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ABSTRACT
Sludge Reed beds have been used for dewatering and mineralisation of sludge in Denmark since 1988.
The dfect on the environment of the establishment and operation of Sludge Treatment in Reed beds
system is seen as quite limited compared to alternative sludge treatment systems such as mechanical
drying and dewatering, with its accompanying use of chemidatieration; direct deposition on
landfill sites, etc. Experience has shown that the quality of the final product with respect to pathogen
removal and mineralisation of hazardous organic compounds after treatment make it possible to recycle
the biosolidgo agriculture as an Enhanced Treated Product.

Raw sludge contained large amounts of pathogenic bacteria including Salmonella, Enterococci and E.
Coli. Analysis of the levels of pathogens in the sludge residden®nths after the last loading
indicatad that the pathogen content was reduced by a factor ofTog 6

Linear alkylbenzene sulphonates (LAS) and nonylphenolethoxylates (NPE) may be detrimental to the
environment if spread in large concentrations. Mineralisation of LAS and NPE in mesopléktedig

sludge was observed during a 9 month monitoring programme where three separate treatment methods
were investigated. Treatment in a sludge reed bed was shown to be far more effective than in containers
and sludge piles with mineralisation levels 0#®&r LAS and 93% NPE being observed.
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SLUDGE REED BED SYSTEMS
Sludge Reed Beds (Figure 1) have been used for dewatering (draining and evapotranspiration) and
mineralisation of sludge in Denmark and other countries in Europe since 1986/1988 when the first
sludge processing systems were introduced. Sludge from wastaveatment plants (2,525,000
pe) is treated in sludge reed bed systems will8 *eed bed basins with loading rates of22%00
tonnes dry solids (TDS) per annum for 10 years. In 2004, approximately 110 systems were in operation
in Denmark1,6].

Longterm sludge reduction takes place in rpdathted basins, partly due to dewatering (draining,
evapotranspiration) and partly due to mineralisation of the organic solids in the sludge. Sludge from
wastewater treatment plants sludge is pumped onto #ie barface. The dewatering phase results in

the dry solids content of the sludge remaining on the basin surface as sludge residue, whereas the
majority of its water content continues to flow vertically through the sludge residue. The water content
is further reduced through evapotranspiration.

In addition to dewatering, the organic solids in the sludge are mineralised, thereby minimising the

sludge volume. Oxygen diffusion via filter aeration and through the cracked sludge surface and oxygen
diffusion from the roots into the sludge residue enable aerobic forganisms to exist close to the

roots and in the sludge residue (Figure 1). The overall reduction of the sludge volume occurs without
the use of chemicals. The process involves only a very low ¢téwahergy consumption for pumping

the sludge and reject water (Figure 2). Experience from reference plants is that this type of system is
capable of treating many types of sludge having a dry solids content in the range of approximately 0.5

5%711,6].

The sizing and design of reed bed systems depends on the sludge production (TDS per annum), sludge
type, quality and regional climate. A treatment period efl years means that the depth of the basin
above the filter needs to be at least 1.80m. The tiperaf the system may be divided into a number

of phases related to different periods in the lifetime of a system. A system generally runs for a total of
at least 30 years: this period being divided into two to three phases each lasting at@upeags.

Each phase consists of commissioning, full operation, emptying sestablishment of the system.
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In general, the sludge type is surplus activated sludge and surplus activated sludge mixed with
anaerobically digested (mesophilic) sludge. The sludgdingaamounts to a maximum of 5@0 and

40 - 50 kg DS/m?/year, respectively. Loading cycles are related to the sludge type and the age of the
sludge. The sludge residue will, after approximately 10 years of operation, reach an approximate height
of 1.20-1.50 meters with an approximate dry solids content of 80%6(1,6].

THE EFFECT ON THE ENVIRONMENT
The background for evaluation of influence on the environment is to a large extent the experience
gained since 1988 from the operation of the large numbReed Beds Systems currently operating in
Denmark and Sweden. The effect on the environment of the establishment and operation of a Sludge
Treatment in Reed beds system is seen as quite limited compared to alternative sludge treatment
systems such as nfamnical drying and dewatering, with its accompanying use of chemicals;
incineration; direct deposition on landfill sites, etc.

There are important differences in the environmental perspectives and costs involved in mechanical
sludge dewatering followed lgisposal on agricultural land compared to reed bed sludge treatment or
to drying and incineration (Figure 2).

EFFECTIVE REDUCTION OF SLUDGE RESIDUE

After reduction, dewatering, and mineralisation in a reed bed sludge treatment system, sludge with a
solids content of 0.8% can attain a dry solids content of up te4896. In addition, mineralisation
removes up to 25% of the organic matter in sludge (Figure 2).

NO CHEMICALS NEEDED

A sludge treatment reed bed system uses no chemicals to treat sludge. Stilietosludge treatment

in a sludge reed bed is made, the current dewatering of sludge with the associated use of chemicals is
discontinued. This means a considerable improvement in the working environment, along with a
reduction of the chemical residirethe treated wastewater passing into the environment (Figure 2).

ENERGY SAVINGS

A sludge treatment reed bed system utilises the forces of Nature to reduce and treat sludge. The only
appreciable power consumption is by the pumps used to transport alutigeject water between the
wastewater treatment plant and the sludge treatment reed bed system, and by ejectors in the sludge
buffer tanks (Figure 2). Other types of sludge dewatering system use much more power than sludge
treatment reed beds.

NO ODOUR PROBLEMS
The aerobic processes utilised in the treatment of sludge in sludge treatment reed beds mean that no
odour problems are created (Figure 2).

BETTER CO, - BALANCE
Compared to other dewatering methods, a sludge treatment reed bed system ismentaon
friendly, with reduced C&and other emissions to the atmosphere (Figure 2).

IMPROVED SLUDGE QUALITY

The content of substances in sludge, foreign to the environment, can be reduced to such a degree that
the sludge conforms to the limits and norfos deposition on agricultural land (Figure 2). This
includes the reduction of infectious material in the sludge (Figure 2).

GOOD OPTIONS FOR RECYCLING

After treatment of sludge in a sludge treatment reed bed system recycling options for sludge are good
as, amongst other routes, the sludge will be suitable for use as fertiliser on agricultural land. Sludge
quality is cleaner and better adapted to the natural cycle when put to agricultural use than mechanically
dewatered sludge (Figure 2).

REDUCTION OF TRANSPORT AND SPREADING COSTS

Compared to mechanical dewatering followed by deposition on agricultural land, a sludge treatment
reed bed system will more than halve costs of transport and spreading, since the volume of sludge can
be reduced to approximatehyo thirds of its original volume.
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GREATER TREATMENT CAPACITY IN WASTEWATER TREATMENT PLANT

Experience has shown that in treatment plants using sludge treatment reed1B8tiobtreatment

plant capacity is freed at no extra cost. This is due to thdHatcthe return liquors from the reed bed

are much cleaner than those produced in mechanical dewatering systems. This also means improved
purification and reduction of discharge to the environment generally (Figure 2).

SLUDGE RESIDUE

Experience has showthat the quality of the final product with respect to pathogen removal and
mineralisation of hazardous organic compounds after treatment make it possible to recycle the
biosolids to agriculture as an Enhanced Treated Product. In Denmark, sludge frokipahuni
wastewater treatment plants has generally been used as fertilizer on agricultural land.

In the past fifteen years, however, there has been a focus on the negative effects which may be
associated with sewage sludge. In 1997 legislation was brouaght effect by the Danish
Environmental Protection Agency (DEPA) to regulate the content of hazardous organic compounds in
sewage sludge being spread on agricultural land. The legislation was brought into effect after an
extensive survey which demonstratdat hazardous organic compounds such as linear alkylbenzene
sulphonates (LAS) and nonylphenolethoxylates (NPE) may be detrimental to the environment if spread
in inappropriately large concentrations. In 2002, stricter legislation was passed, reducing the
permissible concentrations for LAS and NPE to 1,300 and 10 mg/kg dry matter respgziyely

In 1999, The Danish Environmental Protection Agency and DDH Consulting A/S (Hedeselskabet)
began a research project to investigate the potential for meaiah of LAS and NPE in sewage
sludge[1,2,4]. Full-scale experiments began in the middle of February 1999 and were terminated at the
end of November 1999. The sludge that was selected for use in the experiments was anaerobic sludge
stabilisation with megphilic digestion.

In June 2004 the reduction of pathogenic bacteria: Salmonella, Enterococci and E. Coli was
investigated.

MINERALISATION OF HAZARDOUS ORGANIC COMPOUNDS

SLUDGE REED BED SYSTEM
The investigation was conducted at the Kallerup Sludge rmezdt Reed Bed system, which was
established and brought into operation in the summer of 1996 with a capacity of 240 tonnes of dry
solids per year after the runniig period (Nielsen, S. 2002). One basin with a layer of sludge residue
with an average thigless of 0.35 m was taken out of operation and divided into two reference basins
(250 nf) and an experimental basin (256)nThe experimental basin was loaded with digested sludge.
Each basin was divided into 16 sampling areas. A total of approximatelyn®4udge with a dry

solids content of approximately 2% was pumped into the experimental basin from 8 February to 23
February (Day 0), 19991,2,4].

STORAGE EXPERIMENT IN CONTAINERS

The goal of the containestorage experiment was to determine theeptial for mineralisation of
hazardous organic compounds under anaerobic conditions. In addition, it provided a reference to the
experiment involving treatment in a sludge reed bed system with aerobic conditions.

The container storage experiment involtem open 18mcontainers. Mesophilic digested sludge was
mechanically dewatered in the period12 February, 1999 and then placed in the containers. A total
of approximately 15t of sludge with a dry solids content of 26% was spread to a depth of
approximately 1.2 m in each container. Both containers were divided into eight sampling areas.

The samples taken during the experimental period were taken from the entire depth of the sludge
profile. Thus, each sample represented both the upper layer wheravétsenatural oxygen influx via

cracks in the sludge etc., as well as the lower anaerobic layers. It was a concern that the long
experimental period could result in the surface of the stored sludge drying out, causing cracks and an
improved oxygen influx téhe sludge, thereby creating potential for LAS and NPE mineralisation.

To address this concern the container storage experiment was coupled with a depth experiment where

the degree of mineralisation as a function of depth was determined. Samples gPagdremoved
at each of the following depths:2D, 2640, 4660, 6680, 80100 and 10420 cm.
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STORAGE EXPERIMENT IN A SLUDGE PILE

As a comparison to the container experiment, approximately 15m3 of the same type of sludge was
stored in a pile on a oarete floor. The sludge in the pile was turned over mechanically eve29 14

days during the experimental period to improve the oxygen influx. (Nielsen, S. 2003 b; DEPA, 2000 b).
To the degree it was possible, the pile was turned over immediately aftesaapling event. The first
sampling of the container and sludge pile experiments occurred on 18 February, 1999 (Day 0).
Subsequent sampling of the respective treatments occurred eddrydd@ys. Each sampling event
involved taking 16 susamples which we mixed together to form one end samfie,4].

RESULTS
The majority of the LAS and NPE (>99 %) was bound in the sludge phase, while less than 1% of the
influent LAS and NPE was found in the liquid phase.

MINERALISATION OF LAS VIA TREATMENT IN A SLUDGE REED BED
The vegetative growth and the degree of vegetative cover was the same in both the experimental and
the reference basin.

The dry solids in the sludge residue increased td@% from May until July which significantly
improved the possibility foaerating the digested sludge residue. The mesophilic digested sludge had a
loss on ignition of 57%, corresponding to approximately 2.7 tonnes of organic matter. At the end of the
experiment, the loss on ignition was 39%. Thus 18% (or a total of appitekyn@es tonnes) of the 2.7
tonnes of material had been mineralised during the experimental period.

The concentration of LAS in the sludge was approximately 5,000 mg/kg DS (Figure 3A). During the
period from day 35 to day 150, the concentration of L& reduced by 90%. At the end of the
experiment, the sludge had a LAS content of approximately 100 mg/kg DS, which represents
approximately 2% of the start concentration (Figure 3A). The total mass of LAS added at the start of
the experiment was approxately 24.5 kg. After 9 months there was 0.4 kg remaining, representing a
mass reduction of approximately 98% of the t{te,4].

MINERALISATION OF LAS VIA TREATMENT IN CONTAINERS AND A SLUDGE PILE

The concentration of LAS in the digested sewage sludggeapproximately 5,000 mg/kg DS until Day

100, after which the concentration fell to 2,900 mg/kg ds. The greatest effect was observed in the
sludge pile for LAS which was reduced by approximately 90% after 284 days down to a concentration
of 480 mg/kg DYFigure 3B). The mineralisation potential was thus significantly greater in the sludge
pile compared to the container. This was due to the improved oxygen influx caused by turning over the
pile. The half life for LAS was calculated to be 99 days (R2=0rv@e sludge pil¢1,2,4].

MINERALISATION OF NPE VIA TREATMENT IN THE SLUDGE REED BEDS

The concentration of NPE (total) at the start of the experiment was approximately 54 mg/kg DS (Figure
4A). Sampling 13 days after the sludge was loaded indicated@étof the mass of NPE in the
approximately 4.8 tonnes of dry matter was still present. The start concentrations of NPEs were 48 mg
NP/kg DS, approximately 4.5 mg NPIEO/kg DS and approximately 2 mg NP2EO/kg DS. Thus the total
NPE was almost completely cpwsed of the molecule NP. The total mass of NPE added at the start of
the experiment was approximately 0.3 kg. After 9 months there was 0.02 kg remaining. During the
course of the experiment (284 days), the concentration of NPE (total) in the digestss relsidue

was reduced by a total of approximately 93% to a total concentration of approximately 4 mg/kg DS
(Nielsen, S. 2003 b; DEPA, 2000 b).

MINERALISATION OF NPE VIA TREATMENT IN CONTAINERS AND A SLUDGE PILE

The NPE (total) concentration at the stfrthe experiment was approximately 49 mg/kg DS (Figure 4

B). The start concentrations of NPE was approximately 47 mg/kg DS, NP1EO approximately 2 mg/kg
DS and NP2EO near zero. In the container experiment, an increase in the NPE (total) concentration to
63 mg/kg DS was observed after 284 days. In contrast, NPE concentrations decreased with time in the
sludge pile experiment (Figure 4). At the end of the sludge pile experiment (Day 284), the
concentration was 27 mg/kg DS. Mineralisation of NPE in thegslyale resulted in a 43% reduction
(Figure 4 B and Table 1)1,2,4].

DEPTH INVESTIGATIONWITH DIGESTED SEWAGESLUDGE IN CONTAINERS
In general, there was a difference in the concentration of LAS and NPE in the upper 20 cm when
compared to the concentmatiin the sludge at depths of-220 cm.
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There was no variation in the concentrations in the layers from 20 to 120 cm (Figure 5 and 6). The dry
solids content was found to be approximately 68% in the uppermost layer compared to approximately
24% at depth greater than 20 cm. This indicates that significant evaporation occurred from the
uppermost layer. Furthermore, the loss on ignition values were lower (45%) in the upper 20 cm,
compared to values (52%) measured at depths greater than 20 cm (Niel€83 I8.REPA, 2000 b).

LAS (Container). After the 284day storage period, the concentration was approximately 1,100 mg/kg
DS in the uppermost layer compared with approximately 5,000 mg/kg DS in the remainder of the
profile, similar to the start concenti@t. This represents a total mineralisation of approximately 41%
over the entire depth {020 cm) and approximately 75% in the uppermost 20 cm of the stored sludge
(5A and Table 1).

NPE (Container). The concentration of NPE (total) was found to be apprately 19 mg/kg DS in

the uppermost 20 cm of the stored sludge, compared to approximately 48 mg/kg DS in the layers from
20-120 cm (Figure 6AC). This represents a reduction of 61% in the upper layer (Table 1). Taken
across the entire profile {020 cm deth), this gives a total mineralisation of NPE (total) of
approximately 10%. The observed reduction is attributed exclusively to the mineralisation which
occurred in the upper 20 cm. No mineralisation was observed in the underlying lay&20(2m)

[1,24].

DISCUSSION
Investigations regarding aeration of sewage sludge, including spreading sludge on agricultural land
have demonstrated the significance of aerobic conditions for the mineralisation of LAS and NPE.

The physical and chemical preconditiaegjuired for the mineralisation of LAS and NPE were met
throughout the depth of the sludge residue in the sludge reed bed and not just in the uppermost layer.
The rate at which LAS and NPE were mineralised in a sludge reed bed was dependent upon oxygen.

In the sludge stored in containers a reduction of LAS and NPE of 41% and 10%, respectively, was
achieved due to mineralisation in the uppermost layer (20 cm or less). The mechanical turning of the
sludge in the pile improved the oxygen influx to the sludge in general had a positive effect on the
mineralisation of LAS and NPE.

The reduction of the LAS and NPE obsenjg@,4] in a sludge reed bed system was similar to the
degree of mineralisation obtained with composting and from mechanical aeratmwastewater
treatment plant (Table 1).

The duration of the treatments was the following: composting treatmdi® weeks; fullscale
experiment with aeration in a wastewater treatment plarpproximately 12 weeks; sludge
mineralisation in a reed bexystemi approximately 23 months during the 9 month investigations
period.

REDUCTION OF PATHOGENIC MICRO-ORGANISMS
Wastewater sludge contains a large number of bacteria. Salmonella, Coli bacteria and faecal
Streptococci are found in wastewater sludgev(aad mesophili@ligested) in the following numbers
per ml: 16100, 10,0001,000,000 and 10,000,000,000, respectively. As a general rule, pathogenic
bacteria, which are excreted and end in a foreign environment only live for a short period of time
depend ng upon various environment al factors and the
and October 2004 the reduction of pathogenic micganisms (Salmonella, Enterococci, E. Coli) was
investigated using the Sludge Treatment Reed Bed System atdd¢isi

HELSINGE SLUDGE REED BED SYSTEM

The Helsinge Sludge Reed Bed System was established in October 1996 (Figure 7). The Reed Bed
System has a capacity of 630 TDS per year and consists of 10 basins, each having an area’ft1,050m
the filter surfae and a maximum area loading rate of 60 kg BS#ear. Sludge production from the
Helsinge Wastewater Treatment Plant consists of activated sludge direct from the activated sludge
plant and activated sludge from final settling tanks.

Annual sludge produmn amounts to approximately 545 TDS. The loading regime of the system
consists of applications, once or twice daily, of approximately-IRIhn? of sludge, the feed

Steen Nielsen —Page 5



concentration being approximately @38% DS. From 2000 each basin was subjected to dinpa
quota of 1,500rhover a period of approximately-& days. Loading was followed by &% days of
rest. The loading quota changed by a factor of 10 during the 10 year period of oggfation

Since 1998, individual basins were subjected to an avdoagéng rate of approximately 55 TDS per
year, resulting in an average asgecific loading rate of 52.4 kg DStyear (Figure 8). In June 2004
the sludge residue height was 1.1{Bn

INVESTIGATION

Samples were taken of the fresh sludge and the reduictilevels of pathogenic mict@rganisms in

the sludge residue was observed by taking samples continually. The sludge residue was categorised at
7 levels (Figure 9 10). At each individual level the samples were taken horizontally. In addition to the
horizontal samples in the sludge residue, vertical samples were taken to a déAtl2@f5].

RESULTS

In sludge from the wastewater treatment plant the levels of Salmonella, Enterococci and E. Qoli were
900/100g (ww), 11,000 CFU/g (ww) and 310,00(r,900,000/100g (ww) respectively. The loaded
sludge created a layer of dry sludge approximatelyi@l® m deep. Even after3ldays following

the end of sludge feeding the reduction in levels of pathogenic organisms was found to be significant
and charateristic. Particularly in the case of Salmonella the number was fewer than 2orgerisms

per 100g of sludge after2 days. For Enterococci and E. Coli the reduction was approximately log 5
and log 67 during a period of 23 months, respective[g].

Measurements of the quality of the reject water in the first day of loading (16 June 2004) gave very low
values of Salmonella, Enterococci and E. Coli of <2/gramme (ww), <10CFU/gramme (ww) and
<2000/100/gramme (ww), respectively. These results inditeteit is only the layers at the top-(0
10cm and 1025cm) of the sludge residue which will beaentaminated during loading. The sludge
residue below 0.25m appears not to beostaminated during the loading pattern of the reed bed
(Figure 117 13)

DISCUSSION

Analysis of the reduction in infectious solids in the sludge residue from Helsinge Sludge Reed Bed
Plant in samples taken4lmonths after the last loading indicated that the content of infectious solids
was reduced by approximately 6 log units lthge dry solids to a level corresponding to the
requirements for controlled sanitation.

The plan is to empty the Helsinge sludge reed bed system over a five year period with 2 out of 10
basins selected for emptying per year.

The two basins selected femptying are excluded from the loading plan approximately year
before emptying. This period of time that will be sufficient to reduce the pathogenic-onganisms
in the top layer of the sludge residue.

CONCLUSIONS
The Sludge Reed Bed Systems hudt to treat sludge for an average operation period of 10 years.
Reduction of sludge throughout the entire period is highly dependent on individual basins continually
alternating between loading and rest periods. Experience shows thearlperiods obperation and a
final dry solids content of 3040 % can only be achieved if the system is dimensioned correctly.

The level of infectious solids in the sludge residue after the last loading indicated that the content of
infectious solids was reduced bppaoximately 6 log units. The reduction in levels of pathogenic
micro-organisms, taken over a period eft Inonths after the last loading, were <2/100g (Salmonella),
<10 CFU/g (Enterococci) and <200 number/100g (E. Coli), respectively.

Mineralisation of LAS and NPE in mesophilic digested sludge treated in a sludge reed beds
demonstrate that oxygen is a crucial factor for mineralisation. Oxygen influx into the sludge improved
the mineralisation of LAS and NPE. Treatment in a sludge reed bed was showeftectige and a
mineralisation of 98% of LAS and 93% of NPE was observed. Mineralisation under anaerobic
conditions was limited. Only limited mineralisation occurred on the surface of the sludge which was
stored in a container. In the sludge which wasestdn a pile and frequently turned, a reduction of LAS
and NPE of 90% and 43%, respectively, was observed.
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The quality of the final product after treatment, with respect to pathogen removal and mineralisation of
hazardous organic compounds, will meant ttfee biosolids can be recycled to agriculture as an
Enhanced Treated Product.
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TABLES

TABLE 1 REDUCTION OF LAS AND NPE ACHIEVED USING VARIOUS METHODS [1,2 4].

Methods NPE LAS
Sludgereed bed 93% 98%
Long-termcontainerstorage (depth 0120 cm) ~10% ~41%
Longtermcontainerstorage (depth 020 cm) 61% 75%
Long-termcontainerstorage (depth 20120 an) ~0% ~0%
Pile storagewith mechanical turning 43% 90%
Composting 78-95% 100%
Mechanicaleration 75-95% 95%
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FIGURE 1. REED BED SYSTEM FOR SLUDGE TREATMENT
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FIGURE2. IMPROVED ENVIRONMENTAL CONDITIONS WITH REED BED SLUDGE TREATMENT
COMPARED TO MECHANICAL SLUDGE DEWATERING OR DRYING AND INCINERATION
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FIGURE 3 MINERALISATION OF LAS IN THE DIGESTED SLUDGE. CONCENTRATION (MG/KG DS)
AS A FUNCTION OF TIME. A: SLUDGE REED BED. B: CONTAINER AND SLUDGE PILE [1,2,4].
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FIGURE 4 MINERALISATION OF NPE IN DIGESTED SEWAGE SLUDGE. CONCENTRATION
(MG/KG DS) AS A FUNCTION OF TIME WITH TREATMENT IN A: SLUDGE REED BED. B:
CONTAINER AND SLUDGE PILE [1,2,4].
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FIGURE 5 LAS CONCENTRATION (MG/KG/DM) IN THE DIGESTED SLUDGE AS A FUNCTION OF
DEPTH FIGURE 6 CONCENTRATION (MG/KG DS) IN DIGESTED SLUDGE AS A FUNCTION OF
DEPTH A: NPE (TOTAL), B: NP, C: NP1EO AND NP2EO [1,2,4].

FIGURE 7. HELSINGE SLUDGE REED BEDS SYSTEM
(ESTABLISHED IN OCTOBER 1996, DENMARK)
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FIGURE 9. SECTION OF THE SLUDGE RESIDUE SHOWING THE DEPTH OF SLUDGE RESIDUE
AND THE SAMPLING POINTS
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FIGURE 10. SECTION OF THE SLUDGE RESIDUE SHOWING THE DEPTH OF SLUDGE RESIDUE
AND THE SAMPLINGS POINTS (BASIN NO. 8).
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FIGURE 11. SLUDGE RESIDUE. REDUCTION OF SALMONELLA IN
RELATION TO TIME AND DEPTH: 0-10cm
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FIGURE 12. SLUDGE RESIDUE. REDUCTION OF ENTEROCOCCER IN
RELATION TO TIME AND DEPTH: 0-10cm.
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FIGURE 13. SLUDGE RESIDUE. REDUCTION OF E. COLI IN
RELATION TO TIME AND DEPTH: 0-10cm
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