
spreaders, and Aspergillosis infections among compost workers. In the
latter case, the infections are more 1likely to be connected with the
composting process per se than with sludge. In a study in Ohio (USA) no
difference was detected in the health status of farming families using
sludge on land or controls. This implies that a health risk was either
absent or too small to be detected by the study as designed.

In view of the complex design of meaningful studies in this field,
these were not considered of high priority. Alternatively, an effective
system of surveillance of the health status of the exposed population was
recommended, together with the implication of a code of good hygienic
practice. Surveillance data might indicate the need for further, more
detailed epidemiological studies.

6. GENERAL CONCLUSIONS

The participants in the Workshop have not been able to give
quantitative estimates of actual risks related to sludge use in
agriculture. Available epidemiological data were either on incidents where
relevant guidelines were not yet effective or not followed, or - in the
case of prospective studies - often inconclusive. Nevertheless, remarkable
consensus was obtained on the definition of obviously hazardous and safe
procedures, and it should be possible to base risk management of sludge
disposal techniques on the opinions as expressed in the panel discussions.

Improved surveillance and reporting of infections and disease in human
and animal populations exposed to sludge are necessary to identify risks

- 213 -



associated with presently accepted sludge disposal strategies. Criteria
should be developed for designing and implementing appropriate surveillance
systems. Surveillance may then 1indicate specific situations for
epidemiological studies.

Presently, the Workshop has identified a need for expertly designed
epidemiological studies only 1in the field of parasitic infections. For
other pathogens (e.g. salmonellae) it was felt that adequate knowledge
existed or, if this was not so, the designing, conducting and interpreting
of prospective studies might not be possible and/or the cost might be
prohibitive.

Reduction of pathogens in sewage sludge before disposal may decrease
risks Dbecause 1t reduces exposure. However, there are many other
transmission routes of pathogens and the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>