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ABSTRACT

Cryptosporidium is a small protozoan parasite which is widespread
in the environment where it exists as a spherical oocyst
typically 4-5 um in diameter. An extensive review of the
literature indicates that there has been a number of well
documented waterborne outbreaks of cryptosporidiosis, the disease
caused by the parasite. It is also apparent that little is known
of the effectiveness of standard water treatment processes for
the removal of the organism. Filtration, commonly used in water
treatment, appears to be effective although there is no
fundamental information on the factors affecting the adhesion of

cryptosporidium cocysts to sand grains (a common filter media).

Three complementary techniques have been used to study the

adhesion of oocysts to planar surfaces and granular filter media:

(i) A fundamental micropipette technique whereby the force of
adhesion of an individual ococyst to a microscope cover glass

is measured directly with a flexible micropipette.

(ii) A laminar flow technique whereby oocysts that have settled
in a cell are subject to increasing flow rates and the
degree of removal observed directly by microscope. The
strength of attachment 1is indicated by the flow rate
necessary to detach adhering oocysts. The corresponding

shear can be calculated and hence the force required to



remove an oocyst.

(iii) The removal of oocysts by filtration through packed beds has
been studied by a chromatographic technique, in which the
removal rate is determined by a specially developed particle

monitor.

Experiments were conducted in solutions of calcium and sodium
nitrate and ultra-pure water with a number of surface treatments.

Factors influencing the adhesion of oocysts included:

(i) Time of contact with the surface.
(ii) Solution chemistry
(iii)Modification of surface characteristics

(iv) The presence of extracelluar polymers

These effects and possible explanations are fully discussed.
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Chapter 1
LITERATURE REVIEW PART 1

"Cryptosporidium the organism"

The purpose of this chapter is to review the current
literature on the organism of the genus cryptosporidium in
order that an understanding into the problems associated with
the organism and the need for adequate water treatment can be

obtained.

Drinking water quality is of paramount importance for the
protection of public health. Waterborne diseases such as
cholera and typhoid, which were prevalent till the turn of the
century, have been controlled by the treatment of raw water to
provide safe drinking water, suitable distribution systems,
and the separation of drinking water from sewage

contamination.

17



Since the 1980’s the protozoan parasite, cryptosporidium, has
emerged as an important waterborne pathogen. Initially the
majority of cases of cryptosporidiosis, the disease caused by
the pathogen, were in immunocompromised individuals in which
the protozoan was thought to be an opportunistic zoonosis, ie
passed from animals to man, outside its normal host range.
However several large outbreaks of cryptosporidiosis have
indicated that a direct zoonotic source could not account for
the majority of cases and that water was an important vehicle
for the transmission of infection. Little is known on the
effectiveness of water treatment on the removal or
inactivation of cryptosporidium (Gregory, 1994) although it is
apparent that no process of water treatment in current
practice can guarantee the complete removal of cryptosporidium

(Ives, 1991).

1.1 Removal of cryptosporidium oocysts by drinking water

treatments

Water treatment employs a series of physical and chemical
processes to provide safe drinking water that complies with
various standards. Summarised below are the current processes
used in conventional treatment plants as regards
cryptosporidium. During water treatment cryptosporidium is
encountered in its environmentally robust state, an oocyst,
which is spherical in shape and part of the complex life cycle

(Section 1.3) that the organism undergoes.
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1.1.1 Removal of cryptosporidium oocysts by sedimentation

Frequently raw water is stored in reservoirs for several weeks
prior to treatment by which the quality is improved by the
sedimentation of suspended matter. The density of an oocyst is
extremely low (Gregory, 1994), around 1.05 gcm™3, and can be
shown even under favourable conditions to only settle at a
velocity of about 0.5 ums™; clearly sedimentation is therefore
not significant in oocyst removal since even after long
periods of storage the oocyst would only have settled a small

distance.

Although the previous discussion applied to a single oocyst it
is possible to find oocysts grouped together, such a
combination would be inadequate to dramatically improve
removal by sedimentation. More significant would be
sedimentation rates expected if oocysts become attached to
other material, but no data are available at present on such

effects.

1.1.2 Removal of cryptosporidium oocysts by flocculation

Small particles present in the raw water will aggregate into
clumps, or flocs, provided they are not prevented by physico-
chemical barriers. Electrostatic forces, caused by small
charges of the same sign on the surface of the particles
(electrokinetic or zeta potential), are the most common

repulsive force. Since the zeta potential for oocysts is low,

19



typically around -10 mV (Gregory et al 1991) in natural
waters, there should be little repulsion between oocysts and
other negatively charged particles, oocysts should therefore
be incorporated into flocs created by the addition of
coagulants and flocculants used in water treatment and removal

enhanced.

In order that oocysts come into contact with other particles
some relative motion is necessary. The relatively large size
of oocysts, typically 4-5 um, means they are unlikely to move
by perikinesis (Brownian motion), consequently physical motion
has to be applied, normally hydrodynamically such as by
stirrers and baffled channels, to induce orthokinetic
flocculation (ie collisions brought about by the relative

motion of fluid).

It is apparent that oocysts behave like many particles in a
similar size range and should be removed by conventional
flocculation/sedimentation, however such processes are not
always performed at optimum efficiency leading to particles

escaping (Gregory, 1994).

1.1.3 Removal of cryptosporidium oocysts by filtration

Filtration is an essential process for the production of high
quality drinking water, removing particles in the influent
water to produce a filtrate with minimal suspended matter and

a lower disinfection demand.
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A general approach to filtration is considered in the
following and a more fundamental approach to filtration is
given in Chapter 2. Since oocysts are extremely resilient to
normal chlorine disinfection practices, Section 1.7,
filtration provides an essential barrier for the prevention of
contamination of drinking water. Two types of filtration are
commonly employed, rapid filtration and slow sand filtration

both are discussed below.

1.1.3.1 Rapid filtration

During rapid filtration particles in suspension enter a deep
bed of granular material and are removed within the pores the
process being mediated by transport mechanisms that carry the
particles from the streamlines in the bulk of the fluid to
distances close to the filter grain. When the particles are
close to filter grains surface forces can then cause their

attachment (Amirtharajah, 1988).

Five transport mechanisms are at present recognised namely:
hydrodynamic, inertia, diffusion (Brownian motion),
interception and sedimentation (gravity) the predominant

mechanisms being diffusion and sedimentation.

Considering interception, in a typical bed the pores range in
size from around 100-500 um and therefore an oocyst, 4-5um in
diameter is unlikely to be removed, (DoE and DOH, 1990)

although if embedded in a floc it will probably be removed by

21



straining. Diffusion is alsoc unlikely to affect the passage of
oocysts through the bed since they are too large to be
affected by Brownian motion. As previously described the
settling velocity of an oocyst is slow especially when
compared to the mean flow velocity in the pores and therefore
sedimentation is also insignificant. Hydrodynamic forces arise
in asymmetrical shaped particles that rotate and move across
the flow however this is minimal in the case of the oocyst

since it is spherical in shape.

It is not surprising from the previous discussion that the
size of individual oocysts is such that capture is less
effective than that for other particles of different sizes
which agrees with the work by Yao (cited in DoE and DoH, 1990)

discussed in Section 2.1.1.2.

Ives (cited in DoE and DoH, 1990) compared removal of oocysts
with chlorella, an alga which is of similar size, and found
it could be possible to achieve 99.9% (3 log) removal and
suggested that under normal conditions oocyst concentrations
in the filtrate would be acceptable but, if a major incident
of oocyst contamination occurred in the influent water it
could be possible that insufficient oocysts were removed to

prevent a major waterborne outbreak.

Madore et al (1987) found that the use of rapid sand
filtration as a tertiary treatment for sewage effluents from

an activated sludge plant greatly reduced the numbers of
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ococysts by around 100-fold.

LeChevalier et al (1991a) studied full-scale rapid filter
plants and found that after backwashing a period of "filter
ripening" was important to assist oocyst removal and that
highest removal of oocysts was obtained in the most recently
backwashed filter after a suitable period of filter ripening.
It would be prudent to filter-to-waste (i.e the water from the
filter is not used but returned either to the inlet or
disposed of) during the initial "filter ripening" period to

prevent contamination of drinking water by oocysts.

Backwash water only represents a small portion of the overall
filtrate however if the raw water contains large numbers of
oocysts recycling of backwash water may introduce unacceptably
high levels of oocysts which would be compounded by continuing
to recycle subsequent backwashes. However it is possible to
treat the backwash water, experiments have shown agitation
with sand followed by disinfection to be effective, however
there is no cost—-effective method available at present (Parker

and Smith, 1993).

1.1.3.2 Slow sand filtration

Particles in a slow sand filter are retained by the same
mechanisms as those for rapid sand filters however they
operate at much lower rates with finer sand and without the

addition of chemicals to precondition particles, roughing
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filters being used to remove larger particles in the raw

water.

A fundamental part of a slow sand filter is the formation of a
biological layer called a schmutzdecke in the top few
centimetres of the bed which is effective for filtering small
particles. It is likely that oocysts would be retained in this
layer and may be subject to predation by organisms that

inhabit this region.

Little information is available on the removal of oocysts by
slow sand filtration. Fogel et al (1990) gave removals of 0.14

log and 0.5 log (27% and 68%) showing poor removal although

there were operational difficulties at the full-scale works.

Work by Schuler and Ghosh (1991) found that slow sand filters
in field studies were able to achieve removals greater than
99.98% and that this increased to 100% when the head loss was
maintained at 1.5 m. In the same study diatomaceous earth
filters were found to achieve greater than 99.99% removals.
Parker and Smith (1991) conducting work on a full scale plant

reported removals of 1.1 log (92%).

Studies at UCL (Gregory et al, 1991) on small scale laboratory
slow sand filters with and without schmutzdecke found that
removals of 1.7-2.4 logs were obtainable and that the

schmutzdecke had little effect.
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A recent study on removal of oocysts by Whitmore and
Carrington (1993) using a laboratory filter column 1 m x 28 mm
(i.d) packed with sand (0.58-0.63 mm in size) found that the
percentage of oocysts retained within the column was dependent
on flow rate. When the linear flow velocity through the column
was 0.1 m/h up to 98.4% of the oocysts were retained within
the column, but this reduced to 19.8% when the flow was
increased to 19.4 m/h. A comparison has been made, Chapter 5,
between the data obtained by Whitmore and Carrington and the
experimental data described in this theses using the packed

bed experimental technique described in Section 3.3.3.

1.1.4 Treatment of drinking water by disinfection

Disinfection is reviewed in Section 1.7 however available
evidence indicates that chlorine, commonly used around the
world, is inadequate for the inactivation of oocysts in its
present mode of use. Since it is unlikely that water utilities
will invest in different technologies for disinfection, such
as ozonation, it is imperative that at least 99.99% (4 loqg)
removal is obtained prior to disinfection to maintain
protection of public health. The fact that cryptosporidium is
now the fourth most important cause of laboratory confirmed
diarrhoea after campylobacter, salmonella and rotavirus (Barer
and Wright, 1990) indicates that this objective may not at

present be met.
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1.2 Historical considerations of the genus cryptosporidium

The American parasitologist E.E. Tyzzer gave the first formal
description of the genus Cryptosporidium (which means "hidden
spore" in Greek) in 1907 in which he isolated the organism
from the gastric mucosa of asymptomatic mice. He named the
isolate cryptosporidium muris and subsequently went on to

identify a second species cryptosporidium parwvum.

Cryptosporidium was considered little more than a curiosity
until 1955 (Janoff and Reller, 1987) when a new species,
cryptosporidium meleagridis, was suspected of causing

diarrhoea in a flock of domestic turkeys (Slavin, 1955).

In 1976 the first two cases of human cryptosporidiosis were
identified (cited in Rose, 1990). One infection occurred in an
immunosuppressed individual in which the parasite was thought
to be opportunistic (i.e outside the normal host range) and a
second, in a healthy young girl who lived on a farm in which

infection was thought to be zoonotic in nature.

Since 1976 there have been numerous cases reported in the
literature indicating that cryptosporidium has worldwide
distribution and has a variety of host species including

mammals, birds and fish (Casemore, 1991).

Four species of genus cryptosporidium are now recognised

(Smith, 1992) namely: cryptosporidium parvum, cryptosporidium
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muris, cryptosporidium baileyi, and cryptosporidium
meleagridis. Cryptosporidium parvum is the major species
responsible for clinical illness in humans and animals (Rose,
1988) causing self-limiting but unpleasant diarrhoeal disease
in normal healthy individuals and, in people with impaired
immune defence such as AIDS, distressing and life-threatening
profuse intractable diarrhoea which may spread into other
systems, notably the biliary system, and can lead to severe
dehydration, malabsorption and wasting (DoE and DoH, 1990).
Cryptosporidium parvum is the species used for the

experimental work detailed in this thesis.

1.3 Life cycle of cryptosporidium parvum

The parasite has a complex monoxenous (ie completed within a
single host) life cycle shown in Figure 1 (DoE and DoH, 1990),
that commences with the ingestion orally, or possibly by
inhalation (Tzipori, 1988), of viable oocysts, the infectious

stage.

Each oocyst contains four banana-shaped sporozoites which are
excreted through a suture structure in the oocyst wall upon
contact with acid, trypsin and bile salts (Smith, 1992) in the
duodenum. The sporozoites then attach themselves, by means of
binding proteins contained in the head or apical complex, to
the epithelial cells. The sporozoite then enters the
epithelial cell and differentiates into a trophozoite inside

the cell membrane without entering the cytoplasm of the cell
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DoH, 1990)
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(DoE and DoH, 1990) and is therefore intracellular but

extracytoplasmic.

The trophozoiﬁes then undergo asexual multiplication
(schizogony or merogony) (Robertson and Smith, 1992) to form
type I meronts and then merozoites which are either liberated
and invade surrounding cells spreading infection within the
host (Smith and Smith, 1990), or develop into the sexual
stages the gameocytes. Male gameocytes or microgamonts produce
sixteen microgametes, and the female gameocytes or macrogamont
produce a single macrogamete. Release of the microgametes
enables fertilization of single macrogametes and the formation

of zygotes (Janoff and Reller, 1987).

Around 80% of zygotes develop into environmentally robust
oocysts containing four sporozoites which are infective when
excreted (Smith, 1992). The remaining oocysts are thin-walled
and disrupt during the passage through the intestine of the
host further magnifying the infection. This autoinfective
cycle provides the potential for high intensity of infection
with large numbers of oocysts excreted. Paradoxically the
infective dose for cryptosporidiosis is low, probably between
one to ten oocysts, enhancing the organism’s ability to be

transmitted from host to host.

The oocyst 1is extremely resistant to the rigours of the
environment and is insensitive to the normal chlorination

practices exercised at water treatment plants (Smith and Rose,
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1990) in addition the large numbers of oocysts excreted by an
infected host and the low infective dose all indicate that

water is a highly probable vehicle for infection.

1.4 Waterborne outbreaks of cryptosporidiosis

There have been a number of waterborne outbreaks of
cryptosporidiosis in human populations in the UK and USA which

are summarised in the following:

1.4.1 Waterborne outbreaks of cryptosporidiosis in the USA

In 1984 epidemiological investigations into an outbreak at
Texas by D’Antonio et al (1985) suggested contamination of a
communal water supply with human sewage. The community was
supplied by water from an artesian well in which treatment was
confined to chlorination. The rate of diarrhoea was twelve-
fold greater than that of neighbouring communities and oocysts
were detected in 47 of the 79 individuals with diarrhoea
although a second pathogen, the Norwalk agent, was also in the
community leading to doubt about the amount of illness
attributable to cryptosporidium. However the outbreak
indicated that although the use of disinfection as a sole
means of water treatment was adequate to control coliform

bacteria, it was insufficient to control oocysts.

A second large waterborne outbreak of cryptosporidiosis

occurred in Carrollton (Hayes et al, 1989), Georgia in 1987
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when an estimated 13 000 people were thought to be infected
giving an overall attack rate of 40% however, the attack rate
was greater in those who consumed from the city water supply

than in those drinking untreated well water.

River abstracted water supplies roughly 7 900 of the 19 000
households in Carrollton. The water is treated conventionally
by the addition of alum, lime, and chlorine, rapid mixing,
mechanical flocculation, sedimentation, and rapid sand
filtration no recycling of backwash water was carried out.
Cryptosporidium oocysts were identified in samples of treated
water taken from the water treatment plant on three occasions

and in four samples taken from dead-end water mains.

The source of the oocysts was not identified during the
outbreak and all the standards laid down for drinking water in
the USA had been achieved although investigations after the
incident revealed the following operational irregularities
which may have caused the release of oocysts into the

distribution system (cited in Smith and Rose, 1990):

(1) Flocculation efficiency was impaired during the incident
due to the removal of mechanical agitators, from the
flocculation basins, reducing chemical mixing and
particle removal. In addition efficiency was reduced by
the equipment and procedures used to control the flow of
water through the filters and to monitor turbidity. It

was found that some individual filters were passing water
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out with turbidities as high as 3.2 NTU (Nephelometric
turbidity units) although after blending with water from
other filters the turbidity of the overall water complied

to standards (DoE and DoH, 1990).

(2) Dirt, flocculated particles and oocysts may have been
released by the procedure of shutting down filters, in
periods of low demand, and start-up of dirty filters

without backwashing.

(3) At the time of the outbreak there was a sewage spill
associated with increased rainfall that may have

augmented the oocyst loading at the treatment plant.

During the early months of 1992 there was an increase in
laboratory confirmed cases of cryptosporidiosis in Medford and
Talent, Jackson County, Oregon (Leland et al, 1993 and Anon,
1992a,b) . Available evidence indicates that both Medford and
Talent, which have separate water supplies, were independently

contaminated with cryptosporidium, complicating analysis.

Medford obtains its drinking water supply in winter from a
spring, whose catchment is carefully controlled, and is only
treated by disinfection using chlorine. Oocysts were found in
the treated water and the source was implicated in the
outbreak in which up to 15 000 county residents could have

been infected.
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Talent obtains its drinking water from two surface sources and
is treated at two plants, Bear Creek and Wagner Creek.
Operating records at Bear Creek indicated high turbiditities
caused by operating irregularities which included ineffective
rapid mixing of coagulant, and inoperative filter control
valves. Oocysts were not detected in the treated water but a
number of particles with similar morphology to an oocyst were
present implicating the water as a possible source of
infection. Improved plant operation coincided with the end of

the outbreak.

In April 1993 a major outbreak of cryptosporidiosis occurred
in Milwaukeef{ rFox & Little, 1993 } . A random digit dialling
telephone survey indicated that up to 370 000 people were
affected (had diarrhoea) out of 800 000 people who were
supplied by the contaminated water supply. Milwaukee is
supplied by two treatment plants, Linwood and Howard, which
obtain their raw water from Lake Michigan. Prior to the
outbreak there was a period of high rainfall leading to highly

turbid raw water.

The Howard plant, which uses conventional water treatment,
experienced difficulties in maintaining turbidity standards
and in early April oocysts were identified in the treated
water and the works shut down. Close inspection of the Howard
plant revealed several operating irregularities including, no
filter-to-waste capability (i.e it was not possible to operate

filters in isolation by disposing of effluent from the
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filter), no turbidity measurement for individual filters, and
the averaging of turbidities over five days to comply with
standards. Following the outbreak more stringent controls were
enforced including monitoring turbidities of individual

filters and increasing turbidity standards.

1.4.2 Waterborne outbreaks of cryptosporidiosis in the UK

The first waterborne outbreak of cryptosporidiosis in which
oocysts were detected in the treated water occurred in
Ayrshire (Smith et al, 1989) in April 1986 in which there were
twenty seven confirmed cases of cryptosporidiosis, although
there were many more reports of diarrhoeal illness in the two
nearby towns which had the same contaminated drinking water
supply. Prior to this outbreak there had been several possible
waterborne outbreaks but the methodology at the time used to
identify cryptosporidium oocysts was unable to substantiate

these.

The water supply for this area was conventionally treated and
then routed through break-pressure tanks to another works.
Although no oocysts were found in either the raw water or
treated water oocysts were found in the tank. Inspection of
the tank revealed that an old fire clay pipe land drain, which
was incorrectly indicated on records as having been sealed
off, was allowing discharge run off from the surrounding
catchment area to run into it. Oocysts were also found to be

present in samples taken from the vicinity of the pipe which
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had probably been derived from cattle slurry and dung that had

been sprayed in the neighbourhood just before the outbreak.

Although Ayrshire was the first confirmed waterborne outbreak
of cryptosporidiosis, in which oocysts were detected in
treated water, public concern was not aroused until an
outbreak in the Oxfordshire/Swindon area in 1989. Public
disquiet over this outbreak resulted in the Secretaries of
State for the Environment and for Health to call together a
group of experts to examine the occurrence of cryptosporidium
in water supplies, assess its significance for public health
and to formulate a suitable plan to deal with the problem. The
report was published in July 1990 and is commonly referred to

as the Badenoch report after its chairman.

In February 1989 epidemiologists noticed an increase in
cryptosporidiosis in Swindon and parts of Oxfordshire, areas
supplied by Thames Water Authority (Richardson et al, 1991 and
DoE and DoH, 1990). During the period of the outbreak there
were over 500 laboratory confirmed cases of cryptosporidiosis
including two which were found to also have giardiasis, caused
by another pathogen Giardia lamblia. Most of the cases were
related geographically to areas receiving water from the
Farmoor Reservoir which is then treated at Farmoor and

Swinford treatment works.

Treatment at the Farmoor works was by conventional rapid sand

filtration followed by disinfection using chlorine. Analysis
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revealed the presence of oocysts in the backwash water from
the rapid gravity sand filters, water leaving the treatment

plant and at the end of the distribution system in Swindon.

During the outbreak the capability of the Farmoor works to
remove oocysts was assessed. It was found that although the
rapid sand filters were able to remove 99% of the oocysts
present, the settlement process used to treat the water from
the backwash only removed 83%. Hence supernatant which was
recycled to the start of the works contained 10? oocysts/L
which, combined with oocysts in the raw water, gave an average
daily load of 10° oocysts on each filter. Following the
cessation of recycling backwash water, extensive washing of
the filters and operating the filters for a reduced period the

water leaving the works quickly became free of oocysts.

An outbreak of cryptosporidiosis, in which 47 people were
infected, occurred in the Margate, Broadstairs and Ramsgate
areas, Isle of Thanet (Joseph et al, 1991) during the latter
part of 1990 and early 1991. Epidemiological investigations
showed a strong statistical association between having
cryptosporidiosis and the consumption of drinking water

supplied by Southern Water Services.

Water to the affected areas is normally obtained from
underground sources however due to low rainfall additional
water was supplied from the River Stour at Plucks Gutter.

Stour water is treated at Plucks Gutter treatment works by
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coagulation, flocculation, flotation and filtration before
passing through activated carbon filters. The water is then

superchlorinated and dechlorinated prior to distribution.

Although no oocysts were detected in samples of treated or
untreated water at Plucks Gutter, turbidity of treated water
rose from less than 1 NTU to 2 NTU prior to the incident. The
catchment area in the vicinity of Plucks Gutter is mainly used
for arable and sheep grazing and there were no major incidence
of slurry contamination recorded. However local heavy rain
just before the outbreak may have caused slurry to be washed
off the land, coincidental with the rise in turbidity, and

could have caused the outbreak.

There have also been a number of suspected but unconfirmed

waterborne outbreaks including:

(1) Cobham, Surrey, 1983 and 1985 - there is no conclusive
epidemiological evidence that the outbreaks were
waterborne however the raw water source may have been

contaminated during heavy run-off.

(2) Hollywell, North Wales, 1984 - oocysts were found in the
raw water however methodology was not sufficient at the
time to test treated water. A link with water was
suspected however no evidence that implicated the water

supply was found.
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(3)

(4)

(5)

Sheffield, Yorkshire, 1986 - although waterborne
transmission was unconfirmed it was found that there was
a statistical correlation between people drinking from
the same reservoir complex and incidence of
cryptosporidiosis. In addition oocysts were found in

cattle in the reservoir catchment area.

Loch Lomond, Scotland, 1989 - although statistical
analysis confirmed a higher incidence of
cryptosporidiosis in persons supplied by the Lomond water

other risk factors were also involved.

North Humberside, north—-east England, 1990 - although the
health authorities suspected the outbreak to be initiated
by water then maintained by person-to-person transmission
there was no evidence of contamination of the treated
water supply. Due to drought conditions the normal bore
hole supply was supplemented with reservoir water which
was shown to be intermittently contaminated with low
numbers of oocysts which may have led to a brief

contamination event missed by monitoring.

The outbreaks of cryptosporidiosis described indicate that

water treatment methods, originally designed to deal with

classic bacterial waterborne diseases, are not always adequate

to deal with the parasite. In addition turbidity which can

indicate changes in normal water quality is not sufficiently

sensitive to indicate the presence or absence of oocysts.
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Although none of the outbreaks detailed previously were able
to substantiate definitively the source of the oocysts they
did elucidate to possible reservoirs and routes of infection.
The pollution of watercourses with cattle slurry was suspected
in the Carrolton and Swindon outbreaks and surface water run-
off from agricultural land after muck spreading was implicated
in the Ayrshire outbreak. Consequently a number of
investigations have been carried out to determine the
occurrence of oocysts and the circumstances in which water

supplies can be contaminated.

1.5 Occurrence of oocysts in waste, surface and treated water

1.5.1 Qocyst occurrence in waste waters

There have been few surveys conducted on the occurrence of
oocysts in sewage and treated effluent in the USA and UK,
however since cryptosporidium is an enteric pathogen found in
faeces of infected hosts if it is present in the population it
is highly probable that it will be found in sewage and
contaminated environments (Dematura et al, 1992). Levels of
ococysts found during surveys were highly variable, the results
of which are summarised in Table 1.1, but oocyst
concentrations were generally in the level of several thousand

per litre with the majority of samples being positive.

Madore and others in the USA (Madore et al, 1987) examined

both treated, using activated sludge, and untreated
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Table 1.1 Occurrence of cryptosporidium ococysts in raw

and treated sewage effluents

Location
Type of sample N* of samples Oocysts/L Reference
(Mean value)
Arizona Raw sewage effluent 4 800-1 300 Madore et al
(USA) (5 180)
Sewage treated by activated sludge 9 140-3 960 (1987)
(1 060)
Sewage treated by activated sludge 2 4-16
followed by rapid filtration (10)
Raw sewage effluent S (521) Deleon et al
(1988)
Sewage treated by activated sludge 14 (38)
Raw sewage effluent 5 (1 732) Rose (1988)
Sewage treated by activated sludge 20 (489)
Colorado Sewage treated by activated sludge 4 2 000-73 000 Rose (1988)
{USA) (37 500)
Texas Raw sewage effluent 5 100-6 000 Rose (1988)
(USA) (1 440)
UK Raw sewage effluent from a cattle 4 2 000-73 000 Gray and
market (37 500) Carrington
100-6 000 (1992)
Treated sewage effluent from a 5 (1 440)
cattle market
Raw sewage effluent 4 200-800 Gray and
{450) Carrington
Treated sewage effluent 5 0-100 (1992)
(35)
Scotland Treated sewage effluents 4 (8.5) Smith et al
{1991)

wastewaters. Activated sludge treatment was found to achieve
approximately 80% removal of oocysts leading to as many as 10%-
103 oocysts/L to be released into the environment but tertiary
treatment with sand filtration greatly reduced this level. The
average of four samples from raw sewage was 5 180 oocysts/L
however wastes from a cattle slaughter house were found to
contain 13 700 oocysts/L, treated effluent were found to have

an average of 1 060 oocysts/L.

Other studies with limited sampling have found 521 ococysts/L
(DeLeon et al, 1988) and 4 oocysts/L (Rose, 1988) in raw
sewage and 4 oocysts/L and 40 oocysts/L in sewage treated by
activated sludge, and Smith et al (1991) reported finding peak

levels of 8.5 oocysts/L in raw sewage in a survey conducted in
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Scottish waters.

A UK survey to determine the occurrence of oocysts in raw
cattle slurry (Gray and Carrington, 1992) found a maximum of
73 000 oocysts/L. Slurry samples consistently showed levels in
excess of 2 000 oocysts/L although they contained an
indeterminate amount of wash-water. Effluent that was primary
treated on site had a 1-2 log removal and contained 100-500

oocysts/L.

1.5.2 Occurrence of oocysts in surface waters

A number of surface waters in the UK and USA have been
surveyed for the occurrence of oocysts, the published results
of which are summarised in Table 1.2. Although relatively low
numbers of samples were taken in individual surveys, the
overall results show a high number of positive samples
indicating the ubiquitous nature of cryptosporidium. There is
a wide range in oocyst concentration between the waters
sampled which may be partly due to the methodology (Section
1.6) used, as well as influences in the catchment such as

cattle rearing.

1.5.2.1 Contaminated catchments

Results of surveys show that waters contaminated by
agricultural and effluent discharges contain greater

concentrations of oocysts than those from pristine catchments.
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Table 1.2 Occurrence of cryptosporidium oocysts in surface

waters
Location Type of sample N* of samples Oocysts/L Reference
Washington Four rivers (i) (Skykomish, Snoqualine, 9 2-112 ongerth and Stibbs
State (USA) Snohomish and Skagit) (1987)
California Two rivers (i) (American and 3 2-28
(USA) Sacramento)
Arizona Canal (i) 1 5 800 Madore et al (1987)
(USA) canal (ii) 1 5 300
River (iii) 1 290
River (iv) 1 2
River (v) 1 127
Stream (vi) 1 0.8
Western Cutlet from a lake receiving sewage 20 0-22 (0.58) Rose et al (1988)
United States discharge
River 12 miles downstream of lake 19 0-240 (1.09)
through an agricultural area
Arizona Stream (1) 9 (18) Rose (1988)
California Stream 3 (0.04)
Colorado River (i) 2 (0.12)
Oregon Stream 6 (0.05)
Texas Reservoir (i) 6 (1.1)
Utah Lakes and streams (i) 48 (8.9)
{USA)
UK River Tillingbourne Long duration 0-88 Poulton et al (1991)
Farmoor reservoir Daily for lyr 0-14
USA (17 Surface waters 181 (43) Rose et al (1991)
States mainly Pristine waters 59 (29)
western) Polluted rivers 38 (66)
Pristine lakes 34 (9.3)
Polluted lakes 24 (103)
Ground waters 18 {3)
USA mainly Various surface waters used to supply 85 0.07-484 LeChevalier et al
(14 wWestern water treatment plants (1991a)
States plus
1 canadian
province)
Washington River Snoqualine at various locations: Hansen and Ongerth
State (USA) a) Downstream of an area of little 6 (7.0) (1991)
human activity
b) Downstream of a small community with 6 (3.6)
sewage discharge
c) Down stream of numerous dairy farms 6 {64.0)
River Cedar downstream of a vary 6 {0.42)
carefully controlled catchment area
UK All usual sources 83 (2.3) Parker et al (1990)
Two rivers and a canal at various 1066 0.07-4.0 Miller and Carrington
UK points above and below sewage effluent (1991)
discharges and agricultural activity
Unconfined aquifer with quick recharge 44 0
Confined aquifer 42 0
Partially confined aquifer with rapid 34 0
recharge from an area containing sheep
Chalk well prone to coliform 46 0.004-0.026
contamination
Chalk borehole prone to coliform 48 0007-0.922
contamination
Chalk borehole of excellent quality 44 0.009-0.390

Note (i)

(1ii) septic tank leakage into the water course
(iv) Watercourse receives effluent from a small community
{v) Water course used for recreational activity
(vi) Water course passes through ranch land

Work conducted by Ongerth and Stibbs

Washington State,

USA
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High density of cattle farming activity upstream of sampling location where there maybe cryptosporidiosis
present.
(ii) Treated sewage effluent entering the water course

on two rivers in

(the Skykomish and Snohomish)

in which
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there were cryptosporidium infections in dairy cattle living
immediately upstream of the water sampling locations, were
found to contain oocysts in the concentrations of 7-112

oocysts/L.

A survey by Madore et al (1987) obtained the highest wvalue,

5 800 oocysts/L, from an irrigation canal that ran through a
high density agricultural area with cattle pastures in
Arizona. Work by Rose et al (1988) also examined water, in the
western USA, that ran through an area of concentrated cattle
pasture and found a yearly mean of 1.09 oocysts/L and reported
cryptosporidium levels to be 10 to 50 times higher in waters
receiving agricultural pollution than in pristine waters. Rose
also found some seasonal effects with a peak in Spring

followed by peaks in Summer and Autumn.

LeChevalier et al (1991a) also found a variation in the number
of oocyst depending on catchment characteristics and reported
cryptosporidium levels were approximately 10 times higher in
locations receiving urban pollution than in protected sites in
the USA. Hansen and Ongerth (1991) found that samples taken
from a downstream area influenced by dairy farming had
concentrations 10-60 oocysts/L, nearly 10 times higher than
areas upstream of the contamination and that wvalues were

greatest in periods of high run off in Washington State, USA.
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1.5.2.2 Uncontaminated catchments

Although pristine catchments may contain little or no
livestock activity it is possible that the indigenous wildlife
population may be infected with cryptosporidiosis which could
lead to the detection of low numbers of oocysts in surface

water samples.

Rose et al (1991) found that polluted rivers had 2.2 times
more oocysts than pristine river samples and that polluted
lakes had 11 times the oocyst concentration to pristine lakes
in samples mainly taken from the western USA with oocysts
being detected in 7% of pristine water samples with an average

of 20 oocysts/100L.

Hansen and Ongerth (1991) also reported low numbers of oocysts
in a pristine mountain catchment in Washington state, USA but
concentrations were below the limit of detection of the method

used, i.e around 0.05-0.15 oocysts/L.

Perhaps the data of most concern is that of the national
cryptosporidium survey group in the UK (Miller and Carrington,
1991) in which six groundwaters were tested and three were
found to contain oocysts during a short period. Follow-up
investigations eliminated the possibility of contamination
between sampling and analysis clearly indicating that all
water supplies are vulnerable to contamination by

cryptosporidium and that treatment by chlorination alone may
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be inadequate for the protection of public health.

1.5.3 Occurrence of ococysts in drinking water

In addition to the investigation of oocysts in potable water
supplies during various waterborne outbreaks ', detailed in
Section 1.4, a number of separate surveys have been undertaken

the details of which are summarised in Table 1.3.

Table 1.3 Occurrence of cryptosporidium in drinking water

Location Type of sample N* of samples Oocysts/L (mean) Reference

Western Filtered drinking water 10 0.001 Rose (1988)
United Nonfiltered drinking water 4
States

Samples from Conventional rapid sand filtration 17 0.0073 Rose et al
17 Us States Direct and dual media filtration 11 0.005-0.0057 (1991)

(mainly Spring and river water treated by 6 0.0011-0.011
Western) digsinfection only

14 states in Finished drinking water samples 82 0.0013-0.48 LeChevalier et al
Western USA (0.0152) (1991Db)
plus 1

Canadian
province

Scotland Various 75 (0.068) Parker et al
{1990)

Work by Rose (1988) reports on 14 drinking water samples, of
which 10 were filtered and the rest unfiltered. Of the
filtered samples water receiving conventional treatment of
coagulation, sidimentation, rapid sand filtration and
disinfectioﬁfeontained ﬁo detectable oocysts although a sample
of water treated by direct filtration was positive but the
treatment plant was operating suboptimally with inefficient
coagulation. Oocysts were also detected in a sample of water
treated by filtration without coagulation. Of the unfiltered

water samples two were found to be positive. In all the

positive samples levels of oocysts were extremely low (0.001-
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0.006 oocysts/L).

Rose et al (1991) examined 36 drinking water samples and found
17% contained oocysts with concentrations in the range 0.5-1.7
oocysts/100L the highest from water which is only treated by

disinfection.

A more comprehensive study by LeChevalier et al (1991Db)
examined 66 surface water treatment plants in the USA and
found oocysts in 27% of the drinking water samples. However,
microscopic observations indicated that the majority were
nonviable (although microscopy is not a definitive technique
for viability determination as the existence of sporozoites
within the oocyst doesn’t always reflect viability). The
results also indicated that plant configuration affected
oocyst removal although raw water oocyst density complicates
the analysis, with dual-or mixed—-media filters being more
efficient than granular activated carbon or rapid sand
filters. Although the plants surveyed with a high number of
oocysts in the raw water averaged a 2.38 log removal, oocysts
were still detected in the finished drinking water supply
indicating that suitable disinfection is imperative to prevent

future waterborne outbreaks of cryptosporidiosis.

Little has been published on the occurrence of oocysts in
drinking water in the UK. Smith et al (1991) reported on 142
treated water samples of which 57 of the samples were positive

with oocyst concentrations in the range 0.007-0.72 oocysts/L
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over a twelve month period. In the same survey they also
reported peaks in oocyst numbers occurring in July and
November although only the latter corresponded to an increase

in oocyst contamination in the raw water.

1.6 Isolation and identification of cryptosporidium ococysts

in water

The current method employed for the detection of
cryptosporidium oocysts in the UK has been well reviewed (DoE-
SCA, 1990) and involves the filtration of large volumes of
water, depending on turbidity, through a cartridge filter with
1 um pore size. The oocysts are then released by cutting the
filter matrix followed by elution with detergent solution
inside a stomacher. The resulting suspension is centrifuged
and the pellet clarified by flotation, most frequently using
sucrose, on which the oocysts float. Any oocysts that are
present can then be extracted and microscopically examined
after the addition of fluorescently labelled monoclonal

antibodies (mAbs) specific to the oocyst wall.

The technique is expensive, time consuming and has a highly
variable recovery rate ranging from as little as 1% (Vesey and
Slade, 1991) to as high as 82% with averages 20-50% (Rose,
1986, Rose et al, 1988, 1991; Le Chevalier et al, 1991b).
Turbidity of the water being tested may also affect the volume
filtered, material effectively clogging the pores in the

filter, making standardised sample volume difficult.
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Whitmore and Carrington (1992) evaluated alternative methods
for the primary separation of cryptosporidium oocysts from
water and found that cross—flow devices showed potential. In
these flow is across the membrane rather than through it,
which means that solids collect on the filter housing rather
than clogging the filter. The recovery rate during initial
experiments was high using deionised water seeded with 1x10’
oocysts however the same membrane was used in subsequent
experiments and the recoveries reduced, probably due to

membrane fouling.

Ongerth and Stibbs (1987) developed an alternative method for
the recovery of oocysts to that used in the UK. The method
involves filtration with polycarbonate membranes to recover
the oocysts. Initially 20 litres of sample is collected and
filtered through a 293 mm diameter membrane filter with a pore
size of 5 pum under vacuum. The resulting filtrate is then
collected and refiltered through a membrane with same the
diameter but 1 Um pore size under vacuum. Material retained on
the second filter is then eluted by vibrating the filter in a
plastic pan and concentrating the released oocysts by
centrifugation before microscopic examination. Recoveries,

using spiked samples, were between 5-20%.

Ongerth (1989) modified the method of elution previously
described. River samples were filtered as before but the
membrane from the second filtration is mounted face up on a

glass plate. Oocysts are then recovered from the membrane by
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rinsing with a stream of filtered distilled water followed by
squeegeeing with a flexible rubber blade into a collection
pan. The resulting filtrate is then concentrated by

centrifuging and analyzed.

Vesey et al (1991) investigated the use of flow cytometry to
detect oocysts in water. In their experiments raw and treated
water samples were seeded with known quantities of oocysts and
analyzed by both flow cytometry and fluorescent microscopy,
the former proved to be more sensitive although only small
samples could be handled. The method is also extremely
susceptible to fouling by debris and non-specific particulate
matter. Although the technique has great potential current
technology is unsuitable for direct application to
environmental samples without some form of oocyst

concentration step.

The use of calcium carbonate precipitation by Vesey et al
(1993) achieved recoveries for oocysts in excess of 68% for
seeded deionised, tap and river water samples. The technique
involves treating 10 litres of sample with calcium chloride
and sodium bicarbonate followed by pH adjustment to 10 by the
addition of sodium hydroxide. Cryptosporidium oocysts are
enmeshed in the precipitation of calcium carbonate crystals
that form. The crystals are then allowed to settle and the
supernatant is removed, the oocysts are then recovered by
dissolving the crystals with sulphamic acid, and the sample

concentrated by centrifuging if necessary.
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1.7 Disinfection studies

1.7.1 Chlorine

The waterborne outbreaks, detailed in Section 1.4, indicate
that routine use of chlorine as a disinfectant may not be
entirely effective in inactivating cryptosporidium oocysts and
should not be relied on as the only form of water treatment.
It has been shown that normal chlorination levels in drinking
water may be ineffective even after 18 hrs of contact time

(Madore et al, 1987).

Laboratory studies by Korich et al (1990) found that exposure
for 2 hrs to 80 mgL™ of chlorine at 25°C and pH 7 effectively
killed oocysts and that a 99% reduction in viability occurred

after 90 mins.

In another study by Smith et al (1988) oocyst viability was
only reduced to zero by contact times longer than 24 hrs with
8-16 mgL™ chlorine irrespective of temperature or pH. However
experiments were conducted using oocysts from human isolates,
compared to the studies by Korich et al (1990) that used

isolates from calves, which may have influenced results.

Work by Parker and Smith (1993) showed that it was possible to
treat oocyst-laden water, such as backwash water, by shaking
with sand, periods as little as five minutes were sufficient

to give rapid reduction in viability. Although such a method
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at present is unsuitable for drinking water application,
future adaptation may render it of use with large numbers of

oocysts being "killed" in a short period of time.

1.7.2 Chlorine dioxide

Work by Peeters et al (1989) found oocyst viability was
reduced by 93.5% after contact with chlorine dioxide for 15
mins, with an initial dosage of 0.43 mgl™ and 94.3% after a
contact time of 30 mins. In the same study it was suggested
that as it is permitted in many countries to have a small
active residual concentration of chlorine dioxide for several
hours it was possible that this may be sufficient to kill any

oocysts present.

Experiments using chlorine dioxide by Korich et al (1990)
found that oocyst viability was reduced by 13% upon initial

exposure to 1.3 mgl™? and up to 90% after 1 hr exposure.

In both studies oocysts were obtained from infected calves and
infectivity was determined by using neonatal mice which may
account for variability in results, the study by Korich et al
(1990) requiring approximately three times the concentration
of chlorine dioxide for twice as long an exposure time to
achieve roughly the same level of inactivation. However it is
apparent that chlorine dioxide is many times more effective

than free chlorine for inactivating oocysts.
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1.7.3 Ozone

Since 1906 ozone has been used on a municipal scale when it
was installed for disinfection in Nice, France (Singer, 1990)
and it is now employed in over 1 000 treatment plants
throughout Europe principally for taste and odour control as
well as disinfection. However with the relatively recent
emergence of cryptosporidium as a waterborne parasite ozone is

thought to have great potential as an oocysticide.

A number of studies have been undertaken to assess the
potential of ozone to inactivate oocysts although some results
are conflicting. Work by Peeters et al (1989) showed that it
was possible to eliminate infectivity of 10! oocysts/L, deemed
as ten times the dose required to induce 100% infection in the
neonatal mice used for their infection studies, by treating
the water with 1.11 mgL™ of ozone for 6 mins. Korich et al
(1990) also found it possible to eliminate infectivity with

1 mgL™? of ozone for 5 mins and showed that infectivity varied
according to concentration of oocysts for a given contact
time. However Ransome et al (cited in Robertson and Smith,
1992) were unable to achieve greater than 95% reduction in
infectivity with 1.0 mgL™? of ozone and contact times in excess
of 10 mins and that the inclusion of sewage in the test water
had no apparent effect on the oocysticidal strength of the

ozone.

In a study by Parker et al (cited in Robertson et al, 1994),
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oocyst viability was found to be affected by pH and
temperatures, with lower pH and higher temperatures killing
more oocysts. In the same study there was a variation of

oocyst vunerability to ozone between isolates.
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Chapter 2
LITERATURE REVIEW PART 2

"Aspects of filtration"

The purpose of this chapter is to review key literature about
filtration and relevant adhesion experiments to provide a
suitable framework for the analysis of experimental data from

methods detailed in Chapter 3.

Deep-bed filters (DBF) play a major role worldwide in the
removal of suspended solids in the treatment of potable
waters. The suspended solids are retained within a relatively
high porosity filter layer by either a straining or an

adhesion mechanism. When the characteristic diameter of the
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suspended particles is small compared to the pore size then
adhesion dominates, conversely if the characteristic diameter
of the suspended particles is large compared to the pore si:ze
then straining is the dominant mechanism. In normal practice
the pore sizes in DBF are large in comparison to that of a
single cryptosporidium oocyst, or several oocysts "clumped"

together, and adhesion is the dominant mechanism of removal.

The removal of small particles can be viewed as two distinct

stages:

(1) The particles must be transported inside the filter layer
to the surface of the filter material, or previously-
deposited material.

(ii) The particle must adhere after contact with the surface.

2.1 Modelling the filtration processes

During the last fifty years there has been great interest in
mathematically modelling the process of DBF, currently there
are two approaches, macroscopic (or phenomological) and

microscopic (or fundamental).

2.1.1 Macroscopic approach

The foundations for macroscopic mathematical modelling of DBF

were first formulated by Iwasaki (1935) and have been
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extensively developed since. Macroscopic theory is based on
the theoretical hypothesis that the change in suspension
concentration per unit depth of filter is proportional to the
local concentration of particles. This is represented by the

first order differential equation:

= AC (2.1)

S

where C is the concentration of particles at depth b and A is
the filter coefficient. In the macroscopic approach the
physical and chemical characteristics of the suspension and
the flow field of the granular bed are not explicitly
accounted for. The filter coefficient occurs in all the
theories of filtration and implicitly included in its value
are the effects of such parameters as particle size/type and

solution chemistry.

The value of A can not be obtained before beginning an
experiment since it will vary during the experiment due to
deposition of particles on the bed. For the purposes of the
experimental work detailed in this thesis the filter
coefficient will be referred to as A, implying a value at the
start of a filter run before any particles have been deposited

and is often called the "clean bed filter coefficient".

Equation (2.1) is often referred to as the kinetic equation
and if it is integrated over the depth of the bed, L4, at the

start of the filter run the following is obtained:
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C = Coexp (-Aglpeq) (2.2)

where C, is the initial particle concentration at the inlet.

Frequently in filtration experiments such as those using

packed bed techniques (details of experiments involving packed

beds undertaken in this thesis are given in Section 3.2.3)

particle breakthrough curves are used to calculate the initial

removal of particles C./C,. In such curves the effluent
concentration of particles, C,, as a function of time is

presented as a fraction of the influent concentration C,.

The classical approach to capture theory will be adopted in
the following discussion, which assumes that each contact
between particle and filter grain (collector) results in the
attachment of the particle and therefore deposition is
controlled by transport. Later theories considered the
interaction between particle and the influence on the
deposition process at close approach to the collector.
Therefore transport and attachment can not be strictly viewed

as two individual steps but as one process.

2.1.1.1 Transport mechanisms

The single collector efficiency for an isolated collector, 1,
is defined as the ratio of the rate at which the particles
strike the collector to the rate at which the particles

approach the collector. Ives (1975) reviewed the various
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particle transport mechanisms that operate in DBF to obtain

the collector efficiencies due to the following mechanisms

(Tien, 1989)

-Interception

Interception occurs when the motion of a particle along a
streamline is sufficiently close to a collector for attachment
to occur. The effect of interception is characterised by the
interception number N, given by Ng=a,/a. which is the ratio of
the particle radius to the collector radius. For a spherical

collector the efficiency of capture by interception is given

by:

yP 3 [a,]? (2.3)
2

Equation (2.3) only applies if Nz«l, which is often the case.

—-Sedimentation

The mechanism of sedimentation is due to the force of gravity
and the associated settling velocity which causes the particle
to cross the streamlines and reach the collector. For
sedimentation to occur the particle must have a density
significantly greater than the fluid. The rate of capture is
dependent on the direction of flow, the greatest occurring
when the flow is vertically downwards. In this case the

collection efficiency for a spherical collector is given by:
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Ne = (l+a,/a.) % (ug/U) (2.4)

where U is the superficial velocity and ug is the Stokes

settling velocity of the particle given by:

u5t=2Agggap2 (2.5) |
n

where Ap is the difference in density between the particle and

the suspending fluid and P the fluid viscosity.

-Diffusion

Small particles undergo Brownian diffusion resulting from

bombardment of the particles by molecules of water. The

collector efficiency for a spherical collector is given by:
Np=4.04N,, 23 (2.6)

where N,, is the dimensionless Peclet number given by

N,.=2Ua_ (2.7)
D

and D is the Stokes-Einstein diffusion coefficient given by:

D

kT (2.8)
brpa,

where k is the Boltzmann’s constant and T is the absolute

temperature.
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-Other transport mechanisms

Other transport mechanisms include the mechanism of
hydrodynamic action which is due to the particle rotating and
moving across streamlines and is primarily related to the
particle shape and its interaction with the fluid field. A
quantitative treatment of the mechanism has not been presented
here. The mechanism of inertia is not an important mechanism
for the capture of particles from liquids but is important in

aerosol filtration.

2.1.1.2 Effects of transport mechanisms on particle removal

within a packed bed

Although the previous discussion considered interception,
sedimentation and diffusion as separate mechanisms in practice
one or more may act on a particle with varying degrees of
importance depending on the filtration conditions. Due to the
varying dependence of each mechanism on particle size a
minimum collector efficiency occurs at a diameter of around

1 um, shown in Figure 2.1, which was verified by Yao et al
(1971) experimentally for the filtration of agqueous latex

suspensions through glass beads.

The overall capture efficiency can be obtained by simply

summing the individual capture efficiencies together, i.e by

adding equations (2.3), (2.4) and (2.6):
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Figure 2.1
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N=N:+MNs+Mp (2.9)

Single collector efficiency can be related to removal within a

packed bed (Yao, 1971) by the following:

A= 1.5[(1-f)/d.Jom (2.10)

The effects of chemistry on the removal of particles within a
packed bed has been considered by the inclusion of an
empirical collision efficiency factor, o., which describes the
fraction of total collisions that result in attachment since
not all collisions lead to capture. The porosity of the clean

bed, f, is also included and the diameter of the collector, d..
The results for a single collector have to be modified when
considering a packed bed, this is taken into account in

Happel’s sphere in cell model, Section 2.1.2.3.

2.1.2 Microscopic approach

2.1.2.1 Trajectory analysis

The rate of transport of particles over 2.0 um to the
substrate is normally found using trajectory analysis, a
concept proposed over sixty years ago for air filtration and
first suggested for water filtration by O0’Melia and Stumm

(1967) .
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The limiting trajectory method, whose main features are shown
schematically in Figure 2.2, is based on the consideration of
a force balance on a particle for a specified flow field and

collector geometry. A set of non-linear differential equations

is obtained that can be easily solved using standard numerical

methods.

2.1.2.3 Happel’s sphere—in-cell model

Rajagoplan and Tien (1976) used the trajectory approach with
Happel’s sphere-in-cell model to examine the deposition of
particles in packed beds. The effects of hydrodynamic
retardation and London-van der Waals forces were included in
the model but electric double layer effects were considered as
being negligible, the computation led to the following

empirical correlation:

N=A N, /®N *8+3. 3810 AN N0 4 +4A, 7N, 2 (2.11)

where N, is the dimensionless gravity parameter given by the
ratio of the suspended particle’s settling velocity (u,) to U,
previously defined [i.e Ng=u,/U]; Ny is the interception number
previously defined; N,, is the Peclet number previously
defined; N;, is the London-van der Waals interaction and is
given by N, ,=A,/9mpa ’U where A, is Hamaker constant (see Section
2.2.2); and Ag; is Happel’s flow field factor given by:

A= 2 (1-P%) (2.12)
2-3P+3P°-2P°
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where P=(1-f)3. Equation (2.11) is an empirical equation

which fits the numerical results from trajectory analysis.

2.2 Attachment

Trajectory analysis gives the rate of transport of particles
to the collector, as previously discussed, due to the various
mechanisms of mass transfer. Physico-chemical interactions may
then lead to the retention of particles by the surface. This
will be referred to as initial adhesion. The adhesion of
biological particles, such as oocysts, may subsequently
increase due to the release of extracelluar polymers. In the
case of oocysts this is purely speculative although
experimental evidence suggests the formation of tethers after

short periods of time which may lead to increased adhesion.

2.2.1 Chemical considerations and surface charge

Most solid surfaces acquire a surface electrical charge in
aqueous solution arising from one or more principal
mechanisms. There are at least five possible mechanisms by
which solids can acquire a surface charge, namely: ionisation
of chemical groups at the solid’s surface; ion dissolution in
which sparingly soluble ionic crystals exist in equilibrium
with a concentration of product ions in water; isomorphic
replacement where cations in the crystal structure are
replaced by cations of similar size but lower charge density;

specific adsorption where particles can acquire surface charge
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via preferential adsorption of certain ions from solution;
and, adsorption of dipolar molecules whereby molecules having
a permanent dipole may adsorb at interfaces with preferential

orientation.

Any charges at the surface of suspended parficles are balanced
by the formation of a diffuse layer of excess neutralising
counterions adjacent to the surface in order that the overall
electroneutrality of the interfacial region is maintained. The
surface charge and counterion charge together constitute the

electric double layer, as shown in Figure 2.3.

The earliest theoretical treatment of the double layer was
developed by Gouy (1910) and Chapman (1913) independently

based on a number of assumptions:

(i) An infinite flat impenetrable interface, uniformly
charged.

(ii) The ions act as point charges and are distributed
according to the Boltzmann law.

(iii) The solvent is a uniform medium with constant dielectric

properties.

If the Gouy-Chapman theory approach is applied to the diffuse
part of the double layer the distribution of electrical
potential can be determined from a combination of the Poisson

equation, which relates charge density and potential, and the
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Boltzmann equation, which gives the concentration of ions in
solution, to give the Poisson—-Boltzmann equation which in one

dimension and for low potentials takes the form:

Y=yexp (—Kx) (2.13)

Where Yy is the electric potential, Y, the surface potential, x
the distance from the surface, and K the Debye—-Huckel
parameter. For water at ordinary room temperature K is given

( in m?) by:

K=2.3x10°(Zc,z,2) /2 (2.14)

Where the sum is taken over all the ions present in solution
with molar concentrations c¢; and valency z,. Equation (2.13)
indicates that the potential falls exponentially from the
surface and that the parameter 1/K determines the rate of fall
(see Figure 2.3). At a distance 1/kx, commonly referred to as
the ’"thickness’ of the diffuse layer, the potential has fallen
to around one third of the surface value. At a distance 3/kx
the potential in the solution is virtually zero and beyond
this distance the surface charge would appear to be almost

entirely screened by counterions.

The diffuse layer probably doesn’t begin at the surface of the
solid, Stern (1924) accounted for this by considering the
finite size of the ions which was later modified by Grahame

(1947) who accounted for specifically adsorbed ions in the
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model. The Stern-Grahame model is also shown in Figure 2.3
which illustrates the structure of the double layer and shows
the variation in electric potential with distance from the
surface of the solid. Figure 2.3 illustrates that the
potential changes from Y, at the surface to Yy (Stern
potential) in the Stern layer and decays from Y, to zero in the

diffuse double layer.

The zeta potential, {, is the potential at the surface of
shear between the charged surface and the electrolyte
solution. For the present study the experimentally obtained {
is assumed to be representative of the potential of the

diffuse layer.

When two charged particles approach each other in an
electrolyte solution their diffuse layers overlap. When the
particles are identical a repulsion is experienced between the
two particles. Many theories have been proposed for the double
layer interaction but they tend to have limited practical
application due to a lack of sufficient information about the

system (Gregory, 1989).

In addition the dynamic aspects of the double layer
interaction are not fully understood, calculations are often
made on the basis of "constant potential"™ or "constant charge"

assumptions.

An expression for the energy interaction between two like
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spheres, radius a,; and a,, has been derived based on the Linear
Superposition Approximation which is a compromise between the

two extremes:

V, = 64a,a, TE(kT/ze)?y,Y,exp (—xd) (2.15)
a,+a,

where € is the permittivity of the medium, d the separation
distance ,z is the valency of the ions (a symmetrical, z-z
electrolyte is assumed), and e is the elementary charge. The
terms ¥, and Y, are dimensionless functions of the surface
potentials (taken as zeta potentials of the particle and
surface, {, and {,, given by 7¥,=tanh(z{,/103),
Y.=tanh (z{,/103)), where { is in mV and a temperature of 25 °C

is assumed).

2.2.2 Van der Waals forces

Deviations from the ideal—-gas law because of inter-molecular
attraction were recognised as early as 1873 by van der Waals,
although it was not until the development of quantum mechanics
that London could quantify this. Hence the attraction between
non-polar molecules are referred to as London-van der Waals

(LVDW) forces.

The London forces can be best understood by considering an
instantaneous picture of molecules. The forces arise from
fluctuations in the electronic cloud of individual atoms.

Normally to calculate the interaction between macroscopic
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bodies, the Hamaker (1937) approach is applied, although a

more rigorous approach based on work by Lifshitz (1956) 1is

available which for the case of parallel flat plates can be
solved reasonably easily, however extensions to other

geometries may lead to problems.

In Hamaker theory the total interaction between bodies is
obtained by pairwise summation of the interaction between
constituent atoms. The assumption of additivity is rather
dubious, since in condensed media there are simultaneous
interactions between the atoms. These tend to reduce the
interaction from the Hamaker approach. However, despite such
limitations the Hamaker approach leads to a simple expression

that can easily be solved from results from experimental work.

Hamaker obtained an expression for the interaction energy, V,,
between a sphere with radius a, separated by a distance d from

an infinite flat plate:

Va =-Ayla, +_a, + 1n d (2.16)
6| d d+2a, d+2a,

where A, is the Hamaker constant containing all the material
properties. For the case of spherical particles, radii a,; and
a,, with minimum separation distance d (provided the separation
distance is very small compared to the particle radii) the

corresponding interaction energy is (Gregory, 1993):
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a1+a2

For the interaction of a sphere (medium 1 and radius a;) and a

flat surface (medium 2) the result is simply:

Va==Ay122; (2.18)

Equation (2.18) can be used to consider the interaction of
small particles with large filter grains across a vacuum. If a
third medium intervenes, as in liquid filtration, the same

expression can be used but with a modified Hamaker constant:
Ay32= Ay 2t Ayz3— A3~ Ayps (2.19)

where A,,; is the Hamaker constant for the interaction of

materials 1 and 3 across a vacuum, etc.

If the attraction between unlike phases is taken as the
geometric mean of the attraction of each phase to itself then
equation (2.19) becomes:

Ayi30= (AH111/2—AH331/2) (Aﬂzzl/z_Auasllz) (2.20)

and when the two particles are of the same material, equation

(2.19) can be reduced to:
Ry31= (Byy 1 /2=Ry55t7 ) 2 (2.21)

72



Equation (2.21) indicates that between similar materials
immersed in a liquid the van der Waals interactions will
always be attractive (positive Hamaker constant) irrespective
of the magnitudes of A,;; and A,;,;. However for different
materials acting over a third medium, equation (2.20) implies
that either attraction or repulsion could exist. Typical
Hamaker constants for substances in water are in the range
10721-107%° J, although reliable values are not easy to obtain

experimentally or theoretically.

2.2.3 DLVQO approach

Long range interactions can be accounted for by DLVO theory
developed independently by Deryagin and Landau (1941) and
Verwey and Overbeek (1948). The classic DLVO approach combines
attractive London van-der Waals (LVDW) energy (V,), resulting
from dipole interactions between atoms and molecules, with
repulsive electrical interactions (V;), resulting from
overlapping diffuse layers, to give the interactive free

energy (V;), i.e:

Vy = Va4V, (2.22)

where V, is obtained from Equation (2.17) and V, from Equation
(2.15). In Figure 2.4 the repulsion and attraction energies
are also plotted against separation distance, as is the total
interaction. Both V; and V, are dependent on distance, V;

decreases approximately exponentially whereas V, decreases
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according to an inverse power law with distance between

particles and collectors.

Figure 2.4 shows a number of features including a primary
minimum, secondary minimum and a potential energy barrier.
Most organisms, including cryptosporidium oocysts, have a

negative surface charge under normal pH conditions.

The oocysts may be held in the secondary minimum which could
lead to reversible attachment and some mobility. Strong
adhesion may be prevented by the high energy barrier which
would have to be passed over. However treatment of the oocysts
or the support medium may modify the surface properties and
help overcome any electrical repulsion. One such possibility
is the addition of calcium leading to bridging between the

surface of the oocyst and the support medium.

2.3 Previous experimental investigations into particle

deposition and forces between particles and substrates

A number of experimental techniques have been employed to
measure the rate of deposition of particles from flowing
suspensions using various deposition systems as well as
studies of a more fundamental nature into the force of
adhesion of static particles to various surfaces for varying

lengths of time.
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2.3.1 Deposition of particles from flowing suspensions

Experimental techniques investigating the rate at which
particles are deposited from flowing suspensions in various
deposition systems can be categorized according to the
following: the geometry of the collector surface; the method
used to control the flow of particles through the
collector(s); the solution chemistry used in the experiments;
material used for the collector(s) and treatment of the
collector surface; and, the technique used to determine the

number of deposited particle

2.3.1.1 Geometry of the collectors and surface treatment

The geometry of collector surfaces can be classified as either
planar or curved. Examples of deposition studies using planar
surfaces include parallel-plate channel, rotating disc and
stagnation-point flow cell and examples of curved surfaces
include packed bed columns with either sand or glass beads as

the media.

Normally collector surfaces are made of glass which carries a
negative surface charge in normal aqueous solution although it
can be treated by the addition of polymers to modify the
surface charge, for instance a cationic coating will lead to a
positive charged surface. It is also possible to use other
material for spherical collectors such as steel (Kuo and

Matijevic, 1980) and polymethyl methacrylate (Rajagapolan and
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Tien, 1977). It is also possible to use various granular
materials for deposition studies in packed beds such as fibres
of different materials (e.g., Gregory and Wishart, 1980) and

sand grains (e.g., Ghosh et al, 1975).

The surface of the collector used in deposition studies must
be smooth and free from any surface irregularities and this
can be confirmed by a scanning electron microscope. Also the
method of cleaning the surface can greatly affect the
deposition process, Section 3.2.3 details the procedure

employed in the experimental work detailed in this thesis.

2.3.1.2 Control of flow

A variety of experimental techniques have been deployed to
regulate the flow of particles through the collectors. Pumps,
normally peristaltic (roller), are commonly used although
constant head apparatus and pressurised gas reservoirs are

also deployed.

Peristaltic pumps are used to transfer suspensions from a feed
reservoir to the collectors however some form of flow damping,
such as a surge bottle, is necessary together with an adequate
number of rollers on the pump to ensure smooth delivery. Other
examples of pumps include the use of syringe pumps where flow

is achieved by the movement of a piston in a syringe by means

of a stepping motor and drive shaft. Syringe pumps have

limited application due to the size of the syringe and the
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speed of the stepping motor.

Constant head devices are often used as a method of
controlling the flow through a deposition system whereby a
suspension is continuously stirred in a feed reservoir and is
pumped to an overflow tank, which is used to maintain constant
head, above the deposition apparatus. Suspensions from the
tank flow through the deposition apparatus, flow rate being
controlled by a suitable valve arrangement at the end of the
system. An overflow pipe allows excess from the tank to be
recycled back to the feeder tank. An alternative arrangement
involves the use of a Mariotte bottle, which contains the
particles in suspension, above the deposition system so that
constant head can be maintained without the need of an

overflow tank or feed reservoir.

Pressurized gas reservoirs can also be used as a means of

controlling flow rate through a deposition system, where the
reservoir is connected directly to the system and drives the
suspension through. By maintaining a constant pressure in the

reservolir the flow rate remains constant.

2.3.1.3 Solution chemistry

Solution chemistry in deposition studies can be controlled by
varying one or more of the following: (i) ionic strength; (ii)
pH; (iii) counterion type; and (iv) solute type - hence the

rate of deposition of particles can be controlled.
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Ionic strength is normally adjusted by the addition of a 1:1
inorganic electrolyte ( Elimelech et al, 1994 ) such as KCl or NaCl.
The pH can easily be controlled by the addition of small
quantities of either acid or base ions and since H' and OH™ are
potential—-determining ions for many collectors and particles

they may affect their electrokinetic properties.

Adsorbed polymers can also affect the deposition process.
Adsorbed polymers can have a dramatic effect on the stability
of dispersions and may cause stabilization or flocculation of
particles. Cationic polymers such as Percol 1697, are readily
adsorbed by negatively charged particles and the consequent
reduction in particle charge may be sufficient to destabilise
the particles. However excess polymer may cause the particles

to acquire an excess positive charge and become restabilized.

2.4 Detection of particles

2.4.1 Microscopic techniques

The rate of particle deposition can be established by
microscopically observing the particles in a suitable field of
vision and counting the numbers deposited over different time
periods. Marshall and Kitchener (1966) and Hull and Kitchener
(1969) were some of the earliest experimenters to adopt such a
method with the rotating disc apparatus. The disc is prepared
as described in Section 2.5.4 and viewed microscopically to

obtain the degree of deposition on the disc, appropriate image
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analysis can be used to facilitate the counting process.

In the stagnation-point flow (Adamczyk, 1989) (detailed in
Section 2.5.1) and parallel-plate channel (Sjollema and
Busscher, 1989a,b) (detailed in Section 2.5.2) deposition
systems, the collector surface, owing to the transparent
nature, can be microscopically viewed directly under dark
field illumination. The image from the microscope can be
transferred to a television monitor by means of a suitable
video link from which micrographs can be collected at various

time intervals and hence the deposition rates obtained.

A further technique can be used with certain biological
particles such as cryptosporidium oocysts where by a specific
stain (for example DoE-SCA, 1990) is used to enable clear
observation under a fluorescent microscope. Gregory et al
(1991) adopted such an approach to establish the degree of

removal of oocysts from a laboratory scale slow sand filter.

2.4.2 Direct particle counters

The most commonly used direct particle counters are those
based on the Coulter principle. In such a particle counter it
is necessary to dilute the suspension to be analyzed in an
electrolyte solution. Frequently sodium chloride, that has
been filtered, is used. The diluted suspension is then stirred
and drawn by vacuum through a small aperture of appropriate

size. A current passing through the aperture between two
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electrodes enables local changes in resistance to be measured
caused by a particle passing through. The changes in
resistance are measured as a voltage that is proportional to
the size of the particle producing it. By amplifying the
pulses, counting and allocating to the correct size a
distribution of size and numbers of particles present can be

obtained, assuming the instrument has been calibrated.

Although the technique is unaffected by material composition,
refractive index or light interactions the electrolyte
solutions used may cause aggregation . Of particles hence
affecting results. Allen (1990) and Hunter (1989) give
detailed descriptions of the principles, operation and

calibration of the Coulter counter.

2.4.3 Light scattering devices

When a light beam strikes a particle two processes occur;
firstly, the light wave is deflected, known as diffraction;
and, secondly the atoms in the particle are excited and re-
radiate the light received by radiation, known as dipole
radiation. The two processes do not change the wavelength but
alter the direction of propagation and intensity of light, and
are collectively known as light scattering. Generally
scattering of particles depends on their size, shape and
refractive index, the light wavelength and the angle of

observation.
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Due to light scattering by particles there is a reduction in
the intensity of light transmitted through the suspension.
There are two ways of measuring the light scattering from a
particle suspension. The first is to measure the light at a
fixed angle to the incident beam, the second is to

measure the extinction or turbidity, 7. Turbidity is the
simplest measurement of light scattering and will be

considered here.

Turbidity is conventionally defined in terms of the rate of

reduction in intensity of light transmitted through a

suspension of particles by the Lambert-Beer law:

I=I, exp(-TL,) (2.23)

Where I, is the intensity of the incident beam, i.e as if no

particles were present, and I is the intensity of light

passing through a length L, of suspension.

In a monodispersed suspension containing N particles per unit

volume turbidity can be expressed as follows:

T = NCy (2.24)

where Cy is the scattering cross-section of a particle. It is

also possible to relate turbidity to optical density O,

considering the following:
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T = 2.3[0, (2.25)
L

therefore for a monodispersed suspension the turbidity and
optical density are linearly proportional to the number

concentration of particles.

2.4.4 Particle monitors

One possible solution to determine the concentration of
particles from the inlet or outlet of a deposition system is

to use a light-blockage particle counting technique.

Another approach was used in the experimental work detailed in
this thesis, whereby an instrument (Particle Monitor) supplied
by Rank Brothers Ltd. (Cambridge, UK) was modified to provide
a sensitive on line particle monitor. Flow, containing the
particles, either from the inlet or outlet, passes through a
tube through which a narrow beam of light travels transversely
through and is monitored by a photodetector. Such an

arrangement allows continuous on-line monitoring.

The signal from the photodetector consists of a large d.c
component which corresponds to the average transmitted light,
and a small fluctuating a.c component due to a change in

concentration of the particles in the beam, see Figure 2.5.
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2.4.4.1 Theoretical considerations

Considering the particle monitor in which a suspension of
particles flow through a cell with a light source and a
detector, Figure 2.5. If the optical path length is L, and the
effective beam cross-sectional area is A then the average

number of particles in the beam, v, is given by

v = NAL, (2.26)

Combining equations (2.23) (2.24) and (2.26) the Lambert-Beer

law can be expressed as:

I/I, = V/V, = exp (-vCy/A) (2.27)

I being used to show that this is a mean value corresponding
to the average number of particles. For the purposes of
monitoring the light intensity is converted to a voltage hence
the term V/V,. Number fluctuations are found for a given
volume, for instance as a result of Brownian diffusion as
particles move into or out of the defined volume. Such

fluctuations follow the Poisson distribution.

If the average number of particles in the volume is v, then

the probability P(n) of finding n particles is given by:

P(n) = exp (—-v)/v*/n! (2.28)

Since probabilities follow a Poisson distribution the standard

deviation about the mean is equal to the square root of the
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mean value. At high values of x, 250, the distribution becomes
symmetrical and can be closely approximated by Gaussian
distribution. In the flow through the cell of the particle
monitor these variations in composition of the sample volume

lead to fluctuations in turbidity.

The root mean square value, rms, gives the simplest measure of
the fluctuating signal having eliminated the dc component, see
Figure 2.5. The result, V.., is equivalent to the standard
deviation of the voltage around the mean value V, and can be

related to the variation of particle numbers discussed above.

It can be shown that:

V... = V.[exp (-NC,L.)] (NL,/A) C,

V(NL,/A) C4 (2.29)

Where N is the number concentration (=v/AL).

2.5 Deposition of particles from flowing suspensions

A number of techniques have been used to investigate the
deposition of particles from flowing suspensions including
stagnation point flow, rotating disk apparatus, deposition

between two parallel plates and packed bed techniques.
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2.5.1 Stagnation point flow

One of the most direct methods of measuring particle
adsorption, deposition and deadsorption can be performed in
situ by the use of the stagnation point flow device originally
developed by Dabros and van de Ven (1983), schematically shown
in Figure 2.6. Stagnation point flow is developed when the
colloidal suspension in tube A is forced through a circular
hole in a thin plate towards a flat collector surface which is
made of a transparent material, such as glass or mica, in
order that direct microscopic observation with dark-field
illumination can be made. The flow rate in the cell can be
varied by controlling the volumetric flow rate of the

suspension through the circular hole.

In experiments conducted by Dabros and van de Ven (1987) an
area 203x235x455 um was analyzed in which the stagnation point
was at the centre. Particle deposition rates for uniformly
deposited particles on the surface were determined by counting
the number of particles deposited on the total area at wvarious
times. For non uniformly deposited particles the observation
area was divided into 96 rectangles and the number of

particles in each rectangle determined as a function of time.

Albery et al (1985) developed an alternative system to monitor
the deposition rate in stagnation point flow. In the method
the deposition of submicron particles onto the collector

surface is followed insitu by using evanescent wave
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Figure 2.6 A schematic view of the stagnation point flow

device showing: (1) suspension inlet tube, (2)

platinium diaphragm, (3) deposited particles,

(4) collector surface, (5) microscope cbijective,

(6) outlet tube. (Adapted from Adamczvk, 1989)
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spectroscopy. Figure 2.7 gives a schematic description of the
impinging jet apparatus. The colloid solution is pumped out
through a jet onto a microscope slide. A beam of light is
focused onto the edge of the slide, so that it is totally
internally reflected, and a photomultiplier measures the
amount of light scattered by deposited particles by the
evanescent wave. The cell and microscope table can be moved so
that the microscope scans the scattered light along the

surface of the slide.

In the modified version (Albery et al, 1990) a mixing cell of
the type used in stopped flow kinetics on the upstream side of
the jet has been introduced. Particles and solutions are mixed
thoroughly at this point. The particle deposition rate is

controlled by adjusting the potential of the coated electrode.

2.5.2 Rotating disc

One of the first extensive reviews in English of the rotating
disc system for studying mass transfer in electrochemical
reactions was given by Riddiford (1966). Based on the
considerations by Riddiford, Marshall and Kitchener (1966)
developed the rotating disc principle to investigate the
interaction between small particles and smooth planar

surfaces.

A schematic description of the apparatus is given in

Figure 2.8. In order to prevent undue vibration that may
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A schematic description of the rotating disc

apparatus. Showing: (A) constant speed motor

with reduction gears, (B) roller bearing, (C)

collet chuck, (D) cover (E) glass dish

containing suspension, (F) plastic disc and,

(G) deposition surface. (adapted from Marshall

and Kitchener, 1966) .
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affect laminar flow of solution across the face of the
rotating disc, the drive and shaft were of heavy construction.
The collector surfaces consisted of 22 mm diameter circular
glass cover slides that were treated by immersion in hot
chromic acid followed by thorough rinsing, they were then
either used without further treatment or coated with various
plastic surfaces using the falling level method. The cover
slides were held to the plastic disc surface by a vacuum

grease.

In order to determine the degree of deposition the collector
surface attached to the rotating disc is immersed in a bath,
supported on an adjustable bed in which the height can be
altered, containing the particles in the substrate under
investigation. The disc is then rotated at such a speed that
the Reynolds number of the disc does not exceed 2x10* in order
to maintain laminar flow across the surface of the disc. The
bath is then lowered and replaced by another containing the
substrate in the absence of any particles. Finally the disc is
removed, the cover slide detached, dried in a desiccator and

viewed microscopically to determine the rate of deposition.

2.5.3 Deposition between two parallel plates

The deposition of particles from an aqueous suspension in
laminar flow through a smooth parallel-plate channel has been
described in detail by Bowen and Epstein (1979) and Sjollema

and Busscher (1989a,b) and Sojellema et al (1989).
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In the apparatus described by Bowen and Epstein (1979) the
channel comprises of two 254x140 mm sheets of 7 mm plate glass
held apart by 0.8 mm thick polyethylene spacers. Sjollema and
Busscher (198%a) used a parallel plate flow cell mounted on a
microscope stage, which was modified in a later version
(Sjollema and Busscher, 1989b) by introducing removable
collector plates, Figure 2.9, in order that different

collector surfaces could be used.

In the experiments conducted by Sjollema and Busscher
(1989a,b) deposition was observed microscopically on the
bottom plate of the cell, using a 40 x objective with ultra
long working distance, mounted 3 cm from the inlet.
Suspensions flowed through the cell under the influence of
hydrostatic pressure and recirculated by peristaltic pump.
Images from the objective were analyzed using image analysis
to calculate the number of particles on the surface. The
deposition rate of the particles is then calculated from the
slope of a plot of the number of attached particles as a

function of time.

In the experiments described by Bowen and Epstein (1979) a
radioactive tracer technique was employed which gave a
sensitive means of measuring local concentrations of particles
without dismantling the flow channel as well as providing a
continuous measurement of particle accumulation if the
conditions are favourable for particle deposition. However if

the conditions are not favourable it may be necessary to
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1989b) .
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periodically stop the flow and flush out the test cell before
counting. The particles are tagged with a Y-emitter and the
concentration of particles deposited on the walls determined
by measurement with a scintillation crystal and appropriate

electronics.

2.5.4 Packed bed technigques

There have been numerous experimental investigations into
particle deposition using packed bed techniques such as those
by Fitzpatrick and Spielman (1973), Cintre et al (1987) and
Elimelech (1991). In all the experimental descriptions the
granular material is packed into a vertical column, normally
made of perspex, to form a bed with fixed porosity. Frequently

glass beads or washed sand is used as the granular material.

Cintre et al (1987) studied the efficiency of capture of latex
particles using a method derived from a chromatographic
technique. The method involved following the passage of small
impulses of suspensions introduced into the filter column by
means of an injection valve. A UV detection method was used to

determine the filter efficiency.

Figure 2.10 shows the packed bed experimental arrangement used
for work detailed in this thesis, the technique was based on
the work by Cintre et al (1987). The degree of particle
deposition taking place in the column can be found by

measuring the concentrations of particles entering and leaving
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the column by one of the methods previously described. The
method detailed in Section 3.2.3 is typical of the

experimental approach adopted in packed bed experiments.

The deposition rate in the early stages of the experiments can
be calculated from the initial removal of particles C./Cy,
obtained from the particle breakthrough curves. By performing
a mass balance over a differential-bed volume (Elimelech,
1991), and then integrating over the entire bed an expression
for the experimental deposition rate, T, can be obtained:

nexp=___ﬁc__ ln(ce/Co) (2.30)
- 3(1-f) L,

where d., is the diameter of the collectors.

2.6 Detachment of attached particles

a) Laminar conditions

The detachment of surfaces, such as particles from substrates,
by a variety of mechanisms has been considered by several
investigators. Visser (1976) considered the problem of the
detachment of particles under the action of a water stream and
suggested that the force responsible for the particle
dislodgement is a tangential force F, due to the fluid drag and
that the 1lift force on the particles due to the fluid flow

contributed negligibly.

O’Neil (1968) obtained an expression for the tangential force
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on the surface of the deposited particle due to the drag force
exerted by the fluid assuming classical conditions within the
sublayer region:
Fp=1.7x6Ta lu,.,, (2.31)
where U is the fluid viscosity and u,,, refers to the fluid
velocity at the mid point of the particle. For simple shear

flow the streamwise velocity, u,, is given by:

u,=yT (2.32)
H
where T is the shear stress and y the distance normal to the
surface. By combining equations (2.31) and (2.32) the

following expression is obtained:

Fy=32a,2T, (2.33)

where 1, is the shear stress at the wall, i.e at the bottom of

the particle.

In order to find the shear force at the bottom of a particle,
for instance within a laminar flow chamber such as the
technique detailed in Section 3.2.2, it is necessary to
calculate the head loss across the chamber dp/dx, the velocity
at the mid-point of the particle, the drag force on the
particle and then the shear force at the bottom of the

particle.
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One approach in calculating the above, detailed by Streeter
and Wylie (1975), is to consider steady flow between two
inclined plates, one of which is moving with a velocity. The
flow is then analyzed by the application of the momentum
equation on an element in the flow. The case is then
considered when both plates are stationery and not inclined,
hence it can be shown that the discharge within the chamber
per unit width is given by:

Qp= 1 Y3 (2.34)

12

2l

X

Where Q, is the discharge and Y is the separation distance
between two faces of the laminar flow chamber. Since the
discharge within a laminar flow chamber can be found, for
instance using the method detailed in Section 3.3.2, the head

loss can be found by rearranging Equation (2.34) to give:

dp=120Q, (2.35)
dx YW

Hence from the head loss across the chamber the velocity at

the mid-point of a particle can be found from:

u = 1l dp (Yy-a)?) (2.36)
2y dx

Hence from Equation (2.31) the force due to the fluid drag can
be found, and finally using Equation (2.33) this can be
related to the shear force at the bottom of the particle and
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hence the shear force at the bottom of the particle found.

Visser (1976) argued that since the removal mechanism is
unknown it is not possible to relate F, to the adhesive force
of a particle to a surface, F,, on theoretical grounds and

assumed F, to be proportional to F, by the following:

Fp=0,Fp (2.37)

where @, is the proportionality constant, values of 0.65 and

1.0 have been found in the literature (Chamoun et al, 1989).

Equation (2.34) indicates that particle removal is determined
by the magnitude of the wall stress when conditions of laminar
flow exist. In order that a particle is deposited from the
flow or reentrained back into the flow it must eventually pass
across the boundary layer of the fluid adjacent to the
surface. The structure of the boundary layer will therefore
have a profound effect on the overall deposition/re-

entrainment process.

b) Turbulent conditions

It has been suggested that large particles, i.e those too
large to be affected by Brownian motion, may be conveyed
across the outer regions of the boundary layer by eddy
diffusion, the eddies gradually diminishing in size when

approaching the surface and becoming extinct at the surface
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(Yung et al 1989).

Recently microscopic studies of the fine structure of the flow
within the viscous sublayer region adjacent to the surface has
revealed that the fluid flow may not be entirely laminar as
thought in classical boundary-layer theory. A cyclic
phenomenon, or bursts, have been observed involving fluid
injections from the sublayer and sweeps towards the solid-
fluid interface from the outer flow region (Vastitas, 1992).
Cleaver and Yates (1976) suggested that it was possible for
particles, previously deposited, to be re-entrained by the
updraught created during the fluid ejection while particle
deposition occurs during the gentler sweep process, although
experimental investigations by Yung et al (1989) using high-
speed photography and a dual laser beam technique found
turbulent-burst activity to be insignificant for the re-
entrainment of particles completely submerged within the

viscous layer.

2.6.1 Measurement of force of attachment of particles to

surfaces

Recently Francis et al (1987) have developed an experimental
technique for the direct measurement of forces between
particles and surfaces. In their experiments the force
required to detach human red blood cells from hydrophillic
glass surfaces as well as dictostelium discoideum amoeba from

hydrophillic surfaces was measured. Individual particles that
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were in contact with the surface were subjected to a force via
a flexible glass micropipette which is micromanipulated into
position and attached to the particle via suction. The pipette
is then lowered away from the surface and the particle "pulled
off" the surface. The force applied to the particle is
calculated by measuring the degree of bending of the pipette
and hence the force of attachment of the particle to the
surface. In the experimental work detailed in this theisia
Section 3.2.1, the apparatus developed by Francis et al (1987)
was used to measure the force of adhesion of rigid
cryptosporidium parvum oocysts to the surface of a microscope
cover glass in various solutions. The results give adhesive

force, F,, of a particle to the cover glass.

The apparatus can also be used to apply an upward force on a
particle, effectively squashing it against the surface, prior
to removal and hence decreasing the distance of the particle

from the surface.

2.6.1.2 Adhesion force between solid particles

Real particles are never completely rigid and when they attach
to a surface they deform elastically under the action of any
applied load, such as that applied via the micropipette prior
to removal, as well as the attractive surface forces that pull
the two surfaces together, this leads to a finite area of
contact even when there is no applied load (Israelachvili,

1991).
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Johnson, Kendall and Roberts (1971) were some of the first to
theoretically look at the adhesion of elastic particles. The
theory, commonly referred to as "JKR" theory, they proposed
forms the basis of modern theories of adhesion mechanics. In
the theory two spheres of radius a; and a,, elastic moduli K,
and surface energy W,, per unit area, will flatten when pressed
together under an external load or force, F, such that their

contact area will have a radius, a, given by:

a’=  RI[F+3%RW,,+ (6TRW,,F+ { 3TRW,, }?) /2] (2.38)
K

where R=a,a,/(a,+a,) . For the case of sphere on a flat surface

a,=oo,

When a particle is removed from the surface the area of

contact just before detachment is thought to vary in two ways.

Deryagin et al (1975) and Johnson et al (1971) have
considered the final contact area of a particle immediately
before detachment when subjected to a pull-off force such as

that from the micropipette apparatus.

In the work by ' Deryagin et al (1975) the contact area is
thought to be zero at detachment and the force required to
pull a particle away from the surface is given by:

Fo=4mry (2.39)
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where r is the radius of the particle and Y is the surface
energy of the particle. However in the work by Johnson et al
(1971) it is considered that the particle becomes detached at

a finite radius, and the pull-off force is given by:

Fo=3mry (2.40)

Experimental and theoretical considerations favour the first

approach (Amirtharajah and Raveendran, 1993).
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Chapter 3
Experimental materials and

methods

In this chapter the experimental materials and methods that
were used to test the theories discussed in Chapter 2 are

presented.

Little information is available on the removal of
cryptosporidium oocysts by various water treatment processes,
and there is no fundamental information on the factors
affecting the attachment of oocysts to sand grains under
controlled conditions. Three complementary techniques have

been employed to address this absence in knowledge, namely:

1) Micropipette experiments— In these fundamental
experiments the force of adhesion of an individual oocyst
is measured directly by a flexible micropipette. The

micropipette is attached to a micromanipulator and used
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to detach adhering oocysts from a cover glass. Oocyst
attachment is monitored by interference microscopy which
permits observation of the contact topology. The bending
of the micropipette gives a direct measurement of the
force applied to the oocysts during the detachment

process.

2) Laminar flow- Such experiments are intermediate in
approach and use a laminar flow cell whereby oocysts are
allowed to settle in the flow cell and are subjected to
flow at an increasing rate. Detachment is observed

directly using an inverted microscope.

3) Chromatographic technique- These experiments are
macroscopic in approach whereby the removal by filtration
of oocyst suspensions through a packed bed is examined,
removal rates being determined using a modified particle

monitor.

3.1 Materials

3.1.1 Suspended particles

Cryptosporidium parvum oocysts for experimental work were

kindly supplied by Dr V McDonald, Parasitology Department, St.
Pancras Hospital for Tropical Diseases. Samples were obtained
from the faeces of infected calves and prepared by the method

detailed by McDonald et al (1990) and stored at 4 °C in
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dichromate solution. The storage media may be relevant to the
physical properties of an oocyst such as surface charge.
Alternative storage media were tried such as phosphate-
buffered saline solution (PBS) but samples rapidly became
contaminated with bacteria. Oocysts that had become
contaminated with bacteria were found to have lower adhesion
than those that were not. Latex particles, 3.0 um diameter,
were obtained from Polysciences, Inc. (UK) and stored at 4 °C

prior to use.

Typically cryptosporidium parvum stock solutions were supplied
in concentrations of 2x10° oocysts per ml. Concentrations were
verified by diluting 50 pl of the oocyst stock suspension into
20 ml of 2% filtered NaCl solution. A particle counter (Elzone
280 PC) with a 30 um orifice tube was used to determine the
particle concentration. Using the same technique the mean size
of the oocyst was found to be 4.1 um with very narrow
distribution. A similar process was used to determine the

concentration of the 3.0 pum latex stock solution.

From the oocyst stock solution a "working stock" was made by

diluting a known volume from the stock solution into 20 ml of
filtered ultra-pure water so that the final concentration was
typically 10 000 oocysts/ml. Such an approach helped to limit

the contamination of the original suspension.

Since the cryptosporidium parvum oocysts were obtained from

infected animals the numbers available were limited and
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experimental techniques described in this thesis reflect this

limitation.

3.1.2 Solutions used

All solutions were prepared from Analar grade reagents.
Solutions were prepared with ultra-pure water generated from

an Elgastat water purifier.

3.1.3 Porous media

The filter media for the packed bed experimental work,
detailed in Section 3.2.3, consisted of 30/36 ballotini solid
glass beads (Jencons, UK) specific gravity 2.05, or 30/36
quartz sand (Hepworth Minerals and Chemicals Ltd, UK). The
media was packed into a borosilicate glass chromatographic
column (Omnifit, UK) (internal diameter 0.8 cm) to a depth of

6.0 cm and supported on a teflon screen (20 um mesh opening).

3.2 Eguipment used

3.2.1 Experimental arrangement for the investigation into

the force required to remove an individual

cryptosporidium parvum oocyst from a glass surface

using a novel micropipette technique

The micropipette apparatus shown schematically in Figure 3.1

used by Francis et al (1987) enables the direct measurement of

108



TO THE
FEEDBACK
SENSOR AMPLIFIER
SEE DETAIL
BELOW
SMALL
PIEZOELECRIC
’ CRYSTAL
SILICON
CRYSTAL
FRAGMENT

% ..

PIEZOELECTRIC

MICROPIPETTE CRYSTAL

DEFLECTION MEASURING
SYSTEM

SUCTION APPLIED
AT THE END OF
THE PIPETTE

\ 4

MICROSCOPE
OBJECTIVE
COVER
/ GLASS
CRYPTOSPORIDIUM

PARVUM QOCYST

CONTACT /C s
ANGLE ‘

ENLARGED VIEW OF MICROPIPETTE
THE MICROPIPETTE

' FORCE

Figure 3.1 Schematic representation of the micropipette

apparatus used to find the force of adhesicn of

an individual cryptosporidium parvum oocyst to

a cover glass

109



the force of adhesion of an individual oocyst to a
borosilicate cover glass (Lomb Scientific and CO, Australia)

to be made.

The individual oocyst is attached to a flexible glass
micropipette by means of suction applied to the end of

the micropipette. The micropipette is then lowered by means of
the large piezoelectric crystal, Figure 3.1, controlled
remotely. Thus the micropipette, which acts as a cantilever
spring exerts a force on the oocyst, the deflection of the
micropipette being proportional to the force. When the force
is sufficient the oocyst will detach from the surface and the
net force on the oocyst due to the bending of the micropipette
is obtained directly from the change in micropipette tip
height, read directly from the large piezoelectric control. In
addition a small piece of reflective silicon crystal fragment
attached to the knee of the micropipette, see Figure 3.2, and
linked by means of a feedback circuit to a small piezoelectric
crystal allows the force on the particle to be measured during
the detachment process. A Zeiss (Germany) Universal Microscope
with transmitted light allows the contact area of the particle

to be observed during the detachment process.

Thus the apparatus consists of a large piezoelectric crystal
and controller with approximately 100 um of movement; a small
piezoelectric crystal with controller with only 20 um of
movement; a micropipette with silicon crystal fragment

attached to the knee; a feedback circuit that allows the small
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piezoelectric crystal to follow the edge of the crystal
fragment and hence derive the force on the oocyst during
detachment; a cover glass to provide a surface for the
particles to settle onto; a microscope for observation; and a

chamber to contain the micropipette, solution and particles.

3.2.1.1 Manufacturing procedure for the production of

borosilicate glass micropipettes

The micropipette, Figure 3.2, used in the experimental
apparatus previously detailed, is made from borosilicate thin
walled glass (Plowden and Thompson Ltd., UK) and comprises of
a long tapered section, approximately 40 mm in length, and a
second thinner tapered section, approximately 6 mm in length,
the final internal diameter (i.d) of the tip being around

4.5 um. Approximately 10 mm from the tip a right angle bend is
placed in the pipette, by holding over a heated wire, to form
the "knee". A piece of silicon crystal fragment, with a flat
edge at the bottom, is attached at the knee, using silicon
adhesive, to provide a reflective surface for the

photodetector, shown in Figure 3.1.

The micropipette is manufactured using a "micropipette puller"”
the design of which was modified from existing apparatus and
manufactured at University College, London. The puller,

Figure 3.3, comprises; two heating elements, the first is a
large element (approximately 5x5 mm in area) of resistance

wire heating coil, the second is a single turn of 0.08 mm
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resistance wire; current/voltage to the elements is from a
variable a.c power controller; a three dimensional manipulator
allows the lower (smaller) element to be accurately positioned
and a coarse two dimensional positioner allows the upper
(larger) element to be centred; a pin chuck to hold the glass
to be pulled; a small 1 g "weight changer", Figure 3.4, which
allows for the final tapered section to be pulled; a 12.5 mm
diameter 19 g tufnol piston with adjustable end stop; a brass
piston guide with adjustable air vent to control the descent
of the piston; and, a perspex cover to prevent air movement

affecting the heating elements.

To pull a pipette a length of glass tubing is inserted through
the pin chuck, heater coils and into the "weight changer". The
upper end of the glass is held by the pin chuck and the lower
end attached to the main weight (piston) via the "weight
changer" device shown in Figure 3.4. When switching on, power
to the elements is supplied automatically. Initially the upper
element heats, the glass softens and descends under the
influence of the weight of the piston until it reaches the end
stop, adjusted by means of the piston adjustment screw. At
this stage the top element is automatically turned off and the
lower element heated. Under the action of the "weight
transfer"” device the glass is pulled further to form the final
taper. When the diameter of the glass is sufficiently small it
shears at right angles leaving a clean face at the tip. The
i.d of the tip is determined by the weight of the "weight

transfer" device and can therefore be adjusted to produce
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pipettes of different i.d’s for use with particles of
different sizes to that of an oocyst. A knee is then formed in
the pipette and the reflective surface attached. Finally the

completed pipette is transferred to a desiccator for storage.

3.2.2 Experimental arrangement for the investigation into

the shear force required to remove a cryptosporidium

parvum oocyst from a borosilicate glass surface with

a laminar flow technique

The shear force required to remove an oocyst from a glass
surface was investigated using the laminar flow chamber shown
in Figures 3.5 and 3.6. The apparatus consists of a glass
microslide (Camlab Ltd., UK) to which glass capillary tubing
is fused to each end. Flow was delivered by means of constant
head apparatus, detailed in Section 2.3.1.2, with the use of a
Mariotte bottle positioned upstream of the microslide, and
discharge controlled downstream by means of a metering valve
(Nupro, USA); silicone rubber tubing was used for connections.
Observations of the removal process can be made directly by
means of a Nikon (Japan) TMS inverted microscope, under 20 X

magnification, and video link to record data.
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Figqure 3.5 Schematic diagram of the laminar flow apparatus
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3.2.3 Experimental arrangement for the examination of

particle deposition within a packed bed using a

modified particle monitor to determine particle

counts

The experimental arrangement uses standard liquid
chromatography apparatus, Figure 2.9 and Figure 3.7, adapted
from the technique used by Cintre et al (1987). It comprises
of a peristaltic (roller) pump, an on-line prefilter
(Acrodisk, USA), a sample injection valve (Omnifit, UK) with
0.196 pl sample loop, a chromatographic column (Omnifit, UK)
with adjustable bed height, and a modified particle monitor
(Rank Brothers, UK), connected to a chart recorder,
oscilloscope, and pulse counter. All connecting tubing is of
Teflon, internal diameter 0.8 mm, with a coiled section before
the particle monitor to ensure good mixing, the effects of the

coiled region are discussed in Section 4.1.1.

A non-standard feature is the incorporation ¢f a column by-
pass, accessed by two three-way taps, which allows a pulse of
particles to be routed either through or around the column

before entering the particle monitor.

To load the chromatographic column with the granular media,
detailed in Section 3.1.3, it was first filled with ultra-pure
water, the media was then wetted and spooned into the column

to achieve uniform packing.
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The filter media was cleaned at the start of each experiment
by removing the bed height adjustor, so that the media was
free to expand, and the column inverted. The reservoir,
Figure 3.7 and 2.10, was then filled with 200 ml of
concentrated sodium hydroxide and flushed through the
apparatus followed by 400 ml of ultra-pure water. The bed was
then recompressed to its original dimensions using the bed
height adjustor and the column returned to its original
orientation. The online pre—-filter was then replaced and a
further 200 ml of ultra-pure water flushed through the

apparatus.

Precoating the filter media for example with a cationic
polymer (i.e Percol 1697) was performed before commencement of
experiments by filling the reservoir with a solution of the
polymer which is passed through the column. The column is then

flushed with copious amounts of ultra-pure water.

3.2.3.1 The modified particle monitor

A modified particle monitor was used in the experimental work
to determine the concentrations of particles entering and

leaving the chromatographic column.

In the modified particle monitor the root mean square, rms, is
not measured, as in the original monitor (described in Section
2.4.4), but the mean square, ms, of the fluctuating component,

\Y which is then converted to a pulse train, the frequency of

ms/
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which is proportional to V,,. Comparing the pulse counts, in a

given time:

Pulse count proportional to Pulse count" proportional to

Vme/V = (NLg/A)2C, (Vms/V)2 = (NLg/A)C2?

(rms) (3.1a) (ms) (3.1b)

fluctuating signal depends on fluctuating signal depends on

the square root of the particle first power of the particle
concentration and the first power concentration and on the second power
of the scattering cross section. of the scattering cross section.

Usually the scattering cross section, C,, of a particle is
expressed in terms of geometric cross sectional area of a
particle, giving a non-dimensional scattering coefficient, Q,

which for spherical particles is given by:

Q = C,/ma? (3.2)

It is also possible to derive a specific turbidity in terms of
the volume fraction, ¢@. In this way, the variation of
turbidity with particle size at a volume fraction can be seen.
For a suspension containing N spherical particles per unit

volume:

¢ = 4/3 ma,N (3.3)
Now considering a suspension in which the particles differ,
equations (3.1la) and (3.1b) for a suspension having N;

particles with Cy; scattering cross section and N, with C,, ...

is :
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Pulse count = (L,/A)lﬂ(f}yc“?)ﬂz (3.4a) Pulse count" =(L,/A)(I}hcm?)(3.4b)

(rms) (ms)
Combining equations (3.2), (3.3), (3.4a) and (3.4b):

Pulse count= (37L,/4A)*(@a,)'’Q (3.5a) Pulse count"= (37L,/4RA) (¢a,)Q (3.5b)

(rms) (ms)

For a suspension of uniform spherical particles the turbidity
can be calculated from equations (2.17) and (2.19) provided Q
is known. The mean square signal from the modified particle
monitor is sent to a voltage-to-frequency convertor, the
output of which is a train of pulses with a frequency
proportional to the mean square value of the fluctuations. The
pulses are counted by a frequency meter (Stanley Laboratories,
UK) to obtain the total pulse count. Figure 3.8 shows a block

diagram of the modified particle monitor.

3.2.3.2 Noise considerations

The original particle monitor contained an AD536 (Analog
Devices, USA) chip that performs true rms-to-dc conversion in
which the rms signal from the instrument was converted to a
dc value. This chip was replaced by a similar component, AD637
(Analog Devices, USA), which was used to derive the mean
square, ms, instead of the rms value. The new component is a
high accuracy monolithic rms to dc convertor that computes the
ms of the complex ac input waveform and gives an equivalent dc

output.
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The chip is wafer trimmed to achieve performance without
external trimming. The only external component being required

is a capacitor that sets the averaging time period.

The particle monitor has two discriminators, that modify the
output from the particle monitor. The first discriminator
allows an upper limit to be placed by adjusting the width of
the pulses, such that "bursts" of high-frequency pulses
(caused by large numbers of particles passing through the beam
or a very large particle) merge together to give one pulse
count; however when using the chromatographic column with the
sample loop filled with around 6 000 particles or less this
occurs infrequently. The second discriminator allows a lower
threshold to be set by only letting pulses through if their
width is less than a predetermined value (or their frequency
is greater than a pre-set threshold). This allows noise in the

instrument, if necessary, to be "backed off."

In the experiments neither discriminators were operational as
prefiltering all solutions and grounding the instrument, by
covering all tubing with earthed aluminium foil, maintained

the noise level at a constant 3.0 mV.

In the modified particle monitor an output equivalent to the
mean square of the input was computed as opposed to the root

mean square. Considering the following:

N = Noise
= signal
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(NZ + SZ) 1/2
N2 + 8?2

ms

Noise from the rms is not contributed additively unlike ms. If

the noise level was 5 mV and the signal 2 mV then:

(52 + 2%)¥2= 5.4 mv

rms =
52 + 22 = 29 mv

ms

Therefore the noise when considering rms forms 93% of the
signal compared to 86% when considering the ms value. It is
therefore apparent that, due to the addititivity of the noise
contribution in the ms, at small particle signal levels it is
easier to distinguish between a signal due solely to noise and

one slightly greater due to a small number of particles.

The main advantage of replacing the original chip is data
interpretation. Considering the following in which a known
number of particles i1s passed through the apparatus and the

rms plotted:

X number of particles
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and when repeated with only half the number of particles:

x/2 number of particles

Since the rms is proportional to the square root of the number
of particles passing the particle monitor the area under the
first curve will not be double that under the second curve
(i.e A,#A,/2) . However the ms is proportional to the number of
particles and therefore in a similar exercise one area would
be half the other (i.e A;=A,/2), hence the main reason for the
modification. At lower velocities the areas in the curves
shown above would be more spread out however the area would
still be proportional to the number of particles when

considering the ms value but not if the rms value was used.
Before commencing experimental investigations using the

modified particle monitor it was necessary to verify that the

modifications were valid these are detailed in Section 3.3.3.
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3.3 Experimental methods

3.3.1 Experimental technique for determination of the

force required to remove an individual

cryptosporidium oocyst from a borosilicate cover

glass using a novel micropipette technigque

Figure 3.1 shows the micropipette apparatus. Before
commencement of experimental work it was necessary to
dismantle the steel chamber which was then cleaned using 10%
Decon 90 solution, 90% ethanol and finally rinsed with copious

quantities of ultra-pure water.

The borosilicate cover glass was prepared by immersion in
concentrated sodium hydroxide for 30 minutes followed by
thorough rinsing with ultra-pure water before being placed
into the well of the stainless steel chamber shown in Figures
3.9 and 3.10. It was then held in position by means of a
rubber "O" ring seal and cover plate with four holding screws.
The chamber is then ready to be fastened to the main part of
the apparatus followed by rotation through 45° and filling with
solution via a sample port on the side of the chamber. All
solutions were degassed by vacuum by filtering through a

0.22 pm Millipore filter before use to prevent the tip of the

micropipette from becoming blocked with air bubbles.
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The micropipette for each experiment (a new micropipette was
used for each experiment) was prepared by sliding a medium
size finger cot over the thick end of the pipette followed by
a piece of silicone rubber tubing with a luer fitting and
syringe at the end. The tip of the micropipette was then fully
immersed into concentrated sodium hydroxide and air forced
through by means of a positive pressure from the syringe. If
the tip is clear of blockages a stream of bubbles will be
clearly visible from the end the size of the bubbles giving an
approximate visual estimate of the internal diameter. The
micropipette is then removed from the sodium hydroxide and
immersed into ultra-pure water whilst maintaining positive
pressure. The micropipette is then mounted on the apparatus
and introduced into the chamber, by means of a coarse thread,
whilst ensuring that it remains clear of the opening in the
side of the chamber. The chamber is then sealed by rolling the
rubber cot over the ferule of the chamber. Any remaining air
in the chamber is dislodged through the sample port which is
then sealed by a needle stub. The apparatus is then rotated

back through 45°,.

Once the micropipette has been prepared the assembly is
transferred to the microscope stage. Due to the weight of the
assembly it 1is necessary to place a coiled spring underneath

to serve as a counter balance.

The micropipette is now ready to be centred. Under 4 X

magnification the pipette is manually raised so that it just
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touches the surface, at this stage the tip will be seen to
just skip along the surface, the tip is then lowered by
approximately 10 um by means of the large piezoelectric
crystal. The tip is then centred using 4 X, 16 X, and 48 X
objectives before it is filled by applying a negative pressure
at the end of the micropipette using the syringe for
approximately one hour. It is necessary to observe the end of
the micropipette during this period so that any blockage at
the tip, caused by debris being sucked into the tip, can be
removed by applying a positive pressure from the syringe. It
is essential that the micropipette is filled to prevent flow

around the tip caused by capillary rise.

When the micropipette has been filled the tip is manually
lowered to about 5 mm from the surface by means of a coarse
adjustment. The assembly is then removed from the microscope
stage, mounted on a stand, and inverted so that the oocysts
will settle under gravity to the cover glass. Oocysts in
suspension are then introduced into the chamber through the
sample port via a needle and syringe. The needle is positioned
in the chamber such that the majority of the oocysts settle in

the centre of the cover glass.

The amplification box is now turned on and set to a coarse
scale, referred to as the "A" scale, which illuminates the
detector. The detector is then raised manually so that the
beam, seen through an observation port in the side of the

chamber, is cut in half by the lower face of the silicon
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crystal fragment glued to the knee of the micropipette. This
is also indicated by a deflection in either direction of the

ammeter scale mounted on the amplification box.

Some focusing of the photodetector, by manually moving the
detector in and out, may be necessary to increase the response
on the ammeter scale. The micropipette is then recentered
using the objectives 4 X, 16 X, 48 X and finally 100 X oil

immersion under reflected light.

The large piezoelectric controller is then set to around 56 Hm
and the height of the micropipette adjusted manually so that
it is just on the surface. The amplification box is then set
to a more sensitive scale, referred to as the "C" scale, and
by using the offset, which electronically changes the position
of the ammeter scale, adjusted so that the ammeter scale is
centred. The micropipette is then raised and lowered, correct
adjustment being indicated if the large piezoelectric
controller scale follows linearly with the small piezoelectric
control scale for around 20 um, when the tip is at the surface

and lowered away.

The micropipette is then lowered from the surface, using the
large piezoelectric controller, the maximum distance and the
tube from the controlled suction unit attached to the end of
the micropipette. The computer programme is now run which
enables the force measurement, height of the micropipette,

time and suction to be viewed together with the image from the
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microscope, a suitable video link allows the combination to be

recorded during an experiment.

The chamber is then manoceuvred manually so that an oocyst and
the micropipette tip appear to be concentric in the field of
vision. The micropipette is then raised using the large
piezoelectric controller so that it is just below the chosen
oocyst. The suction is then raised to a maximum and the
microscope illumination switched to transmission. The small
piezoelectric controller should be on scale and can be
adjusted by changing the offset on the amplification box. The
pipette is then raised so that it is just in contact with the
oocyst, indicated by both a change in surface area of the
oocyst and a change in reading of scale of the small

piezoelectric controller.

The readings on the large and small piezoelectric controllers
are now noted. The micropipette is then lowered slowly in 1 nm
steps until the oocyst detaches from the surface. The readings
are then noted again on the controllers. The oocyst is then
brought back up onto the surface so that it just touches the
surface and the new reading on the large piezoelectric
controller noted and hence the jump distance. Further
experiments can then be conducted with the same oocyst on
either the same part of the surface or a "clean" part, in
addition it is also possible to push thé—oocyst with some
force onto the surface by using the large piezoelectric

controller. By analysing the video it is possible to relate
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the contact area of the oocyst to the value on the small
piezoelectric controller and hence the force during the

detachment.

The micropipette can be calibrated by placing it into the
apparatus without the presence of the chamber. The tip of the
micropipette is then focused on using the 4 X objective and
the value of the large piezoelectric controller noted.
Predetermined weights are then hung onto the knee of the
micropipette and the tip brought back into focus by adjusting
the large piezoelectric controller and the new reading taken
and hence the deflection of the micropipette under different
weights therefore it is possible to establish a deflection

against force curve for an individual micropipette.

3.3.2 Experimental technigque for the determination of the

degree of removal of oocysts on a borosilicate

glass surface by shear force due to laminar flow

Oocysts in suspension, contained in a syringe, were introduced
into the chamber, Figures 3.5 and 3.6, via a hypodermic needle
(Terumo, UK) pushed through the silicone rubber tubing.
Typically around 3 000 oocysts were introduced. After the
suspension had been introduced the needle was retracted and
the hole in the tubing, caused by the needle, sealed using
silicone sealant. The oocysts were then allowed to settle onto
the surface and remain in contact for varying lengths of time

before being subjected to flow. Since the distance the oocysts
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settled over was minimal the contact time of the oocysts with
the surface was assumed to begin immediately after the oocysts
were introduced into the chamber. Results, obtained by
examining a specific area on a television monitor from a video
link, were expressed as a percentage of the ratio of the
number of oocysts remaining to the original number of oocysts

in the chosen area.

Prior to experimental work it was necessary to thoroughly
clean the chamber by flushing the apparatus with concentrated
sodium hydroxide solution followed by copious quantities of

ultra-pure water.

The shear force applied to the oocysts was gradually increased
from zero to a maximum value by quarter turn increments on the
needle valve at one minute intervals. Discharge was obtained
by measuring the weight of water for a given time period for
each setting on the needle valve which was related to volume,
and hence knowing the dimensions of the flow cell to
discharge. The value of the drag force on the oocysts was then
found using the theory presented in Section 2.6. Experiments
were carried out in solutions of 1073, 107?, and 107! mol dm™

NaNO,;, Ca(NO;), and ultra-pure water.

3.3.3 Experimental technique for the determination of the

degree of removal of particles within a packed bed

Experimental investigation into the deposition of particles
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within a packed bedinvolves measuring the concentration of
particles entering and leaving the chromatographic column,
with glass beads or sand grains as the filter media, at

various flow rates, chemical conditions and contact times.
Particle concentrations can be determined using a modified

particle monitor.

Preliminary preparations

The sample injection valve used for the experimental work has
two settings, load and inject. The load position allows the
sample injection valve sample loop (SIVSL) to be filled with
particles, using a syringe and luer fitting, without
introducing the particles into the flow. The injection
position allows an impulse of particles contained within the
SIVSL to be introduced into the system. In order that a known
number of particles could be introduced it was necessary to
calibrate the volume of the SIVSL before beginning
experimental work. The SIVSL volume was determined by filling
the loop with a suspension of known concentration. The
particles in the loop were then introduced into the system and
collected. Using a particle counter (Elzone 280PC, UK) the
total number of particles in the collected volume was
determined and hence the number of particles within the sample
loop derived. Thus knowing the original concentration of

suspension the SIVSL volume was found to be 0.196 ul.

Initial experiments with the flow rate in the system at 1.04
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cc/min, by-passing impulses of particles around the column by
means of two three way taps, indicated a large scatter of
data. The inclusion of a 1.0 m length of coiled teflon tubing
reduced the variation in the total pulse count for a given

number of particles.

Potassium dichromate, the storage media used for
cryptosporidium parvum oocysts in the laboratory, was present
in trace amounts in suspensions of oocysts introduced into the
system. It was considered that this may lead to additional
pulse counts. To verify this the SIVSL was filled, with 2%,
4%, and 10% pre-filtered (0.22 pum) dichromate solutions in the
absence of particles, and the solutions introduced into the
system, whilst by-passing the chromatographic column, and the

corresponding pulse counts obtained.

To establish the ratio of total pulse count to the number of
oocysts introduced the SIVSL was filled with 700, 1 000,

1 350, 2 000, and 3 000 oocysts respectively and introduced
into the system, by-passing the chromatographic column with
the flow rate set at 1.04 cc/min, and the corresponding pulse

count obtained.

To verify that the modifications made to the particle monitor
were justified, i.e that the pulse count is proportional to
the mean square, 3 600, 7 200 and 10 800 oocysts were
introduced into the system, whilst by-passing the

chromatographic column with the flow rate set at 1.04 cc/min,
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and the corresponding root mean square value plotted on a
chart recorder, the total pulse count from the mean square,
for each concentration was also obtained. The oscilloscope was

used to give an indication of the spacing between the pulses.

To investigate the effects of flow rate on total pulse count

5 000 cryptosporidium ococysts were introduced, whilst by-
passing the column, with flow rates of 0.72, 1.04, 1.36 and
1.49 cc/min and the corresponding total pulse counts obtained.
Flow rates were obtained by passing ultra-pure water through
the system at various settings on the peristaltic pump and
collecting the volume for a set time period. Hence by dividing

volume by time the flow rate can be obtained.

Experimental procedure

Before commencement of an experimental run the porous media
was cleaned as detailed in Section 3.2.3 and precoated if
necessary as detailed. The reservoir was then filled with the
solution to be used, flow set to 1.04 cc/min, and 100 ml of
solution passed through the apparatus with the chromatographic
column included in the system, at this point the noise level

indicated on the chart recorder should be around 3.0 mV.

The chromatographic column is now by-passed by means of the
two three-way taps and the SIVSL is filled with either 3.0 um
latex particles, typically around 6 000, or cryptosporidium

parvum oocysts, typically around 5 000. The voltage to
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frequency convertor, pulse counter, chart recorder and
oscilloscope are started and the impulse of particles
introduced into the system via the sample injection valve and
a total pulse count obtained. The process is repeated but with
the chromatographic column incorporated and a second pulse
count obtained from which removals within the column from the
difference between the two pulse counts can be derived. The
chart recorder gives a visual indication of when the particles
arrive at the modified particle monitor and the end point when
all the particles have passed through at which point the pulse

counter is stopped.

In some of the experiments with the chromatographic column
present the flow was stopped after introducing the impulse of
particles so that they remained around the middle of the
column. The particles were then allowed to remain stationary
for 1, 2, 5 or 10 mins before flow was recommenced. In the
majority of experiments the flow rate was kept at a constant
1.04 cc/min. However in some of the experiments the flow rate
was adjusted, by altering the setting on the peristaltic pump,
to 0.72, 1.04, 1.36, and 1.49 cc/min. The particles, were
allowed to contact with the filter media for 5 mins, by
stopping the flow when the oocysts were around the middle of
the column, before recommencing flow. A summary of
experimental conditions is given in Table 3.2. Table 3.1
summarises the solutions used in the experimental work

detailed in Table 3.2 at constant ionic strength.
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Table 3.1 Summary of calcium solutions used for packed bed

experiments at constant ionic strength

Solution NaNO, Ca (NO,) ,
(mol dm™) (mol dm™)
[1] 1072 0
[2] 0.98x107? 10
[3] 0.8x1072 107
[4] 0 5x1073

Table 3.2 Summary of experimental conditions used in the

packed bed experimental work

Experimental conditions

Effect of varying the time of contact on the adhesion of ococysts to glass beads at a
constant flow rate of 1.04 cc/min in ultra-pure water

with Percol 1697 at a constant flow rate of 1.04 cc/min in ultra-pure water

Effect of varying the contact time on the adhesion of oocysts to glass beads pre-coated

Effect of calcium concentration at constant ionic strength with the solutions given in

cc/min

Table 3.1 on the removal of cocysts with clean glass beads at a constant flow rate of 1.

04

Effect of calcium concentration at constant ionic strength with the solutions given in

flow rate of 1.04 cc/min

Table 3.1 on the removal of 3.0 Pm latex particles with clean glass beads at a constant

Effect of calcium concentration at constant ionic strength with the solutions given in
Table 3.1 on the removal of ococysts with sand at a constant flow rate of 1.04 cc/min

Effect of calcium concentration at constant ionic strength with the solutions given in

1.04 cc/min

Table 3.1 on the removal of 3.0 um latex particles with sand at a constant flow rate of

tap water

The removal of oocysts and 3.0 um latex particles with glass beads and sand in filtered

The effect of various flow rates on the removal of ococysts that have been allowed to
contact with glass beads for 5 mins with the solutions given in Table 3.1

N.B Glass refers to the porous media in the filter bed being comprised of glass beads.

Sand refers to the porous media in the filter bed being comprised of sand grains.
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3.3.4 Experimental technique for the determination of the

electrophoretic mobilities of cryptosporidium parvum

oocysts in various solutions

Almost all natural surface waters contain particulate matter
that generally carries a surface electrostatic charge which
may influence the adhesion of the particles to a surface or
other particles. Electrophoretic mobility provides a method

for determining the surface charge carried by such particles.

The term electrophoresis refers to the movement of a charged
particle relative to a fluid when an electric field is
applied. The electrophoretic mobility of a particle u,, is the
ratio of the measured velocity of the particle relative to a
stationary fluid v, to the applied electric field strength E,

and is given by the following:

u.,=v./E (3.6)

Normally u, has the same sign as the net surface charge of the
particle and is positive when a particle moves towards a

negatively charged electrode.

The results from the electrophoretic experiments are used to
calculate the potential at the plane of shear between the
solid and the liquid where the no-slip condition of continuum

fluid mechanics applies, as discussed in section 2.2.1.
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Electrophoretic mobilities were derived using a Rank Brothers
(UK) particle microelectrophoresis apparatus mark II. The
particle mobility is determined by measuring the time required
for an individual particle to travel a known distance under
the action of an electric field. The particle is observed
using a microscope with a calibrated grid contained in one of
the eyepieces and timing performed manually with a simple

computer programme to assist.

The technique with the apparatus equipped with a flat cell was
utilised to calculate electrophoretic mobilities of
cryptosporidium parvum cocysts in solutions of 107 and 1072

mol dm™ NaNO,, Ca(NO,;), and ultra-pure water.

The flat cell has a rectangular cross section, with ground
edges, standard Quickfit sockets are fused to each end. The
sample containing the particles is placed into the cell.
Platinum electrodes, previously blackened before use according
to manufactures recommendations, are contained within Quickfit
cones, which are inserted into the corresponding sockets to

form an air tight seal.

Prior to use the cell was acid-washed by soaking overnight in
10% HNO, solution before extensive rinsing with ultra-pure
water. Between measurements the cell is rinsed 6 times with
ultra-pure water before being filled and rinsed 3 times with
the actual sample to be analyzed. The inner—-electrode distance

l,., was found by filling the cell complete with electrodes
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with a solution of known electrical conductivity (0.001 mol
dm™® NaNO;), Kg.. The electrical resistance between the
electrodes, Ry., was then found using a Wayne Kerr (UK) auto
balance universal bridge, hence the effective inter-electrode

distance is given by:

1ec=RecKecAre (3.7)

Where A;. is the cross sectional area of the cell at the plane

of viewing.

Measurements were made at the stationary levels with a 50 volt
d.c potential applied across the electrodes. Since the cell is
closed there is no net fluid flow, however there is an
electro-osmotic flow because of the flux of the ions in
solution responding to the applied potential gradient. Fluid
flowing in one direction along the surface of the cell returns
in the opposite direction through the middle of the cell. As a
result of this flow there are two locations, the stationary
levels, where the fluid velocity is zero. The position of the

stationary levels can be found using the Komagata equation:

5/dpe=0.500 + [0.0833 + (32dpc)/ (R51.)1Y2 (3.8)

s flat cell
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Where the values of s/d,. give the position of the stationary
levels expressed as a fraction of the total thickness of the
cell, di.. In the cell used for experimental work dg./l;. was

equal to 0.05 which yields a value of 0.202 for s/dg.

It is also possible to verify the position of the stationary
levels by measuring the particle velocity for a single sample
at various positions across the cell depth. Since the net
fluid flow is zero, the depth averaged particle velocity is
equal to the electrophoretic particle velocity at the
stationary levels. The stationary levels are then located by
finding the depths at which the measured velocity is equal to
the depth averaged velocity. Such an approach was applied in
this study and the results for the location of‘the stationary

levels were in good agreement with the calculated values.

In order to obtain the electrophoretic mobility of a
particulate sample the cell is filled with a suspension of
particles in solution. The platinum electrodes are then
inserted and the light source turned on. A particle at the
stationary level is timed as it moved across a specific number
of grid spacings in the eyepiece of the microscope (0.8 mm
spacing) under the action of the potential across the
electrodes. Typically 50 readings were taken with the polarity

reversed between each reading at each stationary level.
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Chapter 4
Experimental results and

discussion

The results from the preliminary preparations of the modified
particle monitor, micropipette, laminar flow, packed bed and
particle electrophoresis experiments are presented and
discussed. The effects of the application of a force prior to
removal and contact site history on the adhesion of an oocyst
are unique to the micropipette apparatus and are discussed in
Section 4.2.1 and 4.2.2, contact area during detachment is
discussed in Section 4.2.3. The effects of changing the bed
media on the removal of oocysts or latex particles is unique

to the packed bed experiments and is discussed in Section
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4.4.1. The results from the electrophoresis experiments are
presented in Section 4.5. The effects of cationic polymers
(Section 4.6.2), adhesion time (Section 4.6.2) and solution
chemistry (4.6.3) are discussed generally. Section 4.6.4
considers why it is possible to make only a general comparison
between all three adhesion techniques. A summary of the

experimental findings is given in Section 4.7.

4,1 The modified particle monitor

It was necessary, as discussed in Section 3.3.3, to verify
experimentally that the modifications made to the particle
monitor were valid in order that it could be used to determine
the degree of particle removal within the packed bed apparatus
described in Section 3.2.3. Preliminary experiments were also
undertaken to investigate the effects of including a zone of
mixing and potassium dichromate, the storage media used for
cryptosporidium parvum oocysts detailed in Section 3.1.1, on
the total pulse count. In all the initial experiments the
column was by-passed by means of two three-way taps, described
in Section 3.2.3, and the flow rate was kept at a constant

1.04 cc/min unless otherwise stated.

4.1.1 Verification of the need to include a zone of mixing

when using the modified particle monitor

Table 4.1 shows the total pulse count when introducing 500,

700, or 1 000 oocysts with and without the presence of a zone
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of mixing (formed by including a 1.0 m coiled section of

teflon tubing before the particle monitor).

Table 4.1 The effect of including a zone of mixing on the

variation of total pulse count for a given number of

oocysts at constant flow rate

Number of oocysts introduced Number of pulses without Number of pulses with a
a zone of mixing zone of mixing

9 650 10 100
10 500 10 000
500 11 400 12 000
17 000 11 100
18 000 10 750
7 650 11 870

(x=12366, s.d=3813) (x=10970, s.d=778)
17 300 14 000
15 400 14 750
700 13 600 15 400
15 800 14 320
11 000 15 600
12 100 14 700

(x=14200, s.d=2184) (x=14795, s.d=560)
19 300 17 800
16 800 16 900
1 000 18 000 18 000
16 400 17 990
15 800 17 897
15 500 18 210

{x=16966, s.d=1315) (x=17795, s.d=421)

Notes s.d is the standard deviation

X 1is the mean value

The results from Table 4.1 indicate that there is a reduction
in the variation in pulse count for a given number of oocysts
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when a mixing zone is included. A possible explanation for the
reduction in variation was given by Gregory (1987) who
considered the change in the shape of the particle front,
Figure 4.1, approaching the particle monitor when an impulse
of suspension is introduced. When an impulse of particles is
introduced into a laminar flow tube the particles spread out,
as a result of laminar dispersion. When a mixing zone is
introduced the extent of dispersion is reduced and the shape
of the particle impulse approaches plug flow hence there is a
more uniform distribution of particles across the flow and the

variation in pulse count therefore decreases.

Particles travel
some distance befqre
reaching the particle

monitor
\\\\ Detector

1
| x
Particles I
injected ! —> Flow
I
: /
[ ] Lright source
Figure 4.1 Particle monitor in situ. An injection of

particles upstream of the monitor travels some

distance along the tube before being detected

(Adapted from Gregory, 1987).
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4.1.2 Effect of potassium dichromate on pulse count

Table 4.2 shows the effect of introducing 2%, 4% and 10%
solutions of potassium dichromate into the system in the

absence of oocysts.

Table 4.2 Effects of potassium dichromate on the overall pulse

count at constant flow rate

Potassium dichromate solution concentration Total pulse count with zone
of mixing

1 992

2% solution 3 741

1 382

1 019

4% solution 599

421

1 200

10% solution 1 750

1 500

The results from Table 4.2 indicate that potassium dichromate,
in the concentrations encountered in the experimental work,
has very little effect on the overall pulse count. Pulse
counts present were probably due to stray particles or
background noise in the apparatus. The absorption wavelength
of potassium dichromate is different to that of the wavelength
of the light source used in the particle monitor. Hence, it is
unlikely that there will be any variation in intensity of
light reaching the photodetector and therefore nominal pulse

counts.
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4.1.3 =~ Verification of proportiocnality of particle numbers

to pulse count

In order that data from the total pulse count can be
interpreted, it was necessary to establish the ratio between
pulse counts and total number of oocysts introduced for each
particle injection. Table 4.3 shows the ratio of pulse count
to total numbers of oocysts when 700, 1 000, 1 350, 2 000, and
3 000 oocysts were introduced into the system and the

corresponding pulse counts obtained.

Table 4.3 Ratio of pulse counts to total number of oocysts

introduced
Number of oocysts introduced
700 1 000 1 350 2 000 3 000
Total pulse count
11 220 17 527 18 440 25 788 43 609
9 990 17 329 21 580 22 051 46 119
13 400 12 419 17 820 25 418 37 650
11 740 15 780 25 593 21 959 40 624
10 101 18 195 21 760 23 715 34 864
11 234 13 673 24 337 25 039 55 341
8 796 13 722 21 303 22 558 44 683
9 740 14 714 18 210 22 564 55 500
12 100 15 421 19 644 22 152 52 170
11 300 14 987 18 214 21 011 49 710
Average number of pulses
10 962 15 377 20 690 23 222 46 027
Pulse to |cocyst count ratio
15.66 15.37 15.33 11.61 15.34
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The results from Table 4.3 indicate that the average oocyst to
pulse count ratio in the experimental arrangement with the

modified particle monitor is around 15.

In subsequent experiments the gain of the circuitry contained
within the particle monitor was adjusted. In all the removal
experiments only the relative number of pulses when the column
was present or by-passed was of interest and hence there is

little need for calibration.

4.1.4 Verification of proportionality of total pulse count

for a given number of oocysts to mean square

Experiments were conducted to test the theory presented in
Section 3.2.3.1 that the total pulse count was proportional to
the mean square for a given number of particles. Experiments
were conducted introducing 3 600, 7 200, and 10 800 oocysts
and the corresponding pulse count obtained. In addition the
mean square was plotted on a chart recorder and the area under

the curve for each injection of particles found numerically.

The results are given in Table 4.4 and indicate that the
modifications to particle monitor were justified with little
difference in the average value of the number of mean square
units divided by the number of pulse counts for a given number

of oocysts introduced.
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Table 4.4 Verification of total pulse count proportionality,
for a given number of oocysts, to mean square, at

constant flow rate

Total N° of N° of pulses N° of mean square [11/12] Average value
oocysts introduced [1] units [2]

90 679 2.274 39 876
91 599 2.289 40 017
88 974 2.393 37 180
93 001 2.154 43 176

3 600 84 523 1.995 42 367 41 681
89 723 2.142 41 888
88 994 2.013 44 209
90 174 2.100 42 940
90 010 2.111 42 638
92 147 2.167 42 523
151 344 3.632 41 669
143 831 3.468 41 473
133 553 4.020 41 431
164 586 4.020 40 941

7 200 152 194 3.602 42 252 41 720
168 347 3.945 42 273
162 413 3.841 42 284
170 012 3.971 42 813
16 767 4.011 41 800
15 982 4.010 39 860
205 200 5.130 40 000
217 000 5.247 41 357
199 680 4.991 40 008
197 749 8.892 40 423

10 800 212 010 4.998 42 419 40 829
221 800 5.210 42 572
212 700 5.347 39 779
199 980 4.789 41 578
211 780 5.112 41 428
220 101 5.710 38 547
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4.1.5 Investigation into the effects of flow rate on total

pulse count

Table 4.5 shows the effects of varying the flow rate from 0.72
to 1.49 cc/min on the total pulse count whilst introducing

5 000 oocysts into the system.

Table 4.5 Effect of varving the flow rate on the total pulse

count for a given number of oocysts

Flow rate (cc/min)
0.72 1.04 1.36 1.49
99 493 112 447 109 100 108 628
96 540 111 704 103 291 101 420
97 890 124 474 97 836 109 687
Pulse 106 478 118 704 102 735 111 000
count 109 680 110 960 110 036 103 678
117 320 112 197 108 611 121 001
106 478 109 462 100 270 102 130
117 090 103 698 99 864 112 189
121 050 111 807 104 362 113 640
113 460 109 980 110 017 101 010
Average pulse count
108 528 110 171 110 017 108 438

The results from Table 4.5 indicate that there is very little
variation in pulse count over the given flow rates. The
fluctuating signal from the photodetector, contained within
the particle monitor, passes through a bandpass filter. If the
flow rate is increased, the frequency will increase since the

number of particles at a given time will increase, but the
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overall pulse count will remain unchanged as the event will
occur in a shorter time period. However if the flow rate is
increased sufficiently so that the frequency, from the
detected particles, exceeds the upper limit of the bandpass
filter, within the instrument, the monitor will not respond
accurately. The results from Table 4.5 indicate that over the
flow rates used the frequency response of the particle monitor
is such that it can respond accurately to the changes in

concentration of particles arriving at the particle monitor.

4.2 Micropipette experimental results

Adhesion experiments of a fundamental nature were carried out
using the micropipette apparatus described in Section 3.2.1.
The effects of a range of surface treatments and agqueous
solutions on the adhesion of cryptosporidium parvum oocysts to
a borosilicate cover glass were examined. Tables 4.6, 4.7 and
4.8 summarise the results for the following experimental
conditions; the micropipette experimental chamber filled with
filtered (0.25 um) 0.1 mol dm™ Ca(NO;), and the borosilicate
cover glass used without pretreatment other than cleaning; the
micropipette experimental chamber filled with filtered

(0.25 um) 0.01 mol dm™® Ca(NO,), and the borosilicate cover
glass used without pretreatment other than cleaning; and, the
micropipette experimental chamber filled with filtered

(0.25 um) ultra-pure water and the cover slip covered with
0.1% filtered (0.25 pum) polylysine. Notes at the end of

Table 4.8 describe the specific conditions on an oocyst prior
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to its removal.

The experimental results are presented in terms of the force
required to "pull" an oocyst adhered to the cover glass away
from the surface and the history of the oocyst prior to
removal. The initial contact area and final contact area just
before attachment of the ococyst with the cover glass are

discussed in Section 4.2.3.

With the experimental arrangement described in Section 3.2.1
the following conditions were investigated to see the
influence on adhesion of an oocyst to a borosilicate cover
glass; 1) effect of application of force to the adhered oocyst
prior to removal; 2) effect of contact site ; 3) effect of
coating the cover slip with a polymer, polylysine; 4) effect

of time of adhesion; and, 5) effect of solution chemistry.

Conditions 1) and 2) are unique to the micropipette apparatus
and will be discussed below as well as contact areas.
Conditions 3), 4) and 5) are common to the micropipette,

laminar flow and packed bed experimental techniques.

The results indicate that the effect of coating the cover slip
with polymer, condition 3), greatly increased the adhesion of
oocysts to the glass surface, the effects of polymer on
adhesion are discussed in Section 4.6.1. The effects of
contact time, condition 4), is discussed in full in

Section 4.6.2, however the results clearly show that adhesion
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increases dramatically with time. The effects of solution
chemistry, condition 5), are fully discussed in Section 4.6.3
however the results indicate that adhesion is greater for 0.01

than 0.1 mol dm™ Ca(NO,),.

4.2.1 Effects of application of force on the oocyst prior

to removal

An unusual feature of the micropipette apparatus, compared to
the other adhesion experiments undertaken in this thesis, is
the ability to apply a force to an adhered oocyst, as
described in Section 3.3.1, before the detachment process. The
oocyst may have been previously detached or remained
undisturbed on the surface before commencement of work.
Microscopic observation of the contact area with dark field
illumination indicates the deformation of the oocyst whilst

the force is applied.

The results show that an oocyst which has had a force applied

prior to detachment requires a much larger force to be removed
from the surface than a similar oocyst that is removed without
additional force. Taking oocyst B, Table 4.6, as an example, a
force of 56 pN was required for removal in the absence of any

compression but, when the same oocyst was attached to the same
part of the cover slip and subjected to a compression force,

380 pN was required for detachment, a dramatic increase.

Through microscopy an increase in contact area of an oocyst
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with the cover glass is apparent when a force is applied. Such
an increase may account for the increase in adhesion since the
area for which adhesive bonds can form is increased, since a

greater area allows more bonds to form.

Another possible explanation for the increase in adhesion when
an additional force is applied to an oocyst prior to removal
may be due to the applied force bringing the oocyst closer to
the surface and overcoming any repulsive forces that may

exist, the repulsive forces are discussed in Section 4.6.3.

4.2.2 Effect of contact site

Another unusual feature of the micropipette apparatus is the
ability to reattach previously removed oocysts to the same
part of the cover glass from which they were detached or, by
manipulating the position of the chamber, to a new part of the
cover glass. Therefore the contact site of an individual

oocyst can be varied.

The results indicate that when an oocyst is returned to the
original site of adhesion that the force of adhesion is lower
than that for the same oocyst when attached to a new location
that has not previously been occupied. For example oocyst A,
Table 4.6, required 56 pN initially to be detached from the
surface, 20 pN when attached to the same part of the cover
slip, and 71 pN subsequently when attached again to a new part

of the cover glass.
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A possible explanation for the reduction in adhesion may be
obtained by considering the coating surrounding the oocyst.
During the experimental work it was observed that if an oocyst
was pushed to one side by the pipette it would swing back on
release to its original position. It is therefore apparent
that an oocyst may be tethered to the substrate it is adhered
to although no direct microscopic observation of the tethers
were made. Since the resolution of the interference microscopy
used in the experimental work is around 50 nm the dimensions
of such tethers must be less than this. A suitable analogy of
these tethers was made by Fisher (1991) when considering red
blood cells as being similar to a barrage balloon tethered by

elastic cables.

The exact composition of the tethers is unknown although it is
known that many biological particles excrete extracelluar
polymers which enable them to adhere to surfaces and it is
quite probable that cryptosporidium oocysts do likewise. When
an oocyst 1is detached from the substrate the polymer chains
may be broken and parts left on the surface. The broken parts
may rearrange such that the polymer chains on the oocyst and
the substrate will not bond together again when the oocyst is
reintroduced to the substrate and therefore form a barrier

against adhesion which may lead to a reduction in adhesion.

It is also possible that an oocyst is surrounded by a fuzzy
viscoelastic macromolecular coat, evidence for which comes

from the electrophoretic measurements, Section 4.5. Pethica
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(1967) considered that the structure within and near the
membrane, a concept widely accepted by cell cytologists and
physical scientists for considering membrane morphology, was
not merely composed of a lipid bilayer flanked by
macromolecules but that the membrane has substructure,
described as micelles or globular units. It is possible that
the tethers consist at least partly of this viscoelastic
material drawn out from the oocyst coat which is capable of

reconfiguration on a submicroscopic scale.

4.2.3 Contact area at detachment

Observations made by analysing videos (see Figure 4.2) of the
micropipette experiments indicated that the initial area of
contact of an attached oocyst before the detachment force was
applied depended on, 1) if a force was applied to the oocyst
prior to detachment by the micropipette or, 2) if no force was
applied before detachment. If a force was applied the contact
diameter was initially around 1.27 um. As the detachment force
was applied the contact diameter rapidly reduced to around

0.8 um. Oocysts that had no force prior to detachment had a
contact area around 0.8 um throughout the experiment until
just before removal from the surface. At detachment oocysts in
both 1) and 2) above "peeled away" from the surface and the
area of contact reduced rapidly to zero. The results indicate
that the theory proposed by Johnson et al (1971) (Section
2.6.1) gives a better description for the detachment force

than that by Deryagin et al (1975).
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