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Abstract

Headloss minimization in slow sand filters is one of the most important considerations for its
longer, efficient and economic runs, especially when used to treat nutrient rich secondary effluent.
Previous studies on pilot filters have shown complications because of the short filter runs that result due
to the uninhibited growth of the schmutzedecke layer. Chlorination of the secondary effluent prior to
slow sand filtration was studied as a solution to this problem. A one-year field study was conducted to
evaluate the effect of pre-chlorination of secondary effluents prior to slow sand filtration on the microbial
removal efficiencies. Percent removal of the six indicators microorganisms by slow sand filters utilizing
prechlorinating doses of 0, 5 and 15 mg/l, evaluated in this study, were 87.8, 98.6 and 99.9% for standard
plate counts, 83.4, 98.2 and 99.9% for total coliforms, 86.0, 98.1 and 99.9% for fecal coliforms, 82.3,
97.5 and 99.9% for fecal streptococci, 78.0, 89.5 and 99.2% for C1. perfringens and 80.1, 91.3 and 99.5%
for coliphages respectively. The corresponding headloss in these filters after 53 days of operation was
59.0, 28.5 and 8.6 inches respectively. Chlorination before slow sand filtration, seems to control the rapid
growth of the schmutzedecke layer to an optimum limit that does not hinder microorganism removal and
also controls the head loss.
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CHAPTER #1

1. INTRODUCTION

Water has always been thought of as a low-cost abundant resource,
but increasing population and standard of living emphasize a need for
augmenting the available water resources. One way of augmenting the water
resources is through water reuse. The potential of wastewater reuse for
potable supply may be far-fetched but there is an increasing trend towards
reuse for agricultural purposes, ground water recnarge, landscape
development, toilet flushing etc. Since human contact with this source of water
is inevitable, there is an inherent danger in that the fecal-oral route is
completed increasing the risk of transmission of water-borne diseases. The
need of the hour is the development of efficient, economic and reliable
processes that will effectively reduce the heaith risk due to water reuse. One

such method is slow sand filtration.

Slow sand filtration has long been recognized as an economic and

reliable treatment process for potable water treatment. Recent studies have



shown that it is equally reliable in the treatment of wastewater [Ellis, 1985;
Farooq et al.,(1993a; Farooq et al.,1993b]. Slow sand filters however have
some inherent disadvantages like rapid headloss build-up, and time variant
removal rates of microbial indicators due to filter ripening and uncontrolled
growth of the schmutzdecke layer. A coordinated effort is required to develop
and modify slow sand filters for its effective performance in the removal of

microorganisms.

Pre-chlorination of the secondary effluent prior to filtration has been
recommended as a measure to reduce headloss, achieve greater viral and
bacterial removals, and reduce the fluctuations in the performance of the slow

sand filter [lves, 1971; Ellis, 1985; Farooq and Imran, 1997a, 1997b).

A KACST funded project, involving a pilot-scale study under field
conditions aimed at investigating the removal of microorganisms by slow sand
filtration of secondary wastewater effluents, was undertaken at the Al-Khobar
Sewage Treatment Plant. The proposed thesis work was conducted with the
operation of the filter in order to generate detailed information about the effect
of pre-chlorination on the performance of siow sand filters in the removal of
indicator microorganisms. The indicator microorganisms studied were,
standard plate count, total coliform, fecal coliform, fecal streptococcus,

Clostridium perfringens, and coliphage.



CHAPTER #2

2. LITERATURE REVIEW

2.1 Slow Sand Filters

In water treatment, slow sand filtration takes first place historically, as it
was developed in the early 19" century for clarifying river waters [Ives, 1971].
Slow sand filtration was initially developed by John Gibb at Paisley in Scotland
in 1804 to obtain pure water for his bleachery. His design was improved by
Robert Thom working at Greenock in 1827 and was later employed by James
Simpson at the Chelsea Water Company in 1829. Slow sand filters were

commissioned at the Gorbel Sanitation and Water Company in 1846.

The Thames Water Authority in London employs slow sand filtration as
the third stage in a four stage treatment process consisting of storage, rapid

sand, slow sand filtration and disinfection [Ellis, 1984]



In the United States slow sand filtration has been effectively used to
serve small communities of fewer than 10,000 persons for more than 50 years
[Collins et al., 1991]. The first municipal slow sand filter in the United States
was built in Poughkeepsie near New York in 1872 [Logsdon and Fox, 1988].
There are about 47 full time slow sand filters with newer ones being installed

frequently [Leland and Damewocd |ll, 1990; Slezak and Sims, 1984].

" Eliis [1984] has made an extensive review of the history, performance,
influence of various physical, chemical and biological parameters, extent of
research etc., on slow sand filters. He concluded that slow sand filters have all
the advantages of being an efficient, economic and reliable water treatment

process.

Bellamy et al. [1985], coAnducted experiments on six parallel pilot slow
sand filters and observed the effect of temperature, sand bed depth, sand
size, disinfection and biological activity on the treatment efficiency of slow
sand filters. The study demonstrated increasing efficiency with increased
temperatures, negligible effect of sand depth, increased efficiency with smaller
sand size and increased microbial removals with greater biological activity.
Bellamy observed that slow sand filters tended to act as black boxes, by
reducing a varied influent microbial number, to within more or less constant

effluent values.

Visscher [1990], studied the design, operation and maintenance of slow

sand filtration and concluded that because of their simplicity, efficiency and



economy, slow sand filters are appropriate means of water treatment for

community water supply in developing countries.

Cleasby et al. [1984] in an extensive study on the relative performance
of slow sand and direct in-line filtration have shown that slow sand fiitration
outperformed in-line filtration on all important criteria including microbial

removals.

Studies conducted by Wheeler et al. [1988], show that under normal
circumstances, most of the activity of slow sand filters with respect to the
removal of bacteria and viruses occur in the uppermost horizons of the filter
where micro-fauna and flora are most abundant. Thus indicating that for
microbial removal, it is in this area that both microbial predation and

adsorption play an important role.

As the interest in siow sand filters is renewed there has been a lot of
research into this area, especially in the developing countries. Much work has
been carried out in assessing the existing slow sand fiters and planning

modifications and alterations for better quality control.

Pioneering work has been carried out at the Asian Institute of
Technology (Thailand), University of Dar-Es-Salaam (Tanzania), University of
Surrey (Peru), University of Loughborough (United Kingdom), King Fahd
University of Petroleum and Minerals (Saudi Arabia), and the University of

Zimbabwe (Zimbabwe).



2.2 Construction of Slow Sand Filters

A slow sand filter consists of a box constructed of reinforced concrete,
ferro-cement and stone or brickwork masonry. The basic components of a

slow sand filter are,

. a supernatant layer of raw water

) a bed of fine sand

. a system of underdrains

o an inlet and outlet structure

° a set of filter regulation and control devices

The supernatant water layer provides a head of water which is
sufficient to drive the raw water through the bed of filter medium, while
creating a detention period of several hours for the raw water. An outlet has to
be provided to serve as an overflow fof the supernatant water and to enable

the removal of scum which may form on the water surface.

Sand is usually selected as the filter medium because it is economical,

inert and durable. Filter sand should be free from clay, soil and organic matter.

The underdrain system providés an unobstructed passage of treated
water and supports the bed of filter medium. Usually it consist of a main and

lateral drain constructed from perforated pipes and covered with a layer of



graded gravel. This layer prevents the filter sand from entering or blocking the

underdrains.

The flow is usually controlled by manibulating the outlet valve of the
slow sand filter. This has to be done regularly to ensure that a constant flow is
maintained in the system. Outlet-controlled flow is more efficient than inlet
controlled flow as this allows a longer retention time for the supernatant water

during the beginning of the filter run, resulting in improved efficiency.

The recommended level for the design criteria of slow sand filters as

given by the IRC manual and the Ten States Standards given in Table 2.1.

Slow sand filter should be operated continuously because this requires
less filter area and ensures a good quality effluent. Intermittent operations in
which the filtration process is stopped at inte_rvals should not be permitted as
an unacceptable breakthrough of bacterial pollutants occurs four to five hours

after filter recommences operation.

2.3- Mechanism of Slow Sand Filtration

In a slow sand filter the water percolates slowly through a porous sand
bed. During this passage the physical and biological quality of the water
improves considerably through a complex of biological, bio-chemical and

physical processes. Table 2.2 gives the typical performance of conventional



Criterion Ten State Standards | IRC Manual
Design Period - 10-15 years
Period of Operation - 24 hr/day
Filtration Rate . 0.08-0.24 m/hr 0.1-0.2 m/hr
(0.03-0.10 gpm/sq ft) (0.04-0.08 gpm/sq ft)
Height of Underdrains - 0.3-0.5m
(Including Gravel)
Height of Supernatent Water - 1m
Number of Filter Bed Units 2 minimum 2 minimum
Filter Bed Depth 0.80 m (30in) | 0.50-0.90 m (18-35 in)
Filter Bed Area - 5-200 m? per Filter
Sand Specification
Effective Size 0.30-0.45 mm 0.15-0.30 mm
Uniformity Coefficient <25 <3-5

Table 2.1: General Design Criteria for Slow Sand Filters




Water Quality Parameter Treatment Performance
Turbidity <1.0 NTU

Coliforms Reduced 1-3 log units
Enteric Viruses Reduced 2-4 log units

Giardia cysts

Total Organic Carbon
Biodegradable Dissolved Organic
Carbon

Trihalomethane Precursors

Reduced 2-4 log units
<15-25 %
<50 %

<25%

Table 2.2: Typical Treatment Performance of Conventional Slow Sand Filters

[Collins et al., 1991]

\0



slow sand filters in removing various pollutant parameters. In a mature sand
bed a thin layer forms on the surface of the bed. This is also called as the
‘'schmutzedecke’ or dirty layer. This filter skin consists of retained organic and
inorganic material and a great variety of biologically active micro-organisms
which break down the organic matter. When after a period the filter skin gets
clogged, the filtration capacity can be restored by cleaning the filter. This
cleaning usually involves scraping off a top few centimeters of the filter bed

[Duncan, 1988].

Huisman [1974], in his document prepared for the World Health
Organization, presented a clear summary of the mode of action of a slow sand
filter. He described the purification that begins while the water is above the
sand. Here larger particles start to settle, smaller ones coalesce, and
planktonic algae photosynthesize. The ‘schmutzedecke’ layer which is slimy
and gelatinous, comprising filamentatous algae, diatoms, and bacteria forms a
major removal mechanism. Large particles of mineral and organic matter,
living and dead algae, parasites, and a proportion of other impurities are left
behind, trapped in the sticky mass, where they are broken down. Below the
thin schmutzedecke, the water passes down through the bulk of the sand,
taking one to two hours to pass through. Some straining takes place since
most particles are smaller than the pores. Consequently, the sand grains
become coated with a sticky layer of organic matter containing

bacteriophages, and some predatory microbes such as protozoa and rotifers.

I0



Organic matter is broken down and converted to cell material, and inoffensive
inorganic materials are carried away in the now mineralized filtrate. This
activity of the filter declines with the depth. Huisman advised against
prechlorination or copper sulfate treatment before slow sand filtration, perhaps
on the grounds that residuals of chlorine or copper could affect the biological
activity in the filter. If the reservoir where the treatment takes place is
reasonably remote from the filters, such toxic residuals however are unlikely to

be significant.

2.4 Modifications to Enhance Slow Sand
Filtration Efficiency

The past few decades have seen renewed interest in slow sand
filtration for purposes other than potable water treatment. This has usually
involved modifications to the conventional slow sand filters. Slow sand filters
commissioned at different locations have varied removal efficiencies because

of the difference in the water quality and the climatic conditions.

A number of modifications have been incorporated to overcome this
variability in filter efficiency. These modifications may include the addition of
pretreatment processes, changes to the design parameters or addition of
chemicals or oxidants to enhance filter performance. Table 2.3 gives the

modifications required for some of the recurrent problems in slow sand filters.
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Concern Modification

Increase raw water acceptability | Roughening filter, filter mats, settling,
preozonation, prechlorination

Minimise filter-schmutzedecke Filter mats, filter~-schmutzedecke harrowing,
cleaning, downtimes and ripening | preozonation, prechlorination

periods

Increased microbial removals Preozonation, prechlorination

Table 2.3: Modifications to Enhance Treatment Performance of Slow Sand
Filters Treating Secondary Effluents
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Montiel et al., [1988, 1989] have identified the different problems of
filtration as related to the low turbidity removals, difficuity in the removal of
certain inorganic and organic micro-pollutants, and excessive proliferation of
algae in summer. The proposed modification alternatives included storage of
raw water for 15 days, micro-straining, roughening filters, coagulation or pre-

ozonation prior to filtration. -

Wegelin [1988] has studied the potential of using horizontal roughening
filters as a prétreatment process. This process removed most microorganisms
in the size range of 0.5 to 60 um, after 30 days of filter operations. But the
water quality within the first three days of filter operation was not comparable

as most of the microorganisms passed through the roughening filter.

Ives and Rajapakse [1988], evaluated the use of pebble matrix filtration
to reduce suspended solids in high turbidity waters. The pebble matrix filter
consisted of a deep layer of pebbles, approximately 50mm in size, filled in
between with sand less than 1 mm in size. This filter was reported to remove

solids from values upto 5000mg/! to below 25 mg/l.

Greaves et al. [1988], have studied the potential of ozonation and
subsequent slow sand filtration for the treatment of colored waters. The pilot
plant investigation, revealed that preozonation achieved significant reduction
in -color, though the turbidity was not significantly reduced. Another
observation in this study was the progressive rather than exponential

development of headloss that gave extended runs.



14

Barrett and Silverstein [1988], studied the effects of high carbon
loadings and high coliform counts in the influent on the performance of slow
sand filters under tropical conditions. This bench scale study was conducted
utilizing a 6 ppm glucose feed water at a temperature of 25 °C spiked with
high densities of coliform bacteria. The results show a 80% reduction in the
coliform counts. It was noted that due to the high influent numbers of coliforms

the resultant effluent could not meet the safety standards.

Schellart [1988], explored the benefits of covered slow sand filtration.
His observation revealed longer runs, less likelihood of fecal contamination by

birds and filter animals, and a reduction in algal proliferation.

Baumann et al. [lves, 1971] reported favorably using residual chiorine
doses averaging 8.8 mg/i, but it appeared that this oxidized the organic and

living matter on the sand surface.

2.5 Indicator Microorganisms

The actual enumeration of pathogenic microorganisms that are present
in the wastewater effluents is untenable due to the practical difficulties
involved in their culture and handling. Their numbers in wastewater effluents
are very low making their enumeration a time-consuming and complicated

process. Therefore to avoid the health risks posed by the handling of
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microorganisms and to provide a reasonable estimate of their numbers,

indicator microorganisms are used.

The indicator microorganisms can be termed as a specific or group of
organisms that are similar in their survival characteristics as the pathogen and
. are present in sufficiently large numbers to facilitate their enumeration. The

main requirements of an indicator however is that it should have a high
'positive correlation with the pathogen under study, and at all stages in its
growth and decay it should maintain this correlation. Other requirements
include ease of enumeration and non-pathogenecity. It is however interesting
to note that due to the differences in the pathogen types, their modes of
infection and their infective dose, it is difficult to obtain a universal indicator for
all pathogens. The need becomes greater in the microbial characterization of
wastewater treatment processes, because of the variabi!ity of incoming

pathogens and their numbers.

Therefore it has been suggested by Berg that the best indicator of any
pathogen is the pathogen itself. But this again is not possible due to the
reasons mentioned above. The best indicator is the one whose densities
correlate best with the health hazards associated with the given class of
pollution source. The potential indicators must be screened with the following

test before being used for correlation,

o must be consistently and exclusively associated with the source of the

pathogens



. must be present in sufficient numbers to provide an accurate density
estimate whenever the numbers of pathogens are such that the risk of

illness is unacceptable

. should be as resistant to disinfection and environmental stresses,
including toxic material, as the most resistant pathogen that may be

present at significant levels in the source

o must be quantifiable by reasonably facile and inexpensive methods and

with considerable accuracy, precision and specificity.

However a group of indicator microorganisms that are indicative of a
wide range of the most common pathogens can be employed. The studies
that found that the presence of pathogens in waters free from indicator
organisms, strongly establish the fact that a single indicator is not a reliable

mechanism of pathogen evaluation.

Therefore it has been suggested that for the complete microbial
evaluation of the treatment facilities a group of indicators, of different type, be

used [Berg, 1973].

2.5.1 Standard Plate Count

Standard Plate Counts provide an estimate of the density of aerobic

and facultative aerobic heterotrophic bacteria in water. These are measured
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as colony forming units/ml on Standard Methods Agar plate after 48 hr. in
incubator at 35 °C as described in Standard Methods. Facilitates the collection
of reliable data for water quality control measurements, especially for

comparative and legal purposes.

2.5.2 Total Coliform

The total coliform group includes a broad spectrum of aerobic and
facultative anaerobic, gram-negative, nonspore-forming bacilli that ferment
lactose and produce gas within 48 hours at 35 °C. Some strains are widely
distributed and are not specific to fecal material. Aerobacter aerogenes and E.
cloacae are frequently found on various types of vegetation, in soil and in
waters polluted some time in the past. Another coliform subgroup comprises

of plant pathogens and other organisms of unknown taxonomy.

All these subgroups may however be found in sewage and polluted
waters. Total coliforms have long been recognized as suitable microbiological
indicators of water quality largely because they are easy to detect and
quantify. It is estimated that the each person discharges an average of
1.95x10° coliforms per day. Field data from the Missouri river has indicated
the virus to coliform ratio in surface waters to be 500000:1. This implies that
for a 99.99% removal of viruses like hepatitis A, the corresponding coliform

removals should be in the range of 99.9999%. However many field



investigations in polluted waters have revealed situations where total coliform
measurements cannot always be equated to the input of fecal wastes. In
" these instances, the nutrients present in raw sewage discharges can
contribute biodegradable products that support the regrowth of some strains,
thereby increasing the coliform to virus ratio. Some strains of coliforms are
found in the natural environment and are not specific to fecal pollution. This
factor combined with others makes it difficult to utilize total coliform as a

realistic indicator of fecal pollution.

2.5.3 Fecal Coliform

Fecal coliforms is a subgroup of the total coliform population, which
corresponds more closely to the fecal contamination from warm blooded
animals. In polluted waters, fecal coliform measurements relate more
precisely to fecal contamination and are significantly less susceptible to bias

caused by the regrowth characteristics of non-fecal coliforms.

About 93-98% of the total coliform group comprises of the fecal
coliforms. However under excessive nutrient environments fecal coliforms too
show a marked regrowth in polluted waters. Data analyzed from numerous
polluted streams indicates that fecal coliforms do not survive in waters with a
BOD of less than 30 mg/l. Enterovirus to fecal coliform ratio in sewage

discharge is calculated at 1:100000.
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2.5.4 Fecal Streptococcus

The occurrence of fecal streptococci in waters generally indicates fecal
pollution. Aithough fecal streptococci rarely multiply in polluted waters, they
may persist for extended periods in waters with a high electrolyte content and
favorable temperatures. fecal streptococcus group includes a wide spectrum
of strains that have specific fecal origins and diverse survival rates. The
densities of this indicator group in polluted waters approach the magnitude
observed for coliforms, or at times exceed it by a factor of 10, depending on
the source of fecal pollution. The density difference between fecal coliforms
and fecal streptococci in fecal material is a unique relationship that can be
useful in defining sources of pollution. The fecal coliform to fecal

streptococcus ratios in human feces and domestic wastes is greater than 4.0.
The advantages of fecal streptococci as pollution indicators arise from,

o Their occurrence in relatively high numbers in the excreta of humans

and other warm-blooded animals
° Their presence in wastewaters and known poliuted waters

o their absence from pure waters and environments having no contact

with human and animal life

. Their persistence without multiplication outside the host body



. Their generally greater resistance to toxic chemical pollutants in certain

waters

2.5.5 Clostridium perfringens

Clostridium perfringens is used as a supplemental indicator, in addition
to routine microbial examinations of water and wastewaters. It is an obligate
anaerobe belonging to the sulfite-reducing spore forming group. Clostridium
perfringens is a spore former and since such organisms can generally persist
longer in water than non-spore forming bacteria such as coliforms, it has been
suggested that this anaerobe might be useful as an indicator of past pollution.
This is usually done by comparing the Clostridium perfringens spores in a
given sample with the unstressed recent vegetative cells. The vegetative cells
are expected to predominate in the raw sewage. Spore development becomes
responsive to the degree of sewage treatment, time and distance downstream
from the point of discharge. Since bacterial spores are very resistant,
Clostridium perfringens may also be used as an indicator of fecal pollution in
waters receiving toxic industrial wastes that rapidly destroy other bacterial
indicators. The methodology for the enumeration and detection of Clostridium
perfringens is not complicated as it can tolerate upto 5% oxygen without
significant loss of quantitative récovery. Where a rigorous test of sewage

treatment is desired, including sewage control, a limit on Clostridium



perfringens densities in the discharge can prove more meaningful than the

traditional coliform standards [Cabelli, 1978].

2.5.6 Coliphages

The somatic coliphages comprises of all tailed and cubic
bacteriophages capable of infecting a wide range E. coli host strain by
adsorption to receptors in the cell envelope. The somatic coliphage counts
thus obtained may be more or less compared to coliphage counts reported in

other literature [Havelaar and Nieuwstad, 1985].

Kott et al. [1973], reported that the ratio of human enteric viruses to
coliphages was 1:10* in winter, summer and fall and 1:10° in spring. The
results of this study showed that coliphages were not inactivated by a chlorine
dose of 20 mg/l. The need for more information on the inactivation of

coliphages was stressed.

Slade [1981], studied the occurrence, survival and pathogenic potential
of viruses in sewage. He concludes that though it is highly unlikely, almost any
virus could get into wastewater and survive treatment with unknown
epidemiological consequences and stresses the need for studies that will help

in the design and installation of appropriate treatment processes.

Gerba et al, [1980), Glass and O’'Brien [1980] and Gerba [1981],

summarized the virus removalfinactivation in various wastewater treatment
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processes that have been reported by various researchers. He had reported
the enterovirus removal by slow sand filtration in the range of 10-90%, and

recommends it as a tertiary treatment process for wastewater treatment.

The mechanisms of virus removal by various disinfection processes
were studied by Mills [1975], Malina [1976] and Butler [1981]. They regarded
conventional wastewater treatment processes as highly inefficient and
stressed the need for tertiary treatment and disinfection as a means of a more
comprehensive virus removal. Butler [1981], points out to the fact that
treatment processes like slow sand filtration, although giving high virus

removals defer the problem of virus disinfection to the sludge treatment.

After studying the distribution of various pathogens with reference to
the presence of indicator organisms, Geldreich [1978] has concluded that the
prerequisites for the ideal indicator for fecal contamination in water has
restricted the probable candidates to total coliforms, fecal coliforms, fecal

streptococci, and Clostridium perfringens.

Scarpino [1978], has concluded that the indigenous coliphages might
be useful for evaluating the performances of wastewater treatment plants in
removing animal viruses. And since the bacteriophages (primarily the
coliphages) provide a sensitive, convenient, economic and reliable index of
water contamination by enteric viruses and bacteria, they have been proposed

as an indirect measure of enteric virus presence in water and wastewater.



In an epidemiological study aimed at evaluating the drinking water
related health risks, Sobsey et al. [1993], have evaluated the conceptual
framework of identifying the health risks related to microbial presence in
drinking waters. The conceptual framework consisted of hazard identification,
exposure assessment, effects assessment, risk assessment and
characterization and risk management. The same conceptual framework can

be applied effectively to water reuse [Asano and Sakaiji, 1990].

In a study of the chlorination experiments on f2 and MS, coliphages,
attenuated with Polio | strain, Kott ef al. [1974], have reported that the
coliphages were more resistant than the attenuated Polio | virus. This study
establishes that bacteriophages, particularly coliphages can serve as viral

pollution indicators in wastewater treatment.

A study conducted by Borrega ef al. [1987] to test the feasibility of E.
coli specific bacteriophages as universal fecal pollution indicafors has
indicated that coliphages are good indicators of the presence of pathogenic
micro-organisms. It is claimed that coliphages performed better as indicators

of fecal pollution than the classical indicator systems currently employed.



2.6 Removal of Indicator Micro-organisms
Through Slow Sand Filtration

In a review of the removal of microbial indicators and viruses in slow
sand filters Wheeler et al. [1988], have summarized the mechanisms and of
removal and the extent of research into the microbial performance of slow
sand filters. According to this review a the impacts of a number of water
treatment processes were studied by Kool [1979]. Kool reported that slow
sand filtration was capable of reducing the virus and enterovirus by 1-2 log

units.

According to a review by Lloyd and Morris [1982], slow sand filtration
was substantially more efficient than rapid sand filtration. Their studies
achieved a poliovirus 1 reduction of 95-100% and a MS2 coliphage reduction

by 99.75-99.996%.

Detailed work was conducted by Poynter and Slade [1977], over a
period of years using perspex slow sand filter columns of surface area 0.09
m2 At flow rates of 0.2-0.5 m/hr and water temperatures of 5-18 °C,
reductions in bacteria and viruses were reported as follows: poliovirus 1:
98.25-99.99%, E. coli: 88.0-98.6%, and fecal (thermotolerant) fraction: 94.5-
98.4%. Observations made during this study revealed that the virus removal is
a biologically related phenomena with microbial predation and adsorption to

biomass having the greatest contribution in the topmost schmutzedecke layer.
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Another result based on the experiments conducted by McConnell et
al. [1984], has found no significant difference between aged slow sand filters
with and without an active viable schmutzedecke. Thus it was concluded that
biological activity within the sand horizons was not primarily responsible for
elimination of viruses. These results were not in agreement with the
observations made by Poynter and Slade [1977]. It was concluded that
although their relative importance may vary, adsorption to biological and non-

biological surfaces plays an important role throughout the depth of the filter.

Results of work conducted by Wheeler et al. [1988], reveal a fecal
streptococcus removal of 88% at a sand depth of 100 mm, 96% at depths of

200 mm, and 98% at depth of 500 mm.

The thermotolerant plate count removals were 74% at a depth of 500
mm, whereas the plate count removals were 85% at the same depth. An

average bacteriophage removal of around 99.6% was observed.

Ellis [1985], conducted studies on bench scale slow sand filters. He
observed that the slow sand filters gave consistent coliform removals greater
than 95%. On the basis of his studies he recommended slow sand filters as a

tertiary treatment process for municipal sewage.

Bellamy ef al., [1985], conducted studies on six pilot plants in which the
process variables were varied. One run involved the chlorination of the
schmutzedecke layer by maintaining a chlorine residual of 5 mg/l in the

supernatant water. These studies showed reduced coliform and standard



plate count removals due to prechiorination as compared to the control filters.
Bellamy explained this as a result of fairly constant effluent for varied influent
quality.

Goldgrabe et al., [1993], studied the development of headloss and
particle removal in sand filters and granular activated carbon (GAC) filters.
The effect of prechlorination was studied on the removal of total particle
counts and the run length. It was found that prechlorinated filters gave 0.4-0.5
log better net removal than the nonchlorinated filters. Further it was observed
that prechlorinated filters gave longer run times compared to chlorinated

filters.

LeChevallier et al.,[1992], examined the application of biological
treatment strategies for the current problems in water treatment. He reports
that the application of free chlorine to biologically active GAC filters does not
inhibit assimilable organic carbon (AOC) removals and that prechlorination
resulted in significantly lower effluent AOC than preozonation. This study

established the need for predisinfection in biologically active filters.

2.7 Slow Sand Filtration as Tertiary Treatment
Process for Wastewater

The use of slow sand filters for treatment of secondary effluents is a

recent concept that was examined and explored by Ellis [1985] in the mid
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80’s. Ellis found that results of previoué studies on the viability of slow sand
filtration as a tertiary treatment process gave a conservative picture of the
treatment efficiency of slow sand filters. Studies using a slow sand filtration
unit of 140 mm diameter perspex cylinder, 2.65m in height and 950mm sand
depth of fine sand was used. The sand size was initially 0.3mm and later
changed to 0.6mm. At treatment rates of 3.5 md™" and 7.5 d"' the slow sand
filter was able to remove at least 90% of suspended solids, more than 65% of

the remaining BOD and over 95% of the coliforms.

A comprehensive study on the effect of sand sizes and filter depths on
the treatment efficiency of slow sand filters was conducted by Farooq et al.
[1993a, 1993b]. The filter depths investigated were 135, 105, 55 cm and two
sand sizes of 0.31 and 0.56 mm effective size. It was found that the removals
of BOD, COD, standard plate counts, nitrate, phosphate, and sulfate vary from
79-92%, 40-60%, 88-93%, 17-30%, 8.3-84% and 5-10% respectively at
various sand depths for two different sizes of sand. They concluded that the
percent removals of different parameters investigated in the study decreased
by decreasing the sand depth and/or by increasing the sand size. Therefore, it
was suggested that sand of coarser size with deeper bed be used in contrast

to finer sand of shallow bed in order to get desired efficiency.

A research project funded by King Abdul-Aziz City for Science and
Technology (Riyadh) entitled “Tertiary Treatment of Wastewater Effluents with

Slow Sand Filtration for Removal of Viruses”, was conducted at the
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Department of Civil Engineering, King Fahd University of Petroleum and
Minerals (Dhahran). Some of the pertinent recommendations of this project
were to use slow sand filter as a effluent polishing technique due to its

observed efficiency in microbial removals.

Another recommendation of this study was the use of prechlorination of
the secondary effluents as a means of reducing headloss and thereby

achieving extended filter runs [Farooq and Nakhla, 1996].

2.8 Problems Associated with Slow Sand Filter
as a Tertiary Treatment Process

There is a fundamental difference in the approach towards slow sand
fiters as a potable water treatment process and as a tertiary treatment
process for wastewater. Though the mode of treatment remains essentially
the same in both the processes, the differences arise due to the quality of

water to be treated.

The influents to the potable water treatment are essentially low in
microbial populations and have very little nutrients to nourish the
microorganisms. This results in a fragile filter ecology. Any disturbance in this
ecology is bound to reflect in the reduced efficiency of slow sand filters. In
potable water treatmgnt the main aim is to develop the schmutzedecke layer

so as to achieve greater filter efficiency. Therefore any chemical additive that
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interferes with the development of the schmutzedecke is treated with caution
[Ellis, 1985]. Therefore the nourishment of the schmutzedecke layer becomes

the primary objective for a potable water treatment utility.

Slow sand filters which treat the secondary effluents on the other hand,
have influent rich in nutrients and microbial populations. There is also the
added factor of suspended solids and turbidity that tends to accelerate the
development of the schmutzedecke layer. This is reflected in the increased
headloss in the filters, resulting in shorter filter runs. Algal proliferation of the
filter beds is also a common problem encountered during the warmer season.
The growth of algae in the filter gives rise to odor problems in the treated
water along the choking of the filter bed leading to a drastic increase in
headloss. Therefore the primary objective for the slow sand filter treating
secondary wastewater effluents is to control the growth of the schmutzedecke
layer. This has been achieved in a number of ways ranging from pre-filtration
in roughening filters, covered slow sand filtration, pre-settling etc., Recent
years have seen an increasing trend towards the use of pre-disinfection of the
influent water to achieve more uniform treatment rates and to control the
development of headloss [LeChevallier et al.,1 892; Goldgrabe et al.,1993;

Farooq and Imran,1997a, 1997b].

The development of headloss provides a useful indication of the health
of the slow sand filter. An ideal case would be a static headloss at an optimum

value. A rapid increase in headloss indicates the uncontrolled growth of the
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schmutzedecke layer or an algal proliferation. A decrease in headloss, may
mean scouring of the schmutzedecke or oxidation of filter bed. An optimum
case would be a slow increase in headloss as this would result in longer filter
runs and reduce the variability in the filtration efficiency. Tﬁe headloss curve
as obtained in bench scale studies approximates to an exponential curve. But
pilot plant studies show a marked deviation from the exponential curve as the

headloss is sensitive to changes in the influent turbidity and suspended solids.

2.9 Chlorine as a Disinfectant

Of the halogen disinfectants, chlorine has a long history as a
successful disinfectant. Chiorine is a strong electrophilic oxidizing agent which
can react with nucleic acids as well as proteins. The mechanism of its action
in killing or inactivaﬁng microorganisms depends on several variables. The
rate of diffusion into the cell and reaction with the cell components are
important variables and depend on the physiological condition of an organism,
the concentration and nature of the active chlorine, pH and temperature.
Hypochlorous acid HOC! and Cl,, the most active forms, can easily pass
through cell membranes due to their small molecular size and electrical
neutrality. In general descending order of disinfecting activity, the forms of
active chlorine are chlorine gas, HOCI, OCI, dichloramine, monochloramine

and organic chloramines. The existing concentrations of these species are
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functions of pH and the concentration of ammonia containing compounds in
the water. Organic chloramines and other organic chlorine containing reaction
" products have little or no microbial effect. Although inorganic chloramines 'are
somewhat active against bacteria, they are relatively ineffective in virus

inactivation.

This difference in the chlorine inactivation between bacteria and viruses
may be explained by considering the possible mechanisms of inactivation.
Bacterial respiration is believed to take place on the cell surface, with simple
sugars and allied compounds on the outside of the cell wall and enzymes, co-
enzymes and H-carriers on the inside. With these highly active systems
present close to the cell wall, biocidal agents can react with H-carriers and co-
enzymes, causing disruption of the respiratory process. Early studies involving
chlorine reactions inside the cells suggested that bactericidal action resulted
from inhibition of various sulthydryl enzymes and other enzymes sensitive to
oxidation. In studies with E. coli, inhibition of glucose oxidation was observed
to parallel the percentage of bacteria killed. It was concluded that cell death .
resulted from inhibition of adolase and triosephosphate dehydrogenase, which
are enzymes associated with glucose metabolism. Suppression of glutamate
decaroxylase activity by chlorine was noted. More recently, chlorine has been
found to affect infectious viral RNA and DNA as well as other protein
components. Depending on the conditions of chlorination, protein reactions

besides oxidation of sulhydryl groups may occur, including substitution on the
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tyrosine and histidine rings, oxidation of tryptophan, and under strong acid
conditions, cleavage of peptides. The greater resistance of certain enteric
viruses to free chlorine over that of enteric viruses has been ascribed to the

lack of enzymes and other sensitive systems associated with viruses.

Data on inactivation of viruses by heat and some chemical agents
indicate that the inactivation involves denaturation of their protein capsids,
with the nucleic acid core remaining unaffected. This inactivation may not
necessarily insure complete destruction of the virus, because the nucleic acid
is still infectious. Denaturation of nucleic material is more difficult to achieve
than destruction of the sulfhydryl and H-carriers by oxidizing agents. The
greater resistance of viruses to chlorine and other chemical agents may also
be a function of target size, since bacteria are much larger than viruses and

thus contain more critical size that is sensitive to oxidizing agents.

When chlorine is dissolved in water it hydrolyses to form

hypohalous acids,
Cl, + H,0 & HOCI + CI +H*
and the acid ionizes to form the hypohalite ion.
HOCl & OCI" + H*

Hydrolysis and ionization are pH, temperature and concentration
dependent. The hypohalous acid is the most active molecule. At low pH the

chlorine molecule is predominant whereas above pH 9 the hypochlorite ion is
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present. Chlorine functions best against viruses at about pH 6 when optimum

levels of the acids are formed (the pH of many effluents is about 8).

The disinfection potential of chlorine against viruses has been
demonstrated by various experimental model systems as well as in the field.
Viruses range in their sensitivity, for instance a laboratory strain of coxsackie
virus was the most resistant enterovirus tested. And some other enteroviruses
like reovirus were more susceptible than any of the tested entero virus. Fresh
isolates of the entero virus appear more resistant than laboratory adapted
strains. Certain viruses may have resistance selectively induced bf/ cultivation
in the presence of chiorine. This observation raised objections to the
inadequate chlorination because of the possibility that such resistant viruses
may when released in the effluent ultimately replicate in susceptible people.
The need for thorough mixing of disinfectant to ensure optimal activity is
stressed especially when virus is adsorbed to particulate matter by which it is
protected so that the design of an efficient chlorinating systems becomes
important. Chlorine has some remarkably useful characteristics especially in
water with slightly nitrogenous contamination when it forms stable, persistent

and disinfecting mono, di and tri-chloramines.
HOCI + NH; & NH,CI + H,0
HOCI + NH, & NHCI, + H,0

HOCI + NHCI, & NCI; + H,0



These reactions are concentration dependent such that, when the ratio
of chlorine to ammonia is greater than 20:1, free chlorine is again available for
hydrolysis. This phenomenon is known as break-point chlorination. The mono

and di-chloramines decompose to release nitrogen.

2 NHCI, + HOCl ——————> N, + 3 HCI + H,0

2 NHCI, >N, +2 HCI + Cl,
These are however less active against viruses than bacteria.

Sobsey et al. [1991] found that cell associatéd enteric viruses were
more resistant to chlorination than the dispersed viruses. The results of
experiments on the inactivation of dispersed and cell aésociated hepatitis A
virus by a chlorine dose of 0.5 mg/l at a pH of 6.5 clearly indicate that cell

associated HAV is ten fold more resistant than dispersed HAV.

Havelaar and Nieuwstad [1985] in a study on bacteriophages and fecal
bacteria as indicators of chlorination efficiency has noted that the reduction of
bacteriophages was not related to chlorine residual but instead to chlorine
dose. The study established that to achieve a 3 log unit kill of bacteriophages

a chiorine dose of 16 mg/l is necessary.

The fecal streptococci were found to be more resistant to chlorination
than thermotolerant coliforms. The inactivation potential of fecal streptococci
was found to be in between the coliforms and bacteriophages. Chlorine doses

upto 5 mg/l did not reduce the Clostridia significantly.
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2.10 Chiorination of Secondary Effluents Prior to
Slow Sand Filtration

With increasing volumes of treated waste water being targeted for
reuse there is a need to develop reliable methods to mitigate the health safety
risk caused by bacterial and viral infection. There is an increased risk in
allowing partially treated water for reuse, as this will lead to the re-circulation
of pathogens and thereby creating more resistant strains. Thus making it
imperative for a total and comprehensive microbial removal in wastewater
treatment so that pathogens do not survive. Modifications and additions to
existing treatment works for the complete removal of pathogens are the order
of the day. Slow sand filters have long been plagued with uncontrollable
headloss due to rapid build up of the schmutzdecke layer, thereby fluctuating
the microbial removal rates. Pre-chlorination has been suggested as a way of

solving this problem.

Ives [1971], points out the difficulties in water treatment by slow sand
filtration such as the intermittent draining down of the filter during its run to
slow down algal blooms on the schmutzedecke, overdevelopment of the
blanket weed (Cladophora) on the surf?ce, the growth of certain organisms
like Nais worm in the underdrains and production of hydrogen sulfide due to
warm weather anaerobiosis in the sand layers which reduced sulfates in the
water. Prechlorination ranks among the various modifications that Ives

suggests for the improvement of slow sand filters.
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Based on the results of a one year study on pilot slow sand filters,
Farooq and Imran [1997a,1997b], have recommended the use of
prechiorination of secondary effluents prior to slow sand filtration. The
microbial removals in the prechiorinated filters were found to be better and
more consistent than the nonchiorinated slow sand filters. The run length of
the chlorinated filter was greater than 100 days compared to 48 days for the

nonchlorinated filters.



CHAPTER #3

3. OBJECTIVES OF THE STUDY

The objeetives of this study are to investigate and monitor the removal
of bacterial and viral indicator microorganisms through slow sand filters under
two different prechlorination doses on a pilot plant under field conditions. To
get a clearer picture of the microbial removals due to the different treatment
levels namely, chlorination, control slow sand filtration and test filtration that
incorporates the combined effects of chiorination and subsequent filtration
were studied. Six different microbial parameters were selected because they
are widely recommended as indicators of pathogens in waters and
wastewater. These are standard plate counts, total coliforms, fecal coliforms,

fecal streptococcus, Clostridium perfringens, and coliphages.
The specific objectives can be summarized as:

1. To determine the removal of bacterial and viral indicator

microorganisms by slow sand filtration of secondary effluents.
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2. To determine the removal of bacterial and viral indicator

microorganisms at two chlorine dosages of 5 mg/l and 15 mgll.

3. To determine the removal of bacterial and viral indicator
microorganisms due to chlorination and subsequent slow sand filtration

of the secondary wastewater effluents.

4. To compare the effect of prechlorination on the removal efficiency of

indicator microorganisms in slow sand filters.

5. To examine the effect of prechlorination on the headloss development

in slow sand filters

To examine the effect of chlorination on the microbial removal
efficiencies in the slow sand filters it was decided to use two chlorine dosages.
A conservative dose of 5mg/l was applied in the first phase and a higher dose
of 15 mg/l was utilized in the second phase. These doses were selected on
the basis of those found in literature for nutrient rich and high coliform surface
waters. Table 3.1 gives the prechlorination dosages in various research

studies for the control of headloss.
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Table 3.1: Recommended Prechlorination Dosages for the Control of
Microorganisms and Headloss

Studied By Chlorine Observations
Dose

Farooq and Imran 5.0& 15.0 mg/l  |Improved filter runs and
(1997) microbial removals
Goldgrabe et al 3.25 mg/l Decreased headloss, increased
(1991) TPC removal by 0.5 log units
Lechevallier et al 5.0 mg/l Increase the efficiency of
(1990) biologically active rapid filters
Ellis (1985) 0.2-1.0 mg/l Prevent algal blooms
Ives (1977) 8.8 mg/l Improved filter runs, better

microbial removals




CHAPTER #4

4. MATERIALS AND METHODS

4.1 Experimental Setup

Two modular slow sand filters, one settling tank and one chlorination
tank were constructed in the ﬁeldv at the Al-Khobar Sewage Treatment Plant.
These were constructed on a 15m x 15m plot bordered in the east by the
secondary clarifiers to facilitate the conveyance of unchlorinated secondary
effluent to the settling tank. The layout of the pilot slow sand filters at the

treatment plant is given in Fig 4.1.Their schematic layout is shown in Fig 4.2.
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Fig 4.1: Layout of Pilot Slow Sand Filter Plant at the Al-Khobar Sewage
Treatment Plant




Fig 4.2: Schematic Layout of Pilot Slow Sand Filter Plant



4.2 Al-Khobar Sewage Treatment Plant

The Al-Khobar sewage treatment plant is located in the Eastern
Province of Saudi Arabia, approximately 3 km from the city of Al-Khobar. The
Plant is designed to handle a daily flow of 133,330 m®. The basic process
used for the treatment of the sewage is the activated sludge process. The
principal components of the plant are an inlet structure with screening, grit
removal and flow measurement, carousel type aeration tanks, final clarifiers,
sludge re-circulation pumping stations, effluent storage lagoons, chlorination
facility, sludge thickeners, thickened sludge pumping station, and sludge

drying beds.

After the final clarification the treated effluent is disinfected with
chlorine and discharged to the Arabian Guif. Table 4.1 gives some typical
characteristics of unchlorinated secondary effluent from the Al-Khobar sewage

treatment plant.

4.2.1 Slow Sand Filter Units

Each modular slow sand filter unit consists of a 4 m deep, 2 m internal
diameter cylindrical filter box placed 1-1.5 m into the ground. The filter units
were constructed of reinforced concrete. ‘A 15 cm circular weir was

constructed on the inside of the filter top, to minimize disturbance of the



Parameter Minimum Maximum | Average
Temperature °C 10.0 39.0 28.2
Conductivity pumhos/cm 2800 3600 3447
pH 7.3 7.7 7.5
Alkalinity mg/l as CaCO, 95 160 125
DO mg/l 5.0 71 6.0
Turbidity NTU 0.20 0.95 0.70
BOD mg/l 2.80 6.10 478
COD mg/l 32.0 57.6 41.04
TOC mgh 11.7 16.8 14.1
Suspended Solids mg/l 8.0 88.4 14.7
TKN mg/l 0 6.16 3.20
Organic-N mg/l 0 6.16 2.70
NO, mg/l 0.05 1.30 0.38
NO, mg/l 0 1.15 0.56
Total-PO, mg/I 0 1.98 1.18
Ortho-PO, mg/I 0 1.55 0.63
Chlorides mg/l 424 1119 713
Sulphates mg/l 227 590 285
Total Coliform MPN/100m! | 3100 1700000 369000
Fecal Coliform MPN/100m! | O 940000 1563000
Standard Plate Count /mi 3200 820000 238000
Coliphage PFU/100ml 100 6200 577
Lead mg/l 0.001 0.132 0.043
Cadmium mg/l 0.004 0.170 0.070
Zinc mg/l 0.193 0.500 0.28
Iron mgl/l 0.12 0.30 0.20
Copper mg/l 0.006 0.100 0.056
Nickel mg/l 0.005 0.100 0.034

Table 4.1: Characteristics of Unchiorinated Secondary Effluent from Al-Khobar
Sewage Treatment Plant



supernatant water and subsequent erosion of the schmutzedecke layer by the
feed. Each filter was also equipped with an overflow pipe at the top. Three
manometers were installed at a depth of 2.23, 2.64 and 3.56 m to measure
variations in the head loss. The headloss in both the test and control filters
were measured daily. A sand layer of size 0.5 mm with a uniformity coefficient
of 1.6 and a depth of 1 m was placed on a gravel media. Several layers of
supporting gravel media with size ranging from 2.5 at the bottom to 0.125" at
the interface with the sand ensured that the sand did not clog the underdrain.
The outlet for the collection of filter effluents is provided in level with the sand
in the filter to prevent negative pressure build-up. Each filter module was
equipped with a 1 hp, 60 Hz, single phase pump with corrosion resistant
plastic impellers. The hydraulic loading to the filters was constantly adjusted to
around 2.3 m/d using the outflow valves at the outlet of each filter. The cross
sectional view of a pilot slow sand filter is given in Fig. 4.2. The settling tank is
a cylindrical structure designed to hold the secondary effluent for an average

retention time of about 4 hr. it is 4 m deep with an internal diameter of 2 m.

The secondary effluents from the treatment plant are first pumped into
the settling tank. The settled secondary effluent is then divided into two
streams. One stream goes to the control filter and the other is chlorinated in
the chlorination tank, before being introduced into the test filter. Both the filters
and the tanks have outlets through which the treated samples are collected.

The design parameters for the pilot slow sand filters are given in Table 4.2.
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Criterion

Design Period

Period of Operation 24 hr
Filtration Rate 0.2 m/hr
Height of Underdrains
(Including Gravel) 0.7m
Height of Supemnatent Water 1.0m
Number of Filter Bed Units 2 Units
Filter Bed Depth 1.0m
Filter Bed Area 3.14m?
Sand Specification
Effective Size 0.5 mm
Uniformity Coefficient 1.6

Table 4.2:Design Parameters for Pilot Slow Sand Filters
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4.3 Materials And Methods

’

4.3.1 Sample Collection

The samples for the microbial analysis were collected from the settled
secondary effluent, chlorination tank outlet, and the outlets from the test and
control filters respectively. The sampling points for the various microbial
parameters are shown in Fig 4.1 along with the notations used for denoting
their numbers. The method of collection of samples was as outlined in the
Standard Methods for the Examination of Water and Wastewatér. Microbial
analysis of chlorinated and unchlorinated secondary effluents includes the
detection and enumeration of standard plate counts, total coliforms, fecal
coliforms, fecal streptococcus, Clostridium perfringens, and coliphages. The
microbial parameters, the methods of detection and enumeration and the

culture media utilized are summarized in Table 4.3.

4.3.2 Analysis of Samples

The detection and enumeration of standard plate counts, total
coliforms, fecal coliforms, fecal streptococci and coliphages were as

recommended by Standard Methods for the Examination of Water and



Microbial Method of Detection Culture Media

Parameter . and Enumeration

Standard Plate | Pour plate technique Standard Method

Counts Agar

Total Coliforms MPN method Lactose broth and
BGB broth

Fecal Coliforms MPN method EC broth

Fecal MPN method Azide Dextrose

Streptococcus Broth

Clostridium Membrane filter Enriched

perfringens technique Clostridial Agar

Coliphages Plaque forming units in a | Tryptic Soy Agar,

lawn of E. coli host cells | Tryptic Soy Broth,

and Modified
Tryptic Soy Agar.

Table 4.3: Detection and Enumeration Techniques and Culture Media to be

Used.
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Wastewater. Clostridium perfringens was enumerated by the process outlined
by the International Standards Organization for the Examination of Drinking
Water. The analysis for all the parameters was carried out weekly to monitor

the removal of the microbial indicator organisms and filter efficiency.

The removal efficiencies of microbial parameters was found out for the
three different levels of treatment, namely., slow sand filtration alone,
chlorination alone and the combined removals due to chlorination and
subsequent slow sand filtration. The percent removals for the different

schemes were calculated as explained in the Resuits and Discussions.

4.3.3 Headloss Measurements

Headloss readings were taken daily at three manometers installed at
depths of 2.23, 2.64 and 3.56 m from the ground level to measure variations
in the head loss. The headloss readings were taken in both the control and

test filters.

4.4 Analysis of Data Using Interaction Model

Studies show that slow sand filters are biological filters and there is

concern that prechlorination may lead to reduced removal efficiency in the



filters. .A model therefore is needed to examine the effect of prechlorination on
slow sand filter efficiency in the removal of bacteria and viruses. The effect of
prechlorination dose on the filtration efficiency of slow sand filters can be
studied using the Berenbaums Interaction Model [Kaume and Haas, 1991;

Straub et al, 1994].

As it became increasingly important to combine agents (drugs and
chemicals) in order to enhance their effectiveness against diseases and the
microorganisms responsible for diseases, it was also important to be able to
express mathematically the effect produced by the agents in the combination
so that the observation of the activities could be quantified, and in some cases
predicted. A general solution to determine the kind of interaction which can be
expected when the agents are combined to produce a given effect has been
proposed by Berenbaum in 1981 [Kaume and Haas, 1991; Straub ef al, 1994].
The principle is that, if the agents in a given combination do not interact in
producing the effect observed, then regardless of the dose-effect relations, the

following equation is satisfied.

x; = concentration of the individual agent in the combination

y; = concentration of the agents that individually would produce the

same magnitude of effect as that of the combination
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i = individual agent
n = total number of agents

The equation is interpreted as follows:

The sum is less than 1 in the case of synergistic interaction. (Zf’- <1)
=l JVj

The sum is greater than 1 in case of antagonistic interaction. (Z% >1)
i=1 Ji

The sum is equal to 1 in the case of additivity (zero interaction). (Zi =l)

i=l Vi

A combination of agents that is more effective than is expected from
the single component effectiveness of its constituents is said to show synergy.
Conversely if a larger dose is required to produce a given effect when the
agents are combined than when they are used separately, then the interaction
is said to be antagonistic. For agents which in the combination are no more
and no less effective than when they are used separately, the interaction is

said to be additive.

The method proposed by Berenbaum (1985) allows one to determine if
an additive, synergistic or antagonistic interaction has occurred between
agents in a given combination. It establishes a relationship between dose and
effect of the individual agent in a combination. Thié study can be applied to

the analysis of a mixed system data. In the case of distributed data, any
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relevant distribution can be used to evaluate the dose required to achieve a

desired effect.

A similar approach was adopted by Kaume and Haas (1991), to
determine the effect of the -combined action of free chlorine and

monochloramine on the inactivation of E. coli.

4.4.1 Modified Interaction Model for Use with Non-Quantifiable
Agents

The method proposed by Berenbaum for the interaction analysis
between various combinations of agents has an obvious drawback when used
to analyze the behavior of non-quantifiable agents. This is evident in the case
of slow sand filtration which cannot be expressed in terms of dose. Thus the
Berenbaums equation must be modified to include non-quantifiable agents.
This can be done on the assumption that dose is directly proportional to the
effect, an assumption that is the basis for the Berenbaum equation, and
replacing the dose by the probable effect P(R<x) in the equation. Thus the

modified Berenbaum equation for non-quantifiable agents takes the form of

- PR<x)
ZrRey) "

where,
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P(R=x; ) = probability that the removals x; due to an agent would be less

than or equal to any given removal R

P(R<y, ) = probability that the removals vy, in the system would be less

than or equal to any given removal R
i = individual agent

n = total number of agents

n < .
Also the interaction factor [Z-M] gives an estimate of the
1 PR=<Yy,)

extent of interaction between the different treatment processes. A greater
degree of synergistic interaction is expected as the interaction factor
approaches 0. A value between 0 and 1 will imply synergistic interaction
between the two treatment processes. An adverse interaction is interpreted

when the interaction factor exceeds 1.

Straub et.al (1994), have outlined the procedure for the testing for
synergism. They demonstrated the ability of the Berenbaums equation to
successfully explain the synergistic inactivation of E. coli and MS-2 coliphage

by chioramine and cupric chloride.



CHAPTER #5

5. RESULTS AND DISCUSSIONS

Two slow sand filters were operated in parallel for a period of 6 months
to monitor and investigate the removal efficiencies of various indicator
organisms, namely, standard plate counts, total coliform, fecal coliform, fecal
streptococcus, Clostridium perfringens and coliphage. One slow sand filter
was utilized to treat seftled secondary effluent from the Al-Khobar Sewage
Treatment Plant. This acted as control filter to enable comparisons to be
made. The second filter, called as test filter, was utilized to treat the
chlorinated settled secondary effluent. The chlorination chamber was
incorporated into the effluent tank from which the chiorinated settled
secondary effluent was supplied to the test filter. In order to maintain identical
conditions the sand size, depth of sand media, and flow rate were kept the
same in order to facilitate comparisons. The flow rate was maintained at 10
I/min, throughout the period of the study, in both the filters. The sand size was

0.5 mm with a depth of sand media at 1.0 m.
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The study was conducted in two phases. in Phase | the chlorine dose
was kept at 5 mg/l. Phase Il which commenced 2 weeks after Phase | utilized

a chlorine dose of 15 mg/l.

The objective of the study was to evaluate the microbial removals in the
slow sand filters, treating pre-chlorinated secondary effluents. This chapter
discusses the results obtained during the study, and a comparison is made
between the removals in the control filter and the test filter (under both the

phases).

5.1 Removal of Indicator Organisms

The study was conducted in two phases, in which the only criteria that
was changed was the chlorine dose. Analysis was carried out for the detection
and enumeration of six indicator microorganisms namely, standard plate
count, total coliforms, fecal coliform, fecal streptococcus, Clostridium
perfringens, and coliphages. The samples for the microbial evaluation were
taken form the chiorinated and chlorinated settied secondary effluent and from
the outlets of the test and control filters. The data was analyzed to find the
removal of the different microorganisms by chlorination, slow sand filtration

and prechlorinated slow sand filtration.
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5.1.1 Removal in Control Slow Sand Filter

The control filter was utili7:ed for the comparative evaluation of the filter
efficiency due to both chlorination alone and the combined treatment in the
test filter. Table 5.1 gives the actual populations of standard plate count in the
settled secondary effluent, under CO (COL#2). After control slow sand filtration
the effluent from the control filter was again analyzed for the standard plate
count these values are given under C1 (COL#3). The percentage removals in
the control filter were calculated as,

Cc0-Cl1
Co

*100

Rl=

Where,
R1 = Removal of indicator organisms in control filter

CO = Actual population of the indicator organisms in the settled

secondary effluent

C1 = Actual population of the indicator organisms in the effluent from

control filters

Therefore for day 1 for standard plate count during Phase |
C0=17000and C1=1800

Therefore by substituting in the above equation
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Table 5.1: Variation and Removal of Standard Plate Count During Phase |

[COLH |COL#2 |COL#3 |COL#4 |COL#5 |COL#6 |COL#7 |COL#8 |COL#o
Actual Population (/mi) Percent Removals
Days |CO c1 c2 c3 R R2 R3 R4
1| 17000 1800 480 ~ 75] 89.412] 97.176| 99.559| 84.375
71 3850 400 367 70] 89.610] 90.468] 98.182] 80.926
ol 4210 720 600 110] 82.898| 85.748| 97.387| 81.667
10f 4900 578 650 90] 88.204] 86.735| 98.163| 86.154
12 9800] 1050| 3500 190] 89.286] 64.286| 98.061| 94.571
19 9000 680 1500 300] 92.444] 83.333| 96.667| 80.000
26] 25000] 2500 1400 25] 90.000] 94.400] 99.900] 98214
33| 38500 3800 9000 60] 90.130] 76.623| 99.844| 99.333
42| 4200 820 480 25| 80.476] 88.571] 99.405] 94.792
471 7460] 1200 800 150] 83.914] 89.276| 97.989| 81.250
52] 42000] 5200 500 26] 87.619] 98.810] 99.938] 94.800
53] 38500  3800] 2900 500] 90.130] 92.468| 98.701| 82.759
MINISEES 2] K ] 30
MRS DE 9200 3 Q] 33
AVGER D33 31849 848 SESZ4 93650 Bi23¢

Table 5.2: Variation and Removal of Standard Plate Count During Phase Il

COL#1 |COL#2 |COL#3 |COL#4 |[COL#5 |COL#6 |COL#7 |COL#8 |[|COL#9
Actual Population (iml) Percent Removals
Days  |CO C1 c2 c3 R1 R2 R3 R4
1 18400 1600 20 3] 91.304] 99.891] 99.984| 85.000
7 34500 2500 10 3] 92.754| 99.971| 99.991| 70.000
14 4200 810 25 3] 80.714] 99.405] 99.929| 88.000
16 9800 1200 40 5] 87.755| 99.592| 99.949] 87.500
19 4900 580 35 4] 88.163] 99.286] 99.918] 88.571
21 8400 620 30 41 92.619] 99.643] 99.952] 86.667
23] . 35000 2400 32 3] 93.143] 99.909] 99.991] 90.625
26 62500 3800 26 5] 93.920] 99.958| 99.992( 80.769
28 7200 790 21 6] 89.028] 99.708| 99.917] 71.429
33 7350 980 28 3] 86.667] 99.619] 99.959| 89.286
35 56000 5200 40 5] 90.714] 99.929| 99.991] 87.500]
37 58300 3980 42 6] 93.173| 99.928] 99.990| 85.714
MINGERRS 200 Q G286 INN09194% 00
MAXIEIR € B¢ 2 i 392 5
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1= 170001800
17000

*100=89.41%

5.1.2 Removal Due to Chlorination

In this study two chlorination doses were selected for the evaluation of
prechlorination which- comprised of two phases. Phase | utilized a
prechlorinating dose of 5§ mg/l and Phase [l had a prechlorinating dose of 15
mg/l. The effect of these chlorination doses alone on the microbial removals
can be studied from the chlorination efficiency expressed as the percent
removal of the microorganisms. The effluent from the chlorination tank was
also enumerated for the standard plate couﬁts and these values are given
under C2 (COL#3) in Table 5.1. The percent removal of the microbial
indicators due to chlorination in the chlorine tank is found as follows,

_o-c2,
oy

R 100

Where,
R2 = Removal of microbial parameter due to chlorination

C2 = Actual population of the indicator organisms in the effluent from

chlorination tank

Therefore for day 1 for standard plate count during Phase |
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C0 = 17000 and C2 = 480
Therefore by substituting in the above equation

5 _ 17000480
17000

*100=97.17%

5.1.3 Overall Removal in Test Filter

In the test filter the combined removals due to chlorination and
subsequent slow sand filtration was studied. This will provide a comparison for
the expected enhanced removals due to prechlorination in slow sand filters.
C3 (COL# 5) in Table 5.1 gives the actual population of the standard plate
counts in the effluent from the test filter. The overall removals in the test filter
were calculated as,

_-a3,
0

R3 100

Where,

R3 = Combined removal of microbial parameter due to chiorination and

subsequent slow sand filtration

C3 = Actual population of the indicator organisms in the effluent from

test filter

Therefore for day 1 for standard plate count during Phase |



C0=17000and C3 =75
Therefore by substituting in the above equation

R3= 1700075
17000

*100=99.55%

The percent removals in the control filter are termed as R1 (COL#6).
R2 (COL#7) represents the removal due to chlorination alone and R3
(COL#8) represents the removals due to the test filtration that incorporates the

combined effect of the chilorination and subsequent slow sand filtration.

5.1.4 Removal in Test Filter

In order to compare the effect of chlorination on the filter itself the
partial removals due to the effect of the test filter alone R4 (COL#9) were
compared with the removals in the control filter. These values are not exactly
comparable because of the presence of a residual chlorine in the test filter
and its probable effect on microbial removals throughout the test filter.
Nevertheless it was found that the partial removals in the test filter were either
similar or better than those in the control filter. The partial removals in the test
filter are termed as R4. This will provide a comparison for the expected
enhanced removals due to prechlorination in slow sand filters. C3 (COL# 5) in

Table 5.1 gives the actual population of the standard plate counts in the
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effluent from the test filter. The removals in the chlorinated test filter were

calculated as,

2-a3

Ra= *100

Where,

R4 = removal of microbial parameter due to test slow sand filtration

alone

C3 = Actual population of the indicator organisms in the effluent from

test filter
Therefore for day 1 for standard plate count during Phase |
C2=480and C3 =75

Therefore by substituting in the above equation

_480-75
480

R4 *100=84.37%

The minimum, maximum and averages of all the different columns is
given in the shaded part of the table. The averages for the removals were
calculated from their respective columns and not from the average influent

and effluent values of the microbial populations.

The corresponding populations and removals of the standard plate
count during Phase Il which utilized a chlorine dose of 15 mg/l are given in

Table 5.2. The data for total coliform during Phase | and Il are given in Table



5.3 and 5.4 respectively. Table 5.5 and Table 5.6 give the corresponding
values for the fecal coliform during Phase | and Il respectively. Similarly the
populations and removals of fecal streptococcus for Phase | and Il are given
in Tables 5.7 and 5.8 respectively. The respective populations and removals
for the Clostridium perfringens during Phase | and Il are given in Table 5.9
and Table 5.10. The coliphage removals and populations in phase | and Il are
given in Table 5.11 and 5.12 respectively. These results are discussed

separately in the next section.

5.2 Phase |l : Chlorine dose of 5 mg/I

5.2.1 Standard Plate Count

During the first phase of the study, standard plate counts in the settled
secondary effluent varied from 4.2x10%ml to 3.85x10%ml, with an average
around 1.7x10%. After filtration in the control slow sand filter these were
reduced to 5.2x10° to 4.0x10? with an average of 1.85x10°. This represents an
average removal of 87.8% in the control filter. After chlorination with a chlorine
dose of 5 mg/l, the standard plate count ranged from 9.0x10° to 3.67x10? with
an average around 1.85x10° representing an average reduction of 87.3% by

chlorination alone. After filtration in the test filter, these were further reduced
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Table 5.3: Variation and Removal of Total Coliform During Phase |

COL#1_|COL#2 |COL#3 |COL#4 |COL#5 |COL# |COL#7 |COL#8 |COL#S

Actual Population (MPN/100mi) Percent Removais
Days [CO c1 c2 c3 R1 R2 R3 R4

— — S ————

1] 170000] 26000] 54000] 7000] 84.706| 68.235] 95.882| 87.037

7] 530000f 45000] 55000 2400} 91.509| 89.623| 99.547] 95636

9] 280000f 50000] 80000 4900] 82.143] 71.429] 98.250| 93.875

10] 260000] 35000] 65000 5800] 86.538] 75.000] 97.769] ©1.077

12] 90000 18000 20000 1800] 80.000] 77.778| 98.000] ©91.000

19] 600000] 71000f 90000 2300] 88.167| 85.000] 99.617| 97.444

26] 330000 52000] 79000] 4500] 84.242| 76.061] 98.636| 94.304

33] 540000 92000] 160000] 6800] 82.963] 70.370] 98.741| 95.750

42] 280000] 50000f 80000 9800] 82.143] 71.429] 96.500] 87.750

47] 82000] 30000] 20000] 2000] 63.415] 75610 97.561] 90.000

52] 280000] 50000 80000] 5200] 82.143| 71.429] 98.143| 93.500

53| 720000] 53000] 93000 97.419

MINSTER 55182000 sl 2 HEE8 £0317

Table 5.4: Variation and Removal of Total Coliform During Phase I

COL#1 [COL#2 |COL#3 [COL#4 |COL#5 |COL#6 |[COL#7 |COL#8 |COL#9
Actual Population (MPN/100ml) Percent Removals
Days [CO c1 c2 C3 R1 RZ  |R3 R4
1] 70000 6200 60 2] 91.143] 99.914] 99.997| 96.667
7] 110000f 22000 a0 4] 80.000{f 99.918| 99.996] 95.556
14] 90000 16000 110 6] 82.222] 99.878| 99.993] 94.545
16§ 130000f 20000 40 7] 84.615] 99.969| 99.995| 82.500
19] 140000] 32000 110 4] 77.143] 99.921| 99.997| 96.364
21} 170000] 33000 40 12] 80.588] 99.976] 99.993] 70.000
23] 60000 11000 60 13] 81.667] 99.900] 99.978] 78.333
26] 140000 27000 50 2] 80.714] 99.964| 99.999] 96.000
28] 90000 20000 120 11 77.778] 99.867| 99.988| 90.833
33f 170000 33000 110 8] 80.588| 99.935| 99.995] 92.727
35] 140000] 26000 60 4] 81.429] 99957 99.997] 93.333
37] 90000] 16000 40 4] 82.222| 99.956| 99.996] 90.000
MINSSRN 15360000 6200 1] [ IR99:867 . 0000
MAXERSES 170000 9E33000 20 IS SIHROHIIY
AV GRS IR16667 50 / G 6! 30193094
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Table 5.5: Variation and Removal of Fecal Coliform During Phase |

COL#1 |COL#2 |COL#3 |COL#4 |COL#5 |COL#6 |COL#7 |COL#3 |COL#9
Actual Population (MPN/100mi) Percent Removals

Days  |CO C1 c2  |C3 R1 R2 R3 R4
1] 120000] 13000] 35000] _ 7000] 89.167| 70.833| 94.167] 80.000
7] 350000] 32000] 90000] 4300} 90.857| 74.286] 98.771] 95.222
9] 150000] 35000] 17000/ 3000] 76.667| 88.667| 98.000] 82.353
10] 65000] 8200] 5000 1300] 87.385] 92.308| 98.000] 74.000
12]  80000] 20000f 11000/ 2000] 75.000] 86.250] 97.500| 81.818
19] 400000] 26000] 23000] 2500] 93.500] 94.250| 99.375| 89.130
26] 26000f 1500 9000 380] 94.231] 65.385| 098.538] 95.778
33] 500000] 70000] 58000] 5000] 86.000] 88.400| 99.000] 91.379
42| 180000] 35000] 17000] 3300 80.556| 90.556| 98.167] 80.588
47| 64000] 12000 11000 1500] 81.250| 82.813| 97.656| 86.364
52] 220000] 35000 16000 1050] 84.091] 92.727| 99.523| 93.438

92.308

Table 5.6: Variation and Removal of Fecal Coliform During Phase I

COL#_[COL#2 |COL#3 |COL#4 |COL#5 |COL#6 |COL#7 |COL#8 |COL#o
Actual Population (MPN/100mi) Percent Removals
Days  |CO c1 c2 c3 RT R2 R3. R4
1|~ 50000] 9000 40 1] 82.000] 99.920] 99.998] 97.500
7] 80000] 15000 50 2] 81250/ 99.938] 99.998] 96.000
14] 70000] 12000 70 4] 82.857] 99.900] 99.994] 94.286
16] 110000] - 17000 28 4] 84.545| 99.975| 99.996| 85.714
19] "110000] 21000 35 2] 80.909] 99.968] 99.998] 94.286
21] 140000 27000 2 7] _80.714] 99.984] 99.995] 68.182
23] 35000/ 6000 30 6] 82.857| 99.914] 99.983] 80.000
26] 130000] 22000 16 2| 83.077] 99.988] 99.998] 87.500
28] 70000] 20000 50 7] _71.429] 99.929] 99.990| 86.000
33] 130000] 33000 28 4] 74615] 99.978] 99.997| 85.714
35]  90000] 2600 40 2] 97.111] ©99.956] 99.998] 95.000
37| 60000] 16000 22 2] 73333] 99.963] 99.997| 90.909
Mil 00 260¢ 6 29 JOOMBI083 §82
' 33 ' 991998 L3
WG 39583 91905
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Table 5.7: Variation and Removal of Fecal Streptococcus During Phase |

COL# |COL#¥2 |COL#S |COL# |COL#5 |COL#6 |COL#7 |COL#8 |COL#9
Actual Popuiation (MPN/100ml) ~ Percent Removals
_|pays—_|co c1 C2 c3 R1 R2 R3 R4

1] 13000] 1100] 7000 900] 91.538| 46.154| 93.077| 87.143

7] 18000 830] 11000 450] 95.389] 38.889] 97.500] 95.909

o]  18000] 5000 7100 240] 72.222] 60.556| 98.667] 96.620

10] 13000] 3500 1100 110] 73.077] 91.538] 99.154] 90.000

12| 5000 800| 2300 200] 82.000] 54.000] 96.000] 91.304

18] 30000] 2500 1600 230] 91.667| 94.667| 99.233| 85.625

26] 1300 200 320 52] 84.615| 75.385| 96.000] 83.750

33] 32000/ 6800] 4900]  1400| 78.750| 84.688] 95.625| 71.429

42| 20000] 5000 1800 250] 75.000] 91.000] 98.750] 86.111

47] 4800 900| 2300 20] 81.250] 52.083] 99.583| 99.130

52] 20000 5500 1700 240] 72.500] 91.500] 98.800| 85.882

53] 12000 1200 1100 170] 90.000| 90.833] 98.583] 84.545
MINZs2% 13300 00 320 20 [Rk1 25222 PA381880 1503044 12429
MAXE @i 5532000 BER6800 000 1400|223 95:389 394266 7| % 09:583 F2£991130
AVGiE8:31559215222786 3518 BRRE355 |92 822334 5372608 [5E9 72581 [#E88:121

Table 5.8: Variation and Removal of Fecal Streptococcus During Phase I

[COLFF1 |[COL#2 |COL#3 |COL#4 |COL#5 |COL#6 |COL#7 |COL# |COL#d
Actual Population (APN/100mi) ___ Percent Removals
Days  [CO c1 c2 C3 R1 R2 R3 R4
1 4000 700 8 1| 82.500] 99.800] 99.975] 87.500
7] 7000 500 11 1] 92.857| 99.843] 99.986| 90.909
14] 5000 700 4 2| 86.000] 99.920| 99.960| 50.000
16] 3000 400 9 2| 86.667| 99.700] 99.933| 77.778
19] 32000/ 1400 11 1] 95.625] 99.966| 99.997| 90.909
21] 7000|1100 9 1| 84.286] 99.871] 99.986| 68.889
23] 2600 400 8 2| 84615 99.692| 99.923| 75.000
26] 4000 500 7 4] 87500 99.825| 99.900| 42.857
28] 5000 700 11 4] 86.000] 99.780] 99.920| 63.636
33] 7000] 1100 8 2| 84.286] 99.886] 99.971] 75.000
35| 9000] 1000 7 1| 88.889] 99.922| 99.980| 85.714
—37] 5000 700 11 4] 86.000] 99.780| 99.920| 63.636
MINE2 2600 J 4 82500 99692 |RR9N00 425857
MAXIER 200 00 1y 951625 BRSO 91066 |¥Na%199Z 902909
AVERRS ] 9 2 RGOt 02 |3899:832 R 991955 19
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Table 5.9: Variation and Removal of Clostridium perfringens During Phase |

COL#1 [COL#2 [COL# |COL#4 |COL#5 |[COL#6 |COL#T |COL#8 |COL#S
Actual Population (/100ml) " Percent Removals
Days  |CO c1 c2 C3 R1 R2 R3 R4
1 62 8 54 6] 87.097] 12.903| 90.323| 88.889
7 102 13 63 14] 87.255| 38.235| 86.275| 77.778
9 24 4 18 2] 83.333| 25.000] 91.667 88.889]
10 23 2 8 1§ 91.304| 65.217| 95.652| 87.500]
12 23 7 15 2] 69.565] 34.783| 91.304| 86.667
19 54 9 43 4] 83.333| 20.370| 92.593] 90.698
26 181 23 113 11] 87.293] 37.569| 93.923] 90.265
33 133 70 75 30§ 47.368] 43.608| 77.444| 60.000
42 124 27 53 11] 78.226] 57.258] 91.129] 79.245
47 86 19 39 11] 77.907| 54.651] 87.209] 71.795
52 516 82 99 19 84.109{ 80.814| 96.318] 80.808
53 160 64 58 32] 60.000] 63.750] 80.000] 44.828
MINZEEE v 963 414 R44:828
MAXAR ISR 516 82 13 . S04 S0 81418967318 #590:69!
AVGEES 124 74 | 2 PRRZ 8066 <5k REB 486 BRE78.94 7

Table 5.10: Variation and Removal of Clostridium perfringens During Phase Il

[COL#_[COL#2_|[COL#S_|COL#4 |COL#5 _|COL#o _|COL#_|COL#S |COL#S
Actual Population (/100mt) "Percent Removais
Days  |CO ] C2 C3 R1 R2 R3 R4
1 130 22 60 4] 830077] 53.846] 96.923] 93.333
7 320 60 220 6] 81.250] 31.250] 98.125] 97.273
14 280 58 160 8] 79286] 42.857| 97.143| 95.000
16 400 82 28 8] 79.500] 93.000] 98.000] 71.429
19 260 54 12 2| "79231| 95.385] 99.231| 83.333
21 310 58 12 6] 81.290] 96.129] 98.065] 50.000
23 320 60 16 4] 81250 95.000] 98.750] 75.000
26 400 90 18 3] 77.500] 95.500] 99.250| 83.333
28 120 30 50 1] 75.000] 58.333] 99.167| 98.000
33 180 40 80 5] 77.778] 55.556] 97.222| 93.750
35 400 70 9% 7] _82.500] 76.000] 98.250] 92.708
37 300 50 110 2| 83.333] 63.333] 99.333| 98.182
MIN ' 20 12 XN E25( 1000
MAXSTE C : X 965129 BRO6X333 82
AVGIRR X0t 3 268 HIR8RE45
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Table 5.11: Variation and Removal of Coliphage During Phase |

65

Table 5.12: Variation and Removal of Coliphage During Phase !

[COL#_|COL#2 |COLIa |COL#4 |COL#s |COL#S |COL# [COLA JCOLA
Actual Population (PFU/100mI) __ Percent Removals
Days _|CO c1 c2 C3 R1 R2 R3 R4
1 450 63 340 41] 86.000] 24.444] 90.889] 87.941
7 450 63 340 41] 86.000] 24.444| 90.889] 87.941
9 384 46 112 14] 88.021] 70.833] 96.354| 87.500
10 620 73 410 19] 88.226] 33.871| 96.935 95.366
12 §72 101 396 33] 82343} 30.769| 94.231] 91.667
19 434 98 227 31] 77.419| 47.696| 92.857| 86.344
26 550 30 320 1] 94545 41.818| 99.818] 99.688
33 890 60 250 50fF 93.258| 71.910] 94.382] 80.000
42 770 182 336 88] 76.364| 56.364| 88.571] 73.810
47 1360 540 700 420f] 60.294| 48.529] 69.118] 40.000
52 2420 800 470 300] 66.942] 80.579] 87.603] 36.170
53 340 130 140 20| 61.765] 58.824| 94.118| 85.714
MINZeeg 330 12 60294 T4 R0 BI2E365170
MAXISg 420 800 00 203 942545 [ 80I5 70 [iFE09:81 8 [5899:688
:QM.% RALRERD 82 3% 88 [ER80I098 RS 9X I3 [BR9 B3 14[5679:345

[COL#1_|COL#2 |COL#S |COL#4 COL#6 |COL#7 |COL#¥8 |COL#9
Actual Population (PFU/100ml) Percent Removals

Days  |CO c1 c2 c3 R1 R2 R3 R4
1 400 90 90 3] 77.500] 77.500] 99.250] 96.667
7 2000 370 600 5] 81.500] 70.000] 99.750] 99.167
14 1800 330 500 4] 81.667] 72222] 99.778] 99.200
16 1200 220 500 2] 81.667| 58.333] 99.833 99.600
19 800 170 260 6] 78.750] 67.500] 99.250] 97.692
21 1200 220 260 6] 81.667] 78.333] 99.500] 97.692
23 300 70 80 1] 76.667| 73.333] 99.667| 98.750
26 400 90 80 5] 77.500] 80.000] 98.750] 93.750
28 1300 270 400 7] 79.231] 69.231| 99.462| 98.250
33 500 11 150 2] 97.800] 70.000f 99.600] 98.667
35 1100 220 400 3] 80.000] 63.636] 99.727] 99.250
37 900 19 300] 1| 97.889] 66.667| 99.889| 99.667|

MINZOEE [ 67 333 MO BZE0 RO 3¥L50

MAXGRS 2000 0 72888 DONEES X883 RIS T667

AV 92 2 653 [ANZB563 38 86
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to range between 5.00x10? to 2.5x10' and averaged at 1.35x10? representing
an overall removal of 98.6%. The variations in the standard plate count during
Phase | in the settled secondary effluent, effluent from control and test filter,
and chlorinated settled secondary effluent are shown in Fig. 5.1, which is
obtained as a plot of COL#1 of Table 5.1 on the X-axis vs. COL#2, 3, 4, and 5
on the Y-axis. The comesponding standard plate count removails due to
chlorination and filtration in the control and test filters are shown in Fig. 5.2,
wﬁich is obtained as a plot of COL#1 of Table 5.1 on the X-axis vs. COL#6, 7,
8, and 9 on the Y-axis. Similar plots were obtained for the different indicator
microorganisms from their corresponding plots. It was observed that the
overall removals in the test fiiter were considerably better than those due to
either chlorination or filtration alone. Large variations in the removal rates
were observed in chiorination and filtration in the control filter. The removals in
the test filter were however consistent and had a very narrow range of

variation.

5.2.2 Total Coliform

The total coliforms in the seftled secondary effluent ranged from
7.2x10° to 8.2x10* and averaged at 3.47x10°. The total coliforms in the
effluent from the control fiter ranged from 9.2x10* to 1.8x10* averaging

around 4.77x10*. The average removals in the control filter being83.4%.
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Chlorination of the settled secondary effluent reduced the total coliforms to the
range of 1.6x10° to 2.0x10* with an average of 7.3x10°%. This gives an average
removal of 76.6% by chlorination alone. After filtration in the test slow sand
filter, the total coliforms ranged between 9.8x10° to 1.8x10° averaging at
4.58x10°. Thus the overall removal of total coliforms was 98.2%. The
variations in the total coliform during Phase | in the settled secondary effluent,
effluent from control and test filter, and chlorinated settled secondary effluent
are shown in Fig. 5.3. The corresponding total coliform removals due to
chlorination and filtration in the control and test filters are shown in Fig. 5.4. It
should be noted that the overall removals in the slow sand filters were on the
higher side. This can be adequately explained by the microbial regrowth in the
underdrains and the outlets. coliform occurrences have been reported in
literature even in the presence of residual chlorine of 4-5 mg/l after a contact
time of 1-2 hours [LeChevallier et al, 1992]. The recommended procedure is

to post disinfect using a nominal chlorine dose.

5.2.3 Fecal Coliform :

In the first phase of the study, the fecal coliform in the settled
secondary effluent ranged from 5.0x10° to 2.6x10* and averaged at 1.85x10°.
After filtration in the control filter, these were reduced to in the range of

7.0x10%o 1.5x10° with an average at 2.43x10%, representing an average
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removal of 81.67%. Chlorination of the settled secondary effluent yielded fecal
coliform in the range of 9.0x10* to 5.0x10° and averaged at 2.48x10* giving
an average removal of 84.9%. Filtration in the test filter further reduced the
fecal coliform to range between 7.0x10° to 3.8x10? and averaged at 2.66x10°
giving an overall average removal of 98.1%. The variations in the fecal
coliform during Phase | in the settled secondary effluent, effluent from control
and test filter, and chlorinated settled secondary effluent are shown in Fig. 5.5.
The corresponding fecal coliform removals due to chlorination and filtration in

the control and test filters are shown in Fig. 5.6.

5.2.4 Fecal Streptococcus :

The fecal streptococcus in the settled secondary effluent ranged
between 3.2x10* to 1.3x10° and averaged at 1.56x10°. After filtration in the
control filter these were reduced to the range of 6.8x10° to 2.0x10? and
averaged at 2.79x10°. This implies a removal of 82.3% in the control filter.
Chlorination of the settled secondary effluent yielded fecal streptococcus in
the range of 1.1x10* to 3.2x10? and averaging at 3.52x10° resulting in a
removal of 72.6% due to chlorination alone. After filtration in the test filter the
fecal streptococcus ranged between 1.4x10° to 2.0x10' and averaged at
3.55x10?, giving an average overall removal of 97.58%. The variations in the

fecal streptococcus during Phase | in the settled secondary effluent, effluent
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from control and test filter, and chlorinated settied secondary effluent are
shown in Fig 5.7. The corresponding fecal streptococcus removals due to
4

chlorination and filtration in the control and test filters are shown in Fig. 5.8.

5.2.5 Clostridium perfringens :

The Clostridium perfringens in the settled secondary effluent varied
from 5.16x10% to 2.3x10', and averaged at 1.24x102. After filtration in the
control filter these were further reduced to range between 8.2x10' to 2.0x10°,
averéging at 2.73x10', giving an average removal of 79%. Chlorination of the
settled secondary effluent gave Clostridium perfringens in the range of
1.13x10? to 8.0x10°, with an average at 5.32x10'. This implies an average
removal of 44.5% due to chlorination alone. After filtration in the test filter
these were further reduced to range between 3.2x10' to 1.0x10', and
averaged at 1.2x10'. This represents an overall removal of 89.49% in the test
fiter. The variations in the Clostridium perfringens during Phase | in the
settled secondary effluent, effluent from control and test filter, and chlorinated
settled secondary effluent are shown in Fig 5.9. The corresponding
Clostridium perfringens removals due to chlorination and filtration in. the
control and test filters are shown in Fig. 5.10. The removals efficiencies of
Clostridium perfringens in the control filter and in chlorination were very poor.

This is due to the fact that Clostridium is a spore former and can survive harsh
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environments indefinitely. However :;.\ combined action of chlorination and
filtration was effective in reducing the Clostridium counts effectively. The
removal efficiencies in the control filter and in chlorination fluctuated greatly.
This was also seen to some extent in the test filter, but this Was not as great

as those in the control filter.

5.2.6 Coliphage :

The coliphage count in the settled secondary effluent varied from
2.42x10° to 3.4x10? and averaged at 7.7x102. After filtration in the control filter
these were further reduced to range between 8.0x10? to 3.0x10, averaging at
1.82x10%. This gives an average removal of 80.1% in the control filter. After
chlorination of the settled secondary effluent, the coliphage were reduced to
the range between 7.0x10? to 1.12x10?, and averaged at 3.37x10? giving an
average removal of 49.1%. After filtration in the test filter, the coliphage varied
from 4.2x10% to 1.0x10° and averaged at 8.82x10'. This gives an overall
removal of 91.31%. The variations in the coliphage during Phase | in the
settled secondary effluent, effluent from control and test filter, and chlorinated
settled secondary effluent are shown in Fig 5.11. The corresponding
coliphage removals due to chlorination and filtration in the control and test

filters are shown in Fig. 5.12.
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5.3 Phase Il : Chiorine dose of 15 mg/i

5.3.1 Standard Plate Count :

During the second phase of the study, standard plate counts in the
settled secondary effluent varied from 6.25x10%ml to 4.2x10%ml, with an
average around 2.55x10*. After filtration in the control slow sand filter these
were reduced to 5.2x10° to 5.8x10? with an average of 2.04x10°. This
represents an average removal of 89.9% in the control filter. After chlorination
with a chlorine dose of 15 mg/l, the standard plate count ranged from 4.2x10’
to 1.0x10' with an average around 2.91x10', representing an average
reduction of 99.74% by chlorination alone. After filtration in the test ﬁlfer, these
were further reduced to range between 6.0x10° to 3.0x10° and averaged at
4.2x10° representing an overall removal of 99.96%. The variations in the
standard plate count during Phase Il in the settled secondary effluent, effluent
from control and test filter, and chlorinated settled secondary effluent are
shown in Fig 5.13. The corresponding standard plate count removals due to
chlorination and filtration in the control and test filters are shown in Fig. 5.14.
These standard plate count removals were substantiated by the various
studies involving slow sand filtration of secondary effluents [Ellis, 1985;

Farooq et al., 1993a,1993b]. Farooq et al. [1993b], have reported removal of
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standard plate counts and coliforms in the range 88-93%, in slow sand
filtration using chlorinated secondary effluent, which was stored for a period of
5 days prior to treatment. This could be the reason for the comparatively lower
removals reported. Another reason for this difference could be the action of

chlorine even as the water is being filtered in the slow sand filter.

5.3.2 Total Coliform:

The total coliforms in the settled secondary effluent ranged from
1.7x10° to 6.0x10* and averaged at 1.17x10°. The total coliforms in the
effluent from the control filter ranged from 3.3x10* to 6.2x10* averaging
around 2.19x10%. The average removals in the control filter being 81.68%.
Chlorination of the settled secondary effluent reduced the total coliforms to the
range of 1.2x10? to 4.0x10' with an average of 7.42x10'. This gives an
average removal of 99.93% by chlorination alone. After filtration in the test
slow sand filter, the total coliforms ranged between 1.3x10' to 2.0x10°
averaging at 6.42x10°. Thus the overall removal of total coliforms was
99.994%. The variations in the total coliform during Phase Il in the settled
secondary effluent, effluent from control and test filter, and chlorinated settled
secondary effluent are shown in Fig 5.15. The corresponding total coliform
removals due to chlorination and filtration in the control and test filters are

shown in Fig. 5.16.
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The total coliforms are the most widely used indicator organisms. This
is partly because its detection and enumeration are standardized and because
of the fact that most microbial standards recognize coliforms as an indicator of
fecal pollution. However there were large fluctuations in the removal
efficiencies in the control filter. This is typical of slow sand filters treating
secondary effluents. Prechlorination of the influent resulted in a better and

more reliable coliform removal.

5.3.3 Fecal Coliform :

In the second phase of the study, the fecal coliform in the settled
secondary effluent ranged from 1.4x10° to 3.5x10* and averaged at 8.96x10*.
After filtration in the control filter, these were reduced to in the range of
3.3x10* to 2.6x10° with an average at 1.67x10% representing an average
removal of 86.44%. Chiorination of the settled secondary effluent yielded fecal
coliform in the range of 7.0x10" to 1.6x10" and averaged at 3.59x10' , giving
an average removal of 99.95%. Filtration in the test filter further reduced the
fecal coliform to range between 7.0x10° to 1.0x10° and averaged at 3.58x10°,
giving an overall average removal of 99.995%. The variations in the fecal
coliform during Phase Il in the settled secondary effluent, effluent from control

and test filter, and chlorinated settled secondary effluent are shown in Fig

&9
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5.17. The corresponding fecal coliform removals due to chlorination and

filtration in the control and test filters are shown in Fig. 5.18.

Fecal coliforms are the thermotolerant coliforms capable of tolerating
elevated temperatures. The removal efficiencies fluctuated widely in the
control filter. However due to prechlorination in the test filter these fluctuations
were greatly controlled. Thus prechiorination can be beneficial in the coliform
removals in slow sand filtration. Studies by Cleasby et al. [1984], have
reported coliform removals above 99%. These high removals were due to the
fact that the water being treated was spiked water with very low coliform

counts.

5.3.4 Fecal Streptococcus :

The fecal streptococcus in the settled secondary effluent ranged
between 3.2x10* to 2.6x10° and averaged at 7.55x10°. After filtration in the
control filter these were reduced to the range of 1.4x10° to 4.0x10%? and
averaged at 7.67x10% This implies a removal of 87.1% in the control filter.
Chlorination of the settled secondary effluent yielded fecal streptococcus in
the range of 1.1x10' to 4.0x10° and averaging at 8.67x10° resulting in a
removal of 99.81% due to chlorination alone. After filtration in the test filter the
fecal streptococcus ranged between 4.0x10° to 1.0x10° and averaged at

2.08x10°, giving an average overall removal of 99.998%. The variations in the
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fecél streptococcus during Phase Il in the settled secondary effluent, effluent
from control and test filter, and chlorinated settled secondary effluent are
shown in Fig 5.19. The corresponding fecal streptococcus removals due to
“chlorination and filtration in the control and test filters are shown in Fig. 5.20.
Fecal streptococcus is the least documented of the indicator organisms with
regard to slow sand filtration. However it has been found to be an effective
indicator of fecal pollution in adverse environments. This makes it important in
studies involving the disinfection of waters. The position of fecal streptococci
is intermediate between the coliphages and the thermotolerant (fecal)
coliforms. [Havelaar and Nieuwstad, 1985]. This is also reflected in the
present study which found fecal streptococcus to be more resistant than

coliforms and less resistant than coliphage in chiorination.

5.3.5 Clostridium perfringens :

The Clostridium perfringens in the settled secondary effluent varied
from 4.0x10% to 1.2x10%, and averaged at 2.85x10% After filtration in the
control filter these were further reduced to range between 9.0x10' to 3.0x10",
averaging at 5.62x10', giving an average removal of 80%. Chlorination of the
settled secondary efﬂuent_ gave Clostridium perfringens in the range of
2.2x10% to 1.2x10', with an average at 7.18x10'. This implies an average

removal of 71.35% due to chilorination alone. After filtration in the test filter
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these were further reduced to range between 8x10° to 1.0x10°, and averaged
at 8.82x10". This represents an overall removal of 92.3% in the test filter. The
variations in the Clostridium perfringens during Phase Il in the settled
secondary effluent, effluent from control and test filter, and chlorinated settled
secondary effluent are showﬁ in Fig 5.21. The corresponding Clostridium
perfringens removals due to chlorination and filtration in the control and test

filters are shown in Fig. 5.22.

Clostridium perfringens was by far the most resistant microbial indicator
with removals of 44.5% and 71% in phase | and Il respectively. its ability to
form spores is a major reason for its resistance. Studies by Havelaar and
Nieuwstad [1985], have shown that CI. Perfringens is not significantly reduced
even with chlorine dose of 5§ mg/l and chlorine residuals of 4 mg/l. Hirata et.al.
[1991], on the basis of their studies involving laboratory cultured and
indigenous CI. perfringens cells have found that the indigenous cells were
more resistant to any form of treatment by a factor of 3 to 5 times. They
observed that Cl. perfringens was the least reduced in all the unit processes
including chlorination. However slow sand filtration proves effective in
removing this indicator. Again it is interesting to note that the combined action
of chlorination and filtration is more effective in removing CI. Perfringens than

either process alone.
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5.3.6 Coliphage :

The coliphage count in the settled secondary effluent varied from
2.0x10° to 3.0x10? and averaged at 9.92x102. After filtration in the control filter
these were further reduced to range between 3.7x10? to 1.1x10’, averaging at

1.73x10%. This gives an average removal of 82.7% in the control filter.

After chlorination of the settled secondary effluent, the coliphage were
reduced to the range between 6.0x10? to 8x10', and averaged at 3.02x102,
giving an average removal of 70.6%. After filtration in the test filter, the
coliphage varied from 7.0x10° to 1.0x10° and averaged at 3.75x10°. This
gives an overall removal of 99.55%. The variations in the coliphage during
Phase Il in the settled secondary effluent, effluent from control and test filter,
and chlorinated settled secondary effluent are shown in Fig 5.23. The

*corresponding coliphage removals due to chlorination and filtration in the

control and test filters are shown in Fig. 5.24.

In a study involving the chlorination efficiency of coliphages, Kott et al.
[1973], have reported that coliphages were by far the most resistant to
disinfection. 43 to 38% of f2 coliphages were recovered even after a chlorine
dose of 80 mg/l and contact times of 2 hr, leading to the conclusion that the
coliphage group consists of some very resistant strains. This leads to the
premise that the coliphages detected in the in the test filter effluents may be

the more resistant strains of coliphage. Assuming the coliphage to enteric
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virus ratio of 10000:1, it can be safely assumed that most of the enteric
viruses have been inactivated during slow sand filtration. Therefore the risk of

enteric viruses in the filter effluents is very small.

This however may change due to the unforeseen changes in the health
of the community. Here chlorination can act as an additional safety barrier.
Relatively high numbers of the coliphage were recovered in both the
chlorinated secondary effluents and the control filter effluent in both the
phases compared to the test filter effluent. This shows that either chlorination
or filtration alone is inadequate in the removal of viruses from the secondary

effluent.

5.4 Effect of Pre-Chlorination Dose on the
Removal of Indicator Organisms in Slow
Sand Filtration

5.4.1 Modified Synergistic Model for Use with Slow Sand
Filtration

The level of microbial inactivation in the treated wastewater is obtained
by combining the Log Normal distribution model with the modified

Berenbaums equation.
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5.4.1.1 Step 1: Lognormal Distribution

The Lognormal distribution model is used when large uncertainty is
present in the data. lﬁ this distribution variance is large function of the mean
value. The microbial removals under different treatment levels were fitted on
the Lognormal distribution and their cumulative probability distribution function
(CDF) was found using mean rank formula. Although there was quite a large
variation in influent values, it is assumed that conditions are steady in the
influent and the concentration of the microbial indicator organisms is not a

function of time.

The Log Normal probability density function (PDF) is given by

1 -1 2
FO) = {g‘(lnyi ~Iny,) } (5.1)

The cumulative distribution function (CDF) of the Log normal

distribution is given by

F(y,)=P(R,<y,)= CD[-:jln(;y-)} (5.2)
Where
P = probability of desired safe levels

R = Desired safe level

y; = variable In[C/Co]
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s = measure of scatter

To plot the curve of data, linearization of Eq.(5.2) is needed. In

the linearized form Eq.5.2 becomes.

s®7(F)=1n(y,) ~ In(y,) (5.3)
therefore
In(y,) = In(y,) + s®™'(F) (5.4)

If the Eq.(5.4) is compared with Equation of straight line,

following relations can be developed
Intercept =Iny,
Slope = s

Where y, is the median value of the distribution and s the standard

deviation of In(y;) and is a measure of scatter.

To plot the data of y for the various microorganisms, the natural log of
the y, values are taken on the Y-axis while the corresponding probabilities as
estimated by the mean rank formula are taken on X-axis. The non parameteric

estimate by mean rank formula

i
F(y)=P=5— (5.5)

Where “N” is the total numbers of data points in each run.



The Lognormal distribution module option available in Microsoft Excel
7.0 was utilized to obtain the ®~'(F) for different values of F. Cumulative

Probability Distribution Functions (CDF) for the C/Co for different treatments

was found by linear regression with the In[C/Co] values on the Y-axis and the

corresponding ®~'(F) on the X-axis.

Table 5.13 gives a typical spreadsheet calculation for the Lognormal
distribution. The C/Co values for all the treatment combinations are found out.
Therefore COL#4 gives the C1/CO values for the standard plate counts, which
represent the removals in the control slow sand filter. Similarly COL#5, 6, and
7 give the C2/CO, C3/CO and the C3/C2 values respectively. The natural
logarithm of these values are given in the COL#8, 9, 10 and 11 respectively.
COL#1 gives the rank of thé removal values and the probability is given by F
(COL#2). The transformation for F (COL#3) i.e., ¢-'(F) is obtained by using the
EXCEL function NORMSINV. The values under COL#3 are plotted against
those in COL#8, 9, 10 and 11. The Fig. 5.25 gives a typical regression chart
for the determination of the cumulative probability distribution functions for
standard plate counts. In Figure 5.25, the values in COL#3 are plotted against
the values in COL#8, 9, 10 and 11. The EXCEL trend-line utility is utilized to
obtain a best linear fit and its equation and R? values. A generic term of C/Co
has been used throughout the analysis, where C represents the concentration
of the microorganism after the treatment and Co represents the concentration

of the microorganism before the treatment. Therefore the ratio C3/CO
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represents the concentration ratio in the test filter, utilizing the chlorinated
secondary effluents. C1/C0O gives the concentration ratio for the removals in
the control filter, and C2/CO gives the removal due to chiorination of the
secondary effluents alone. It should be noted that the concentration ratios can
be converted to percent removal and vice versa. Figures 5.25 and 5.26 give
the regression plots of the ranked In[C/Co] values for standard plate count
indicators during Phase | and II. The CDFs and their respective R? values are
given on the same figures. The corresponding fits for total coliform, fecal
coliform, fecal streptococcus, CIostrfcjium perfringens and coliphages are
given in Figs. 5.27 and 5.28, Figs. 5.29 and 5.30, Figs. 5.31 and 5.32, Figs.
5.33 and 5.34, and Figs 5.35 and 5.36 respectively for both the phases. The
P(Re<x) values for a range of different Rp levels of the indicator organisms
can be obtained by solving the CDF obtained in the Lognormal distribution.
This gives the probability that the safe levels x, will be less than or equal to
the desired safe level R;. A typical spreadsheet solution for the xi values can
be seen in Table 5.25 in which the CDF's (Shaded Row) are solved over a
range of Rp values (COL#1). Therefore COL#3, 4, 5, and 6 represent the
probability of achieving an Rp level of removal under different treatment
schemes. A typical probability plot for the probability of meeting the desired
safe levels Rp for the different indicator organisms in phase I is given in Fig
5.37. This has been obtained by plotting the values in COL#1 on the y axis

against the values of COL#3, 4, 5 and 6 on the x axis. The corresponding
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Figure 5.27 : Lognormal Distribution Fit for Total Coliform
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Figure 5.33 : Lognormal Distribution Fit for Clostridium
perfringens Removal During Phase |
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tables for the different indicator microorganisms are given in Tables. 5.26-
5.38. Their respective plots are given in Figures 5.37 to 5.48. It is interesting
to note that the probability lines for the treatment alternatives show a very
sharp transition followed by a flat. This is attributable to the fact that the slow
sand filter has a base level of microbial removals, which is achievable most of
the time. Prechlorination. merely tends to shift the curve towards the right, but
follows essentially the same trend. However during the 15mg/l chlorination
phase it is observed that the transition is virtually non-existent. This implies
that there little variability in the removal rates, till a particular level is reached,

after which no improvement is possible.

5.4.1.2 Step 2: Factor of Interaction

Using the CDF obtained for various indicator organisms, the values of
P(Re<x) was obtained for all the treatment alternatives. This was done by
selecting a desired removal level R, and the probability of its being met by
the treatment alternative x; was found by using the CDFs obtained in the first

step.

The synergistic factor was found by substituting the probabilities of

achieving safe levels in the equation

1= P(R, <x1) . P(R, £x2)
| P(R,<x3) P(R,<x3)
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Where
A = Interaction factor
R, = Safe removal level

x2 = Probability that the safe removal level, R,, will be achieved by

chlorination alone

x1 = Probability that the safe removal level, R;, will be achieved by

slow sand filtration alone (control filter)

x3 = Probability that the safe removal level, R;, will be achieved by the

combination of chlorination and sldw sand filtration.

Table 5.25 gives a typical spreadsheet solution for finding the
interaction factor A. COL#1 represents the expected removals Rp which are to
be achieved by either a single treatment like chlorination alone or control
filtration or a combination of treatments as expected in the test filtration. The
corresponding In(C/CO) for the Rp are given in COL#2. COL#3 gives the
probability of the expected removals and is termed as x1. This is obtained by
substituting the values in COL#2 and the EXCEL funct_ion NORMSDIST in the
CDF'’s obtained in Step 1. Therefore the probability that the control filter will
achieve the desired removals Rp is termed as x1 and shown in COL#3.
Similarly COL#4, and 5 represent the probability that either chlorination alone
or test filtration will achieve the desired removals. These have been termed as

x2 and x3 respectively. The effect of chlorination is obtained from the ratio of

0



COL#4 and COL#5. This represents the contribution of chlorination towards
the overall removal in the test filtration and is obtained as a ratio of x2 and x3.
The effect of filtration is calculated as the ratio of COL#3 and COL#5, and
represents the contribution of slow sand filtration towards the overall removals
obtained in the test filtration. This is obtained as the ratio of x1 and x3 To
check for additivity both the chiorination and filtration effects are summed up.
Therefore the sum of COL#7 and COL#8 represents the interaction factor A as
given in the COL#9. The interaction factor is found over a range of Rp. The
factor of inactivation is then plotted against the expected safe levels. Similarly
Tables 525 to 5.36 gives the calculations for the different indicator
microorganisms. Figure 5.49 is the plot of Rp (COL#1) vs. A (COL#9). Figures
5.49 to 5.54 give the plots of the interaction factor against the desired safe

levels Rp for the different indicators microorganisms.

The microbial removals of the control filter compared to the test filter
show that the test filter outperformed the control filter on all counts in both the
phases. This is interpreted as due to the combined effect of chlorination and
filtration. The loss of schmutzedecke, if any, did not interfere with the
removals in the test filter. The variations in removal efficiencies were also
greatly reduced giving a consistent removal within a ve-ry narrow range. In
order to determine the extent of interaction the modified Berenbaums equation

was used.
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it is observed that the factor of interaction approaches synergy at
greater desired removals, R, and at lower values of R it approaches 2. This
is due to the fact prechlorination is essential for slow sand filters to achieve
larger values of R;. As the value of R, is decreased, the slow sand filter does
not require chlorination to achieve R;, as it is capable of doing so on its own
account. Thus it can be inferred that chlorination is essential only when a
greater quality of effluents is required. The theoretical R, at which the value of
the interaction factor approaches 1, can be achieved by slow sand filtration
alone without the aid of chlorination. As the value of R, decreases the
interaction factor approaches the zone of antagonism. In this zone the
removals due to slow sand filter and chlorination are not complementary as
either of the two processes can achieve the required R, without the help of the
other. The plots of R, vs. the interaction factor for different microorganisms is

given in Figs. 5.49 - 5.54.

Theoretically speaking the point of zero interaction should be the same
for both the chlorine doses. But as observed from the plots, there is a distinct
difference in the R, values at an interaction factor of 1. The higher values of
Re for the second phase can be interpreted as the effect of a chlorine residual
throughout the length»of the filter. This gives an apparent increased removal in

the test filter. The only exception to this observation is fecal coliform.
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5.5 Interpretation of the Interaction Curves

The interaction curves give the type of interaction, i.e., synergistic,

antagonistic or additive, that can be expected at different safe levels.

For instance from Fig 5.54, it is observed that for an expected safe
coliphage removal of about 80% the curve lies in the synergistic interaction
curve. This implies that chlorination is essential if a 80% coliphage removal is
required, as slow sand filter alone is incapable of achieving this level of
removal. Further at an expected removal of about 67%, the interaction curve
touches the no interaction line. This means that slow sand filter alone is
capable of dealing with this level of removals and does not require chlorination
at all. For expected removals less than 67%, the interaction curve lies in the
antagonistic region. This implies that slow sand filters are capable of removing
coliphage in this level without any assistance from chiorination and
chlorination if done, is purely additive in nature. Thi.s does not mean that if
prechlorination is practiced in this zone, it will effect no removal. In fact it does
have its removal, but this removal is purely extraneous and does not help the
slow sand filter in any way.

The ideal interpretation of these interaction curves would be in

determining what level of removal is required and if that removal is achievable

by slow sand filtration alone. In case slow sand filters cannot provide that level
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of removals, it is then evaluated whether prechlorination can help in achieving
it.

Since two extreme dosages of chlorination have been chosen in this
study, it is possible to predict the maximum removals that can be achieved by

prechlorinating of filter influents.

The shape of the curve in the 5 mg/l, as seen in Figs 5.49-5.54, is
smooth in all the indicator removals. This indicates that the dose is
appropriate for an efficient microbial removal. The curves for the 15 mg/l
chlorine dose show a sharp flat at the ‘A = 1’ line. This is due to the great
difference in the chlorination and slow sand filtration efficiencies. A flat
indicates that the removals at that point are due to only one of the agent (in

this case chlorine).

An interesting observation was made in the removals of chlorine
resistant indicators, CI. perfringens and coliphages. The interaction lines
followed the same pattern and were almost interlinked. This indicates that the
higher doses of chlorine have no significant effect on the performance of the
slow sand filter with regards to removal of Cl. perfringens and coliphages. The
behavior of Cl. perfringens can be because the maximum removals were
obtained at lower chiorine dosage and the remaining population formed

resistant cysts that were more resistant to chlorination.

Kott et al. have reported that the coliphage group consisted of chlorine

resistant strains that were not inactivated with 80 mg/l chlorine dose. The
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observations made here could be due to the fact that the resistant strains of

coliphage were present in both the phases.

5.6 Development of Headloss and Filter Run

The rate of headloss development in the test filter was far slower than
that in the control filter at all times. A filter run greater than 53 days was

observed without the terminal headloss being reached under both the phases.

Table: 5.37: Headloss in Control and Test Filters

Filter Headloss After 53 Days of Operation
Control Filter 59.0in
Test Filter (Chlorine Dose = 5 mg/l) 28.5in
Test Filter (Chlorine Dose = 15 mg/l) 8.6in

The controlling effect of oxidants on the headloss is well documented in
literature [Ellis, 1985; LeChevallier et.al. 1992; Goldgrabe ef.al.,1993; Farooq
and Imran, 1997a,1997b]. This was evident in the fact that though the control
filter reached terminal headloss two times during the period of the study, the

test filter had yet to reach terminal headloss.

The reduced rate of headloss did not interfere in any way with the
removal efficiencies of various microorganisms during the run. This can be

seen in the enhanced removals in the test filter. The headloss development
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with time for the control filter can be seen in Fig 5.55. This reduced rate of
headloss is bound to be reflected in the longer filter runs, thereby reducing the

downtimes required for filter cleaning.

The headloss development in the test fiters was progressive rather
than exponential. Greaves et.al.,[1988], reported similar observations in their

pilot plant studies involving the removal of color in preozonated influents.
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CHAPTER #6

6. SUMMARY AND CONCLUSIONS

6.1 Summary

The objectives of this study were to investigate and monitor the
removal of bacterial and viral indicator microorganisms through slow sand
filters under two different prechlorination doses, of 5 and 15 mg/l, on a pilot .
plant under field conditions. One slow sand filter was utilized to treat settled
secondary effluent from the Al-Khobar Sewage Treatment Plant. This acted as
control filter to enable comparisons to be made. The second filter, called as
test filter, was utilized to treat the chlorinated settled secondary effluent. The
chlorination chamber was incorporated from which the chlorinated settled
secondary effluent was supplied to the test filter. In order to maintain identical
conditions the sand size, depth of sand media, and flow rate were kept the

same in order to facilitate comparisons. The flow rate was maintained at 10
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I/min, throughout the period of the study, in both the filters. The sand size was
0.5 mm with a depth of sand media at 1.0 m. To get a clearer picture of the
microbial removals due to the differént treatment levels namely, chlorination,
control slow sand filtration and test filtration that incorporates the combined
effects of chlorination and subsequent filtration were studied. Six different
microbial parameters were selected beéause they are widely recommended
as indicators of pathogens in waters and wastewater. These are standard
plate count, total coliforl;n, fecal coliform, fecal streptococcus, Clostridium
‘perfringens and coliphage. The study was conducted in two phases. In Phase
| the chlorine dose was kept at 5 mg/l. Phase Il which commenced 2 weeks
after completion of Phase [ utilized a chlorine dose of 15 mg/l. The resuits of

these two phases are summarized as follows,

° During Phase I, standard plate counts in the settled secondary effluent
had an average around 1.7x10*/ml. And the corresponding removals
were 87.8%, 87.3% and 98.6% for the control filtration, chlorination and

test filtration respectively.

o During Phase I, standard plate counts in the settled secondary
averaged around 2.55x10* /ml. And the corresponding removals were
89.9%, 99.74% and 99.96% for the control filtration, chlorination and

test filtration respectively.

° The total coliforms in the settled secondary effluent, during Phase |,

averaged at 3.47x10° MPN/100ml. And the corresponding removals
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were 83.4%, 76.6% and 98.2% for the control filtration, chlorination and

test filtration respectively.

During Phase II, the total coliforms in the settled secondary effluent
averaged at 1.17x10° MPN/100ml. The corresponding removals for the
control filtration, chlorination and test filtration were 81.68%, 99.93%

and 99.994% respectively.

During Phase |, the fecal coliform in the settled secondary effluent
averaged at 1.85x10° MPN/100ml. And the corresponding removals
were 81.7%, 84.9% and 98.1% for the control filtration, chlorination and

test filtration respectively.

During Phase I, the fecal coliform in the settled secondary effluent
ranged averaged at 8.96x10* MPN/100ml. The corresponding removals
in control filtration, chlorination and test filtration were 86.44%, 99.95%

and 99.995% respectively.

The fecal streptococcus in the settled secondary effluent, during Phase
I, averaged at 1.56x10* MPN/100ml. And the corresponding removals
were 82.3%, 72.6% and 97.5% for the control filtration, chlorination and

test filtration respectively.

During the Phase I, the fecal streptococcus in the settled secondary

effluent ranged averaged at 7.55x10° MPN/100ml. The corresponding
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removals in control filtration, chlorination and test filtration were 87.1%,

99.81% and 99.998% respectively.

The Clostridium perfringens in the settled secondary effluent, during
Phase |, averaged at 1.24x10? /100ml. And the corresponding removals
were 79.0%, 44.5% and 89.5% for the control filtration, chldrination and

test filtration respectively.

During Phase Il the Clostridium perfringens in the settled secondary
effluent averaged at 2.85x10? /100mi. The corresponding removals in

control filtration, chlorination and slow sand filtration were 80%, 71.35%

and 92.3% respectively.

The coliphage count in the settled secondary effluent, during Phase |
averaged at 7.7x10? PFU/100ml. And the corresponding removals were
80.1%, 49.1% and 91.3% for the control filtration, chlorination and test

filtration respectively.

During Phase lI, the coliphage count in the settled secondary effluent
averaged at 9.92x10° PFU/100mi. The corresponding removals in

control filtration, chlorination and test filtration were 82.7%, 70.6% and

99.55% respectively.

The headloss at the end of 53 days operation was 59.0, 28.5 and 8.6
inches for the control filter, and test filter with a prechlorination dose of

5 and 15 mg/l respectively.
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6.2 Conclusions

Based on the results of this study the following specific conclusions can

be drawn:

1)

2)

3)

4)

Coliphages and Clostridium perfringens were more resistant to
chlorination than all the other indicator organisms studied. The coliform
bacteria were present even in the effluent from the test filters under a
high chlorine dose. This establishes the effectiveness of the coliform
indicators. Thus they can be used as microbial indicators in studies

involving chlorination efficiency.

The overall removals of indicator microorganisms in both the phases of
the study was far better than either the control filter or chiorination

alone. This establishes the need for prechlorination of slow sand filters.

The higher chlorine doses, as established by the interaction model,
could not utilize the inherent filtration capacity of the slow sand filters
efficiently for microbial removals. Therefore higher chlorinating dosages
prove to be uneconomical. The best solution would be to prechlorinate

at a lower chlorine dose.

The headloss in the prechlorinated filter was greatly reduced resulting
in considerably longer run times. The headioss at the end of 53 days
operation was 59.0, 28.5 and 8.6 inches for the control filter, and test

filter with a prechlorination dose of 5 and 15 mg/l respectively. This is
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expected to have a significant impact on the economy of filter

operations.
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CHAPTER #17

7. RECOMMENDATIONS

Based on the experiences and observations made during this study the
following specific recommendations have been made to for future research

work.

1) A field study on the indicator to pathogen ratio in wastewaters need to
be made in the Kingdom of Saudi Arabia, so as to correlate the work
done on the indicator microorganisms to the actual risk of microbial

infection.

2) Studies on the formation potential of disinfection by-products in
wastewaters is an urgent need if reclaimed wastewater is to be
considered for reuse. This will help in establishing the carcinogenic

potential of disinfected wastewaters.

3) Chlorination of secondary effluents prior to sand filtration is to be

considered at all design levels, because of their obvious advantages.
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4)

171

A logical extension of this study would be to study the removal of
disinfection byproduct precursors in the wastewaters by slow sand
filtration. This will help in evaluating whether chlorination of

wastewaters is resulting in the production of any harmful disinfection

byproducts.
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