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FOREWA.RD

The U.S. Environmental Protection Agency was created because of
increasing public and govermment concern about the dangersof pollution to the
health and welfare of the American people. Noxious air, foul water, and
spoiled land are tragic testimonies to the deterioration of our natural envi-
ronment. The camplexity of that environment and the interplay of its com—
ponents require a concentrated and integrated attack on the problem.

Research and development is that necessary first step in problem
solution, and it involves defining the problem, measuring its impact, and
searching for solutions. The Municipal Environmental Research Laboratory
develops new and improved technoloqy and systems to prevent, treat, and
manage wastewater and solid and hazardous waste pollutant discharges from
mmicipal and commmnity sources, to preserve and treat public drinking water
supplies, and to mimimize the adverse economic, social, health, and aesthetic
effects of pollution. This publication is one of the products of that
research and is a most vital camunications link between the researcher and
the user cammnity.

This report presents the results and conclusions fram pilot plant fil-
tration research on the removal of Giardia lamblia cysts amd cyst-sized
particles frum drinking water. Granular media filters and a diatamaceous
earth filter were evaluated in this study.

Francis T. Mayo

Director

Municipal Environmental Research
Labecratory



A study was oconducted to evaluate the removal of Giardia iamblja cysts
an¢ cyst-sized particlas from Cascade Mountain waters. Methods included
coaqulation/sedimentation and filtration, or direct filtraticn using three
2.3 L/min (0.6 gpm) pilot treatment umts ana diatomaceous earth (DE)
filtration using a 3.8 L/min (1 apn/ft2) DE pilot filter. ‘The units were
located at the University of wWashington. The results were verified through
field testing using a 75 L/min (20 gpm) pilot unit (Waterboy, Neptune Micro-
floc) in field trials at Hoquiam and Leaverworth, Washington.

The study noted greater than 99.9% removal of spiked cysts unaer
optimum conditions, although removal percentages decreased greatly at lower
spiking levels. Both the University of Washington pilot unit ana the field
unit established the importance of a minimum alum dosage (10 yg/L) , an
optimum pH range, and intermediate flow rates of 4.9 m/hr (2 gaw/ft“) to 9.8
m/hr (4 ge/£t°). Effluent turbidity and cyst-sized particles passing the
filter increased rapidly when the above conditions were not attained or when
sudden changes occurred in plant operation. When no coagqulants were used
during filtration, only 48% of the spiked cysts were removed, and 47% of the
turbidity. A cyst spike in the pilot unit in Hoquiam using alum as
coagulant resulted in an 81% cyst removal, and the spike at Leaverworth
using a polymeric flocculant gave a 72.1% removal. Prooucing a low
turbidity filter effluent with a%um or polymeric flocculant was difficult
when the water temperature was 3~ C. Further research in low temperature
direct filtration is necessary to improve the removal efficiency under these
conditions. DE filtration proved effective both for turbidity, particle ana
cyst removal. The addition of 0.0075 mg/L. nonionic polymer showed some
improvement in efficiency. Cyst removals ranged from about 99% to 99,.vY9%.

This report was submitted in fulfillment of Grant No. R-8061/27 by the
University of Washington under the sponsorship of the US Environmental
Protection Agency. ‘This report covers the period from September 1978 to
March 1982, and work was completed at that date.
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SECTION 1

INTRODUCTION

A study was undertaken to evaluate the removal of Giardia lamblia cysts
by drinking water plants. The first phase of the study was devoted to a
laboratory-scale evaluation of Giardia removal efficiency by coaculation,
flocculation, and filtration. In addition, a diatomaceous earth filter was
tested, The second phase consisted of a pilot- scale evaluat.on of Giardia
cyst and cyst-size particle removal from drinking water at locations in the
State of Washington that were suspected of harboring cysts in the raw water.

All laboratory water treatment plant experiments were conducted with
unfiltered Seattle tap water to which cysts were added. The cysts that were
used to spike the water were isolated framn the feces of human giardiasis
patients. The cysts were recovered from the spiked water using membrane
filtration techniques. Ziardia cysts present in the membrane retentate Jere
enumerated with a hemacytometer and a Coulter Counter.

Currently Giardia lamblia is the most commenly identified pathogen in
waterborne outbreaks in the U.S. and the protozoan is especially predominant
in the Pacific Nortlwest, Rocky Mountain states and New England.

CHARACTERISTICS OF ORGANISM

Giardia lamblia is a pathogenic intestinal parasite found in hunans and
certain animals. The multiflagellated protozoa Lelong to phylum
Sarmastigopora, subphylum Mastigophora, class Zcomastigophorasida, order
Diplomonadorida, family Hexamitidae, and subfamily Octomitinae. ‘The
organism was first observed by Antony van Leeuwenhoek in 1681 while studying
his own feces (Dobell, 1932). During the mid and latter part of the 19th
century, the organism was observed and studied by many workers. The genus
was named by Joseph Kunstler in 1882, but until Charles Wardell Stiles
established the name Giardia lamblia in a letter to Kofoid and Christiansen
(Rofoid and Christiansen, 1915), the organism had been synonymously known as
Giardia intestinalis, Giardia duodenalis, or Giardia enterica.

The organism has two stages in its life cycle: tle reproauctive
trophoznite stage and the dormant cyst stage. The trophozoite is
pear-shaped with a broad anterior end that comes to a blunt point



posteriorly. ‘The dorsal surface is convex, whereas the ventral surface,
which contains a large sucking disk, is somewhat concave. Another rame for
the sucking disk is the striated disk, because of the striated appearance of
the pellicle which is caused by its alternating light ana dense lines. The
trophozoite is 9 to 21 um long, 5 to 15 um wide, and 2 to 4 um thick. The
organism is bilaterally symmetrical with eight flagella. Its basal bodies
arise near the midline at the level of the two anterior vesicular nuclei.
qwo of the flagella emerge anterolaterally, two posterolateratly, two
ventrally, and two caudally. The parasite has no true axostyle, as has been
previously reported. Rather, what has been observed is the intracytoplasmic
axonemes of the ventral flagella and the associated groups of microtubules.
Two media bodies are composed of bundles of microtubules arranged either
irreqularly or sometimes united in ribbons. Their function is obscure,
though it has been suggested that they may help support the posterior end of
the -organism, be involved in its enerqy metabolism, or have something to do
with formation of the new sucking disk., The trophozoites reproduce by
binary fission (Levine, 1979). The ovoid- to ellipsoidal-shaped cyst of G.
Jamblia is surrounded by a hyaline cyst wall approximately 0.3 um thick and
composed of thin fibrous elements interspersed with fine particles
(Sheffield and Bjorvatn, 1977). The cyst is smaller than the trophozoite (8
to 12 x7 to1l0 um). A peripherally situated lacunar system is separated
from the plasma membrane and cyst wall by a thin layer of cytoplasm. The
flagellae of the trophozoite are believed lost or reabsorbed upon
encystment, But the intracy*oplasmic portions (axonemes) of at least six
flagellae are retained. Newly formed cysts have two nuclei, whereas mature
cysts have four. Although nuclei have been observed in close apposition,
none have been seen dividing. Exactly when division or doubling of the
other organelles takes place is uncertain, But durirg excystation, two
trophozoites emerge from each cyst.

CBARACTERISTICS OF DISEASE

G. lamblia has been the most common pathogenic intestinal parasite in
the United Scates ever since the Centers f£or Disease Control (1u/9)
initiated the Intestinal Parasite Surveillance Report in January 1976. An
estimated 7 percent of the adult population harbor the parasite (Schultz,
1975). The intestinal disease causea by G. lanblia is called giardiasas.
Symptams of the disease appear fram 2 to 3% days after exposure to the cyst.
in most cases, however, the incubation period is about 1 to 2 weeks. The
cyst is the only form cf£ the organism's two life sta2ges infectious to man.
If ingested, the vegetative trophozoite will be destroyed during passage
through the early stages of the digestive system, whereas the cyst will
survive until it reaches the small intestine. The envirommental conditions
there support the emercence of the trophozoites, which divide rapidly and
can build up to enormous numbers. A single diarrheic stool can contain 14
billion pavasites, and a stool fram a moderate infection may contain 300
million cysts (Chandler and Read, 1961).



In most Giarédia infections, the diagnosis can be made by stool
examination. In some cases, it may take more than one speciren to confim
the disease vhen using direct smear and concentration techniques. then it
becomes necessary to cianine more than one stool specimen, the probability
for a positive identification will increase by eramining stools on alternate
rather than consecutive days. Diagnosis also appears to be easier in early
acute infections rather than established ones, In the acute stage, stools
are frequently watery or loose and may contain mostly trophozoites and few
cysts because of rapid bowel transit.

In a series of controlled experiments with prison volunteers, Rendtorff
(1954) studied different epidemiological problems of wvarious human
intestinal protozoans, among them G, lamblia. One of the objectives of the
study was to establish the minirum number of cysts capeble of producing an
infection, by feeding known numbers of cysts to the voluntecrs. Of the five
men who received only 1 cyst, no one became infected. Vhen the dosage vas
increased to 10 cysts per person, both volunteers became positive, thus
indicating that the critical number for infecticn is somev/here betvreen 1 and
10 cycts per person,

The acute stage of infection is manifested by a sudden onset of
eyplosive, watery, often foul smelling diarrheca, marked abdominal flatulence
and distenticn, foul gas, nausea, anorexia, and cramps, which are usually
upper or mnidepigastric. Less froguently there is vomiting, chills,
low-grade fever, headache, and belching. The acute stage usuallv lasts only
3 to 4 days and is often not recognized at the time as being due te
giardiasis. In some cases, the acute stage may last fer months, leading to
malabsorption, debility, and significant weight loss. This latter situation
appears tc be more cormon in children than adults which perhaps explains why
giardiasis was formerly considercd a discase of childhood.

Acute infecticns can develop into long-standing subacute cor chronic
infections, The most cormon symptoms include intermittent mushy and foul
smelling stools, abdominal flatulence and distention, primarvy upper
intestinal crams, hausea, arnorexia, foul belching, hecartburn, headache,
constipation, weight loss, and fatique. ‘The symptoms mey either be
persistent or recurrent and are uzuzlly milder than during the acute stage
of the infection. MNthough most individuals with giardiasis are
symptomatic, many are asyrptomatic and nmay never become syrptomatic. But
the potential exists in somc for development of intermittent chronic
syrptons,

The protozoan does not lyse or rupture host cells, but appears to feed
on nmucous secretions, A dense coating of trophozoites on the intestinal
epithclium interferes with the absorption of fats and other nutrients, vhich
can trigger the onset of discase. The callbladder may become infected,
wvhich con cause Jjaundice and colic. A fov cases of urticaria have been
reported (Uiebster, 1958; llolfe, 1979), and erythema nultiforme (Fonenenko,

1976) and arthritic syrprems (Goodbar, 1977) have been found associated with
giardiasis.



Usually the parasite disappears spontanecusly fram the infected
individual but, that may take from a few days to several months. Once a
person has recovered from giardiasis, there are indications that some
resistance to re-infection has derveloped. The degree of resistance may vary
among individuals, and there is some uncertainty as to whether it is of
permanent or temporary nature.

Most of those infected with G. Jlamblia today are treated with drugs.
The most effective and commonly prescribed are quinacrine (Atabrine) ana
metronidazol (Flagyl), but both have potential problems, Quinacrine may
cause serious toxic effects in a small percentage of those taking it,
including toxic psychcsis, vamiting, fever, and exfoliative dermatitas.
Metronidazol is a suspected carcinogen and mutagen. Neither of the Jdrugs has
been proven safe for use by pregnant wamen. If used at all during
pregnancy, they should be administered only tn those women with severe
symptans definitely attributable to giarcCiasis where benefit is judged to
outweigh potential risk.

PREVALENCE OF ORGANMISM

Although the incidence of giardiasis does vary from one area to
another, G. Jlamblia is a cosmopolitan parasite, According to the public
health laboratories in the United States, the staves with the largest
percentage of G. _amblia positive stool specimens in 1978 (Centers for
Disease Control, 1979) were Arizcna, Arkansas, California, ard Washington.
Of the total number of stool specimens examined in these four states, more
than 8 ¢ were positive for G. lamblia. These fisures do not necessarily
mean, however, that the same states top the list of waterborne ocutbreaks or
total number of reported cases.

Waterborne outbreaks of giardiasis have occurred primarily in the
mountainous areas of this country particularly in New England, the Pacific
Northwest, and the Rocky Mountains. Colorado has experienced nore outbreaks
than any other state and this probably reflects increased surveillance ana
investigation. Another possible explanation for the higher incidence of
giardiasis in the mountainous areas is the general ooncept about water
quality. High mountain lakes and streams are assumed to be free from
pollution and, thercfore, vhen used as domestic water suprplies, chlorination
is wusually the only treatment. Often the chlorine dosage is low and
adequate oontact time is not always provided. The potential for G. lazblia
to be present in the mountain regions, is increased by the heavy
recreatioral usage in many of these areas., When ocnsidering the high
percentage of arymptamatic carriers in the adult population, there is a
possibility of direct huran contamination ¢z the water or inairect
contamination throuch cross-transmission to animals. In the lowland arezs
the water source is known to be cont inated and appropriate treatment
facilities are built, establishing the bart.er necessary to protect the
public.



Many isolated cases of giardiasis involve people who use the outaoors
for recreation or work and drink untreated water. Many conceive crystal
clear lakes and sparkling stzeams in the mountains with no permanent human
habitation as the ultimate in water purity. Little thought is given to the
often great potential for contamination of these waters by fellow users of
the area or by wildlife,

A study aimed at identifying animal reservoirs of G, laxblia in
Colorado and New Mexico (Davis and Hibler, 1979) found a significant number
of beaver, coyotes, cattle, cats and dogs infected with Giardia. when
exposed to G, lamblia cysts of human origin, the majority of the beaver,
bigdhorn sheep, dogs, pronghorn deer, mule deer, and raccoons became
infected. Human volunteers and dogs ingesting cysts fram a naturatly
infected beaver and mule deer were sheddina cysts within on2 to tvo weeks
after exposwe, thus emphasizing the potential for cross-species
transmission of Giardia. .

Another study, to assess the prevalence of Giardia infection in aquatic
mammals in Washington State (Frost et al., 1980), found a significant number
of positive beaver and muskrat. During the three year investigation, the
percentage of Giardia-positive animals increased each year, reaching 19.0
percent for the beaver and 42.5 percent for the muskrat. ‘The juvenmle
beaver and muskrat showed a higher positivity than the adults and judging by
the number of cysts excreted, the beaver had a higher level of infection
than the muskrat. Positive animals were found both in protected ana
nonprotected watersheds, suggesting ti.at pathogen-free surface waters may be
difficult to find,

The information on cyst survivability in water is limited. Working
with human volunteers, Rendtorff and Bolt (1953) founa the cysts to retain
their infectivity after 16 days of storage at 8 C. Davis and Hibler (1979)
successfully infected dogs with cysts that had been stored in tne
refrigerator for 21 days. Same of the earliest work on infectivity ana
storage was done by Fantham and Porter (1916). A female kitten was fed food
contaminated with G, lamblia cysts fram a stool specimen that had been kept
for 74 days. No information was given on how the stool specimen was stored.
After nine days, cysts weze recovered from the cat feces and the ammal,
s.owed signs of diarrhea. Boeck (1921) found gm_d;a to be viable after 32
day3 when stored in distilled water at 12 to 20°C, and at least 66 days when
sealed under a cover slip on slides. The eosin-stain technique used by
early researchers including Boeck to determine viability, however, is of
questionable value.

GIARDIASIS OUTBREAKS

During the period 1971 to 1978 a total of 24 outbreaks of waterborne
glardiasis were reported, affecting more than 7,000 persons., Although
reporting has generally improved in recent years, more waterborne outbreaks
occur than are reported. The majority of these outbreaks were caused by the
drinking of untreated surface water or surface water in which chlorination
wcs the only treatment. Only a few involved filtered water.



One of the first outbrecks o. castroonteritis in vhich G, lamblia wes
irplicated as the proboble cciclacical agent, occurred in Portland, Orecon,
fram COctober 1954 to liarch 1955 (Veazie et al, 1977). The Orcgon State
Doard of ilealth cstimated that at least 50,000 cases occurred during that
period. Iuch controversy concer- ...3 the pathogenicity of G, lamblia enicsted
at that tine. In an effort to pinpont the cauve of the illness a survey was
mace of a group of people, most of vhom were syrptomatic., ‘The
bacteriological studies revcaled no enteric rethogens and the incidence of
intestinal protozoa other than G. lamblia did not differ from what had bzen
found in similar groups in the past. lowever, there was an abnormally high
provalence of Giardia infection. The flagellate vas found in 44% of those
studied during the outbreak, in contrast to 73 of those e:amined durirg
nonepidenic  periods. The source and wode of cpread were never
satisfactorily determined, but the water supply could well have been
involved, Heavy rains with a subscquent increase in wveter turbidity was
reported during the period of the outbreak,

The first waterborne outbrecak of ciardiasis doamented in the U.S.
occurred at Aspen, Colorado, during December 1965 throuch January 1966
(l'oore et al, 196%). A survey of 1,094 skiers who had vacztioned in Aspen
during the two ronths shaoied that at least 123 had developed syrptons
characteristic of giardiasis. 1The city received approxinately half of its
water from a distant mountain crezk and half from three wells., Poth sources
were chlorinated, but coliform contemination hed been noticed intermittently
during the vinter. A survey of the sparsely wvopulated creek arca revealed
no obvious possibility of sewagc contamination. However, tracers placed in
the Asren scucrage Syst vicre detected in two of the three wells. Mn
engincering evaluation dl..coverea leaking sever mains ncar the wells and G.
Jarblia cysts vere isolated from the seiiage in these lines. A parasitologic
survey of Aspen residents detected only a modest level of Gigrdia 1'1fC‘Ct_10n.

The largest outbreak of giarcdiasis and the first where a G, lacblia
cyst was recovered from the mumnicipal water supply, occurred in Rome, tew
York, during ltiovember 1974 to June 1975 (Shaw et 21, 1977). It was also the
first time that woter from an outbreak had been sham to infect laborctory
animals., A total of 350 residents had laboratory-confirmed gioréiasis and
an epideniologic study estimated that more than 5,300 percons may have been
cyrptomatic,

The first sign of an epidemic surfaced in carly Januarcy 1975 when G.
lankliq was identified in stool specirens from ceight of 23 persons in Nome

with gastroenteritis. Since early tovanber, hLowever, local health
department personnel had been investigating an increased incidence cf
diarrhea., nDuring this investication, (. Jamblia was the only pathogen

camonly identified. A random houschold survey in the city indicated an
overall oattack rate of 10.6%. lo correlation wvas found betvieen illness and
Gaily activity, animal contact, or consumption of food, but a significant
csociation was discovered betveen having giarciasis and using vater from
the city system as opposed to using water from privete vells.



Pome used a surface vater s 'ree located several miles to the north of
the city. From the intake at Fi' . Creek the vater vas piped to a reservoir
where chlorine and ammonia vere added, first at the inlet and then at the
outlet as the water entered the distribution system. No other treatment vas
provided. ‘The water at most sampling points in the distribucion system was
negative for coliforms but the total bacteria count wvas high, indicating an
inadequate disinfection. In an attempt to isolate G. lapblia from the
municipal water supply, raw water was filtered throuch a small pressure
filter. At the ond of each filter run the sand filter vas backvashed. The
backwash water was oollected, coagulated and f£flocculated and the floc
allowed to settle. ‘The sediment was used for microscopic examinztion or
aliquots were fe¢ to pathocen—free dogs. In one of the sediment samples
eranined microscopically one G, lamblia cyst was found. Further evidence
of contaninction of the raw water supply by the parasite was obtained when
G. lamblia was found in some of th~ dogs.

The source of infecticn was never established. Fowever, the watershed
was found to be more hez7ily populated than city officials expected and
there uere some questions about the sanitary disposal procecures at sone of
the settlements. Ilo animal survey vas conducted to assess the potential
for contamination by wildlife.

Until 1976, all the reported outbreaks of giardiasis in which runicipal
wiater supplies vere implicated, had involved surface water with chlorination
as the only treatment. In late April and early ley of 1976, local
physicians in Camas, Vashington, reported the occurrence of approximately 25
cases of giardiasis. This became the first reported outbreak inwelving a
filtered water supply (Kirmer et al., 1978). ‘The epidemiolocical
investigation that follcwed, choved that aporoximately 600 people had
clinicel signs of the infection.

The city of Camas used both surface viater and Jeep well vater as
sources of supply. The surface water sources were Boulder Creek and Jones
Creek which came from adjoining watsrsheds. Both sources were generally cof
crcellent quality including lav turbidity based on existing stendards. From
the intake, the water flowed by gravity to a direct filtration systen.
Unlike most direct filtration plants, the injection of pretreatment
chemiczls occurred irmediately prior to the two multimedia pressure filters.
Chlorine was added in 2 trensmission main about 1.5 hours upstrean of the
water treatment plant, Chlorine was not added to the filtered wvater cxcent
during three =cparate failures of the upstream chlorination equipment. The
seven wells were primarily used to augment the surfece vater supply during
periods of high demand or vhen the flaow in Boulder and Jones Creeks ves low,
As a safety nmeasure the well water was chlorinated, but no additicnal
trecatment was necesesary.

lFFost of the confirred giardiasis cases initially reported were located
in areas of the cormunity most likely to receive surface uater. llence, the
surface water system was cuspected of being the source of the G, lapblia
cysts. & curvey of the watersheds indicated nc human habitation and most of



the roads were found to be in very poor condition making access difficult.
No obvious source of contamination was observed but signs of beaver activity
were in evidence. With the help of professional trappers 2 total of seven
beavers were trapped in the watersheds, three of which were found to be
infected with G lamblia.

Of the treated water samples collected for bacteriological examination
during the outbreak, only one was unsatisfactory. However, G. lamblia cysts
were recovered from both the raw and treated water at different locations
and times. An inspection of the water treatment plant in search of clues
that micht explain how cysts could escape into the distribution system
revealed a cross connection between raw and filtered water in the coagqulant
feed line. Further, there had been loss of media in both filters and the
coarse garnet had regions of mounding which could cause short circuiting.
The effectiveness of the ocoaqulation process was gquestioned because of
insufficient control of the coaqulant feed rate and the short detention time
prior to filtration. A subseguent analysis of the filtration process usirg
a particle counter indicated a 75% removal of particles in a 7 to 16 micron
size range which incorporates the size of a G. lamblia cyst.

On three different occasions during the month of April, the
chlorination equipment on the raw water main had been out of service due to
mechanical difficulties. During that time the chlorination was performed
manually, but after review of the emergency chlorination, procedures, it was
concluded that large amounts of water arrived at the treatment plant without
adequate chlorination, The time differential between the chlorination
equipment failures and the majority of detected giarduasis cases correlated
closely to the incubation pericd for the disease. Even so, the chlorination
equiprent failures cannot explain all the cases since the earliest signs of
the outbreak were evidenced prior to the first breakdown at the chlorination
plant.

The second outbreak of giardiasis to involve a filtered surface water
supply occurred in Berlin, New Hampshire, in the spring of 1977. 1In a two
week period in early April, 100 cases of G, Jlamblia infection were
diagnosed. By the time ¢tr: outbreak subsided in the middle of May,
estimates based on subsamples of persons in community-wide surveys indicated
that 3,450 people had experienced gastronintestinal illness, 1,656 of which
were synptamatic for giardiasis (Lopez et al., 1980). Amnong the remaining
segnent of the population exhibiting no signs of gastrointeritis, an
estimated 5,157 people had asymptamatic G, lamblia infection, The first 100
confirmed cases of giardiasis were randomly distributed in the city. Since
a preliminary analysis revealed no events or meals common to these cases, a
waterborne epidemic was suspected.

Berlin had two independent sources of water, the Upper Ammonoosuc River
and the Androscoggin river. The watersheds of the two rivers had no known
large point sources or discharges. Bunting, fishing and other forms of
recreation were permitted but no public sanitary facilities were available
on the upper Ammonoosuc watershed. Water fram the two sources was treated



separately and supplied to identifiable areas within the distribution
system, although some areas received a mixture. The older of the treatment
plants, receiving water fram the Upper Ammonoosuc River, consisted of eight
pressure filters. No provision was made for chemical pretreatment, and
turbidity monitoring equipment was not available. The water was chlorinated
prior to distribution. The Androscoggin plant was put in service just
before the outbreak, replacing an older filtration plant. The new plant
provided conventional trectment including chemical coagulation,
clarification, rapid sand filtration, and chlorination.

G. lamblia cysts were first identified in the Berlin water system by
the Androscoggin Valley Hospital Laboratory (Lippy, 1978). Water drawn from
a laboratory tap was passed throuch an improvized gauze filter overnight and
the filter material was found positive for cysts when examined
microscopically. Samples of raw and finished water at both treatment plants
and of water collected fram the distribution system were also G, lamblia
positive. A survey conducted in the Ammanoosuc watershed to determine the
source of contamination disclosed a beaver lodge upstream of the treatment
plant intake, Four beavers were eventually trapped, but only one had G.
Jamblia infection. Since there was ample opportunity for human fecal
contamination of the raw water, it could not be determined whether this
animal was an unlucky victim of water contaminated with G, lamblia of human
origin or whether the beaver served as a major contributing source of the
organism in the water. A similar survey of the Androscoggin watershed was
not seriously considered because of its large size and thus the source of
the G. lamblia cysts at the Androscoggin treatment plant was never
determined. However, because of the recreational activities in the area the
human aspect could not he completely ruled out. Furthermore, residential
sewage disposal violations were known to occur along the upstream portion of
the river.

The operation at both plants was studied to develop remedial action
that would prevent G. Jamblia cysts fran passing through the treatment
process. At the Ammonoosuc plant, no chemicals were used to condition the
water prior to filtration which made cyst passage through the filters very
likely. Mudballs and mounding of the filter medium in some of the filters
further impaired the efficiency of the filtration process. The chlorine
dosage and contact time were inadequate to inactivate the G, lamblia cysts.

The Androscoggin plant had experienced some floc carry-ove: to the
filters, but this was not considered a serious problem, It was discovered,
however, that air bubbles were escaping from the joints in the slab of the
backwash channels during air scour of the filters. The escape of air
through the joints indicated the possibility for raw water to seep through
the joints during filtration and to contaminate the filtered water. The
possibility was confirmed by a static hydraulic test of the backwash
channel. It showed that over 3% of the plant output was not filtered.

Another outbreak of giardiasis involving filtered surface water
occurred at Leaverworth, Washington, fram January through May 1980. A



survey oconducted in early May indicated that as many as 600 people might
have been affected. Among the city's water customers 27% in the group
surveyed had experienced diarrhea with symptams characteristic of giardiasis
(Austin and Harter, 1980). For people on private wells the incidence was
only 3%, and each of the persons with Giardia infection had been exposed to
Leavermorth water either through restaurants or work.

A source of supply for Leaverworth is the Icicle River. Raw water
turbidity is normally less than 0.5 NIU, There was no permanent human
habitation above the water intake, but the watershed was open for recreation
with several Forest Service campgrounds located on the river. However,
during the time period of the outbreak these camps were not likely to have
been inhabited and the sewage disposal for the camps was contained and not
likely to contaminate the river. From the intake structure the water flowed
by gravity to a direct filtration plant, The plant was des:gned for
chemical addition, coagulation, and filtration, but because of the low raw
water turbidity no chemical pretreatment had ever been practiced.

Surveillance znd filtering activities were conducted at the water
treatment plant. G. lamblia cysts were recovered from the filtered water.
This implicated the water supply as responsible for the outbreak. The
actual source of the contamination was never determined., According to
persornel at the Forest Service ranger station, there were many good beaver
habitats at hicher elevations, but sians of beaver activity in the area had
not been reported. The inspection at the treatment plant also revealed a
significant loss of filter media which required that all four filters be
rebuilt,
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SECTION 2

CONCLUSIONS

The study demonstrated that to achieve cyst removal efficiencies
greater than 95%, unit process operation must be optimized, Process
variables of primary importance were coagulant type, coagulant dosage, and
the pH of the raw water when alum was used as the primary coagulant, Raw
water turixidity, filtration rate, and sudden changes in plant throughput
vwere shown to be of secondary importance. Raw water temperature was a key
wariable when temperatures were <50 C. Cold water temperatures slowed the
rate of ‘alum floc fommation which resulted in a significant amount of floc
fomming throughout the depth of the filter and effluent piping.

During field operation with the USEPA mobile pilot plant, the effect of
low water temperatures oun the coagulation and flocculation process was
particularly noticeable when using alum, but also with polymers. It was
felt that if the detentiun time in the flocculator had been longer, higher
removal efficiencies may have been possible.

The polymers tested as primary coagqulants did not perform as well as
alum, The removal efficiency was generally 10% less for turbidity and 11%
less for cyst-sized particles. On the other hand, the filter runs were
longer and the necessity for close pH monitoring experienced during alum
treatment was not required,

The role of the operator is critical in order to optimize unit process
operation. Sudden changes in the raw water may require immediate
adjustments of chemical feed and pH as was demonstrateé during field
operation. Under such conditions, good plant records become important.

Jar tests were initially used to obtain information on optimum plant
operating conditions. However, because the pilot plants were operated as
direct filtration plants, the data from the jar tests were found to bz of
limited value since the tests provided no information about the
filterability of the floc. Rather than relying on the jar test, optimum
operating conditions could be determined quickly and reliably by stepwise
changing the major process variables one at a time while momitoring the
filtered water quality. This approach was also used successfully to provide
imgortant information to the full scale plant during conciiions of rapidly
cha. ging raw water quality.
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Diatamaceous earth (DE) filtration is an effecti.ve method for removing
G. lamblia cysts. With a precoat of 1.0 kg/m™, more than 99.35% of the
cysts added were removed at the beginning of the filter run. As the
thickness of the filter cake increased the removil: ranged from 99.61 to
99.96%, The effieiency of the DE filter can be improved by the addition of
a nonionic polymer, added with the body fecxd. A 0.0075 mg/L dosage of
Magnifloc 985N 1increased the cyst removal fram 99,94 to 99.99%. Larger
dosages would reduce the length of the filter run,

Information obtained from pilot plant work such as this can be a
valuable aid in improving a full-scale plant operation. Equally important,
it can be a tool to gather information useful in the design of water
treatment facilities,



SECTION 3

EXPERIMENTAL PROCEDURES

OOLLECTION AND ENUMERATION OF GIARDIA CYSTS

Experimental procedures only cre described in this section. 'The
results of these experimental procedures may be found in Section 3, Results.

ollectina Giardia G fram & F from Giardiasis Patient

The fecal samples were received fram the State of Washington
Parasitology Laboratory, Department of Social and Health Services. The
cysts were separated fram the human feces using a sucrose gradient techmque
as modified from the one used by Sheffield and Bjorvath (1977). These feces
had been examined and confirmed for presence of Giardia cysts by Ms. Yvonne
Fichteneau. The stocls had been preserved by the addition of 5% formalin to
inactivate pathogenic bacteria.

To isolate the cysts, the feces were emulsified in approximately 20 mL
distilled water and were passed through 3 layers of gauze (60 to 100 um mesh
equivaleat). The procedure is outlined in Figure 1, The filtrate was
subsequently centrifuged at 1400 rpm for 3 min, The supernatant was poured
off and the sediment was resuspended in 5 mlL distilled water. This
suspension was pipetted onto a discontinuous density gradient of 5 mL each
of 1.5 M, 1.0 M, 0.75 M and 0.50 M sucrose in a conical centrifuge tube
followed by centrifugation at 2200 rpm for 30 min. The cysts weire then
collected from the H,O - 0.5 M sucrose and 0.5 M-0.75 M sucrose interface,
by means of a capill@ry pipette. In our procedure, microscopic examination
of the cysts showed the absence of any extraneous debris ana further
filtration through 20 um and 5 un filters was not necessary. The cysts in
this sucrgse solution were then diluted with distilled water to 1 L and were
kept at 4~ C. The tachnique was gradually modified as listed in Figure 2.

Cyst R Using the 47 m Filter Techni

Aliquots of 10 mL and 20 mL of distilled, tap and Lake Union water
samples were spiked with known concentrations of Giardia cysts as determined
by hemacytometer, The aliquots were subsequently filtered through 47 mm
diameter 5 um pore size membrane filters to isolate the cysts.
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Preserve stools in 5 mL in 5%
buffered formalin

l

Examine a feces smear to
ascertain pre.[ence of cysts

Mix 1.0 g of feces with 80 mL
distilled water

Pour suspension through
sieve with 60-100 um mesh
or three layer oi g2uze

Centrifuge filtrate at
1400 rpm for 3 min,

Discard supernatant, add 5 mL
distilled water, arnd mix to
form suspensions

Prepare discontinuous
sucrose density gradient

of 5 m! layers of 1.5, 1.0,
0.75, 0.5 M sucrose in 40 mlL
conical centrifuge tube, add
5 ml suspension on top

Centrifuge at 2500 rpm for
30 min.; cysts collected

at water/0.5™ nterface and
0.5/0.75 M interface are
removed with capiliary
pipet; suspension 1s diluted
to 1 L for stock solution

Figure 1. Sucrose gradient technique to recover cysts from stool specimens.
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Examine a feces smear to ascertain
presence O: cysts.

¢+

Transfer feces to 2000 ml beaker. Add
distilled water to 500 nl and honogenize.

¢

Pour suspension through 3 or & layers of
cheesecloth. Transfer liquid to 250 mL round
centrifuge bottles and centrifuge at 650 xg
(2100 rpm) for 2 mn.

¢
Aspirate off supernatant and resuspend sediments
with distilled water. Pour into four 50 mi
centrifuge tubes, make vnlume to 45 mi 1n each
tube.

+
Wash by centrifuging at 650 xg (2100 rpm) for
2 min. Discard supernatant and resuspend
sediments. Repeat using 2 drops Dawn
dishwashing l1iquid per 15 mL of suspension.

4

Wash with distilled water until s.pernatant
1S reasonable clear.

¢
Rususpend sedments 1n 25 mL distilled water
and layer onto 25 mL, 1.0 M sucruse, 1n two
50 mL centrifuge tubes. Centrifuge at BOO xg
(2400 rpm) for 1C min.

+
Aspirate off 3/4 of supernaiwant apsearing above
the pa~d of cysts. Pour remainder of suspension
into 50 mL centrifuge tube and certrifuge at
800 xg (2430 rpm) for 2 min,

4

Aspirate off superratant and resuspend cysts at
the bottom and repeat washing procedurc tuice,

+

Final sediments are resuspended and strred at 4°C.

Figure 2. Modified sucrose gradient technique to recover cysts.
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Elution of the cysts from each merbrane filter was accomplished by
placing the filter with cysts in a small fiask, adding equivalent amounts of
distilled water and electrolyte totaliry initial volume of water that was
filterod. The flask was ther gently agitated so that a flow of water passed
over the membrane's upper surface.

The effluent was examined for presence of Giardia by direct examination
of effluent after centrifugation and by use of the Coulter Counter.

Methodoloay for CQyst Enumeration

Two counting techniques were used for the enumeration of the Giardia
Jamblia cysts. The first techrique was microscopic counting using different
comnting chambers, and the second was an electric current displacement
techrique using a ZBI Coulter Counter and Channelyzer (Coulter Electronics,
Hialeah, FL) calibrated to measure particle densities in the Giargdia size
range (8 to 12 um)., The instrument measured the reduction in current
between two sides of a small orifice before and during the time that a small
particle passes through the opening. The current reduction was proportional
to particle volume,

A Clay Adams Model 4011 Spencer Bricht-Line Counting Chamber was used
for the micrcscopic counting., Three altaernative means for counting the
cysts were used, depending upon t.geit density in the solution. The cysts
were counted .n a volune of 0.02 mm~ for suspected hich densities or when G.

cyst counts exceeded 20,000 cys:s/mL. The multiplication factor is
50,000 times the number of cysts rr?mted to give cysts per mL, The cysts
were counted in a volume of 0.1 for moderate densities in the range of
£,000 to 20,000 cysts/rl. The multiplication factor is 10,00C times the
nunber ot qrs::-ljoomted to give cysts per ml., The cysts were counted in a
volumne of 0.9 primarily for low densities., The multiplicaticn factor is
1111 times the number of cysts ocounted to give cysts per mLy {,2., less than
5,000 cysts per mL. The specimens were stained with 5% Lugol's Jodine prior
to pipetting inte the hemacytometer. A law detection limit in a large
amount cf water was accomplished by cincentrating the cysts and particles by
passing the water througch a membrane filter and resuspending cysts ana
particles in a small volume,

The eclectric current displacement method used a Coulter Electronics
Coulter Counter particle ocounter, rodel ZBI with a 100 um aperture tube, A
0.9% 1soton solution was used ltoth as diluting medium and electralyte
solution to allow flow of the electric current. In this methcd, the counts
were baced on the current interruption when a particle passed through the
aperture, and were made per 0.5 nf, of cyst-containing solution. A gize
froquency distribution Channelyzer coupled to the Counter was used to verify
the ocounts of particles in the sime s8ize range as Giazdia. This counting
technique was not specific for Glucdia cysts.
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The cyst-sized particles in the water samples were enumerated with the
Coulter Counter. Replicate counts were made, and means were calculated ana
compared to the mean values of the initial concentraticns,

6 cysts/nL of Giardia lamblia cysts were

Stock suspensions 8f 10 to 10

prepared and stored at 4~ C.

Appropriate volumes of these 5tock suspensions were then added to 10 L
of distilled water to give different final concentrations. Nitrogen gas was
used to pressurize the stainless steel vessel to pass the water through the
filter unit (5 um pore size) at 10 psi (Figure 3). The time to filter 10 L
through the membrane averaged 2.5 minutes,

The filter was then removed and carefully placed in a shallow plastic
container of slightly larger diameter than the filter. Distilled water (0.5
L) was then added and the entire assembly agitated by means of a small
shaker for 3 min (Pigure 4).

A two-step concentrating method was selected to achieve a final volume
of about 5 to 15 nml., This involved spinning of the 0.5 L wash in a
centrifuge for 20 min at 1,000 rmm, about 20 rmL of the centrate in each of
four tubes. Pespinning of the 80 mL in two conical tubes under the same
conditions and collecting and combining the &wo 5 to 7 ml sediments
permitted the sampic to be enumerated by the Coulter technique, The
technique was gradually modified to that listed in Figure S.

Exaluation of Membrane Caszette lnit

The Millipore Pellicon Cassette Unit was a tiple guzface area
cassette filter, The unit oontainea ninc 465 (c.5 £t°) Mitlipore
membranes with a pore size of 1.2 um stacked on top of each other, separated
by pl.‘;tes of acrylic plastic. The filtration rate was 0.07 m/hr (0.0%
g/ft®). The design of the unit was such that a retentate recirculated by
a peristaltic punp with a retentate/filtrate ratio of 1:2 enabled a
continuous flow of wate:- over the filter area. Particles greater than 1.2
un in diameter remained in the retentate, the volume of which was readily
controlled,

The Millipore Pellicon Cassette Unit was tested at the Ryderwoosz,
Washington, reservoir in which beavers Lad been sighted ana G. lamblia
cysts had been detected in the upstream sediment., The unit was hooked up to
the raw water intake inaside the treatment plant with chlorination as the
only preceding treatment. Over a three hour period, 93 L were passed
through the unit with a retentate/filtrate ratio of 1:2. 100 mL of the
retentate and wash were kept and examined for G. lazblia cysts by the
following proccdure. ‘The cop~entration step represents a 98V volume
reduction.
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Figure 3. Schematic of 293mm Millipore Filter Unit used to recover G. lamblia
. cysts from water,
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10 1gters éistilled wvater

o gusDengion of cysts added

Pass through 293 em (5.0 > pore size) Millipore
Filter at 10 pss with Nitrogen ges.

Filter ramoved and cysts washed off
by egitstion in 0.5 L azo.

Centrifuge retentaso @ 1,000 RPY for
20 min. 1ia four 125 si tubes.

Ratsia "sedioent”™ (approx* 20 sl x &).

Trensfer to two 350 ol conical tubes and
re~centrifuge.

l

Ratain "sedinent” (approx: $ al x 2).

Figisre 4, Procedure for recovery of G. lamblia cysts with the 293mm
Millipnre filter,
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figure 5.

Pass suspension through 293 mx (5.0 um pore
size) Nuclepore Filter at 10 psi with
natrogen gas. 0.2 um filter on nitrogen tank.

+

Rexove filter and place in shallow dish.
Cysts washed off by sgitation of filter in
250 m2 H;0 for 3 man. (platform shaker,
Toothzaster Cogpany, Racine, Wisconsin).

+

Renove filter and rainse thoroughly.

+

Centrifuge retentate at 350 xg (1500 RPM)
for 10 man. ain eight 50 mf conical botiom
tubes.

¢

Aspirate off supernatant from each tute to
8 mt final volume. Transfer remaining volune
to two 50 m2 centrifuge tubes and recentrifuge

+
Aspirate off supernatant from each tube to 5 nf
final volume. Transfer remaining volume %0 one
15 m? centrifuge tube and centrifuge at 350 xg
(31500 RPM) for 10 man.

¢+

Aspirate off supernstant to 1 mR final volume.

Procedure for recovery of cysts from dilute water suspensions.
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1. 50 nL of retentate centrifuged at 2000 rpm for 10 min,

2. Approximately 5 nlL of sediment was passed through a discontinuous
sucrose gradient (Sheffield and Bjorvatn, 1977).

3. The volumes of water between the Hzo - 0.5 M layer and 0.5 -~ 0.75 M
layer were pipetted and examined under a“microscope at 280 X for Giardia
cysts.

4. The above procedure was also used for S0 mL of the wash £rom the
filter unit,

Evaluati € Electrophoretic Mobilil

Tests for electrophoretic mobility (EM) and 2zeta potential (ZP) were
carried out to determine how it varied for formalin fixed Giardia cysts at
different pH values using a Zeta Meter. 'The experiments were conducted
using a plexiglass Riddick type II electrophoresis cell (Zeta Meter, Inc.,
New York, NY) with a 4.4 mm diameter cell tube and cell constant of 62. The
cell had a platinum-irridium anode and cathode. Measurements were made at a
distance of 0.147 diameters fram the tube wall, which is the distance of no
electro-osmotic fluid-flow. The voltage used for the experiments varied fram
200 volts for a 0 to 300 micramho/cm to 50 volts for 700 to 1500 micramho/cm
suspensions., Solutions of higher conductivity experienced more rapid
thermal overturn due to heating of the solutions and the tube contents had
to be replaced more often. A total of 10 or more individual cysts was
measured in each batch with regard to their travel distance in the cell
tube. As the distance between the electrodes was 10 cm, the voltage decline
ranged from 20 to 5 volts/cm. The EM is calculated as

EM = (Cyst Travel Distance/Time Interval divided by Volt/Electrode
Distance

with the units of um/sec/volt/sec. The present study used a 98 um tracking
distance for each cyst. The EM was converted to ZP (M volts) using the
Helmholtz-Smoluchowski multiplication factor expressed as:

ZP = EM- 41I'Vt/Dt- f (Ka)

(Vt = vixcosity of liquid; D, = dielectric constant of liquid;

£(Ka) = Henry relaxation correction)

The pH was measured with a Model 5 Corning pH meter (Corning, Glass,
Corning, NY), standardized daily with pH buffer, while the turbidity was
measured with a continuously recording low range Hach 1720A turbidimeter
(Hach Chemical Co., Loveland, (0 2nd standardized daily as sugge-“ed in the
manual. To verify the readings of the flow-through turbidimeters, grab
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samples of the influent and effluent were analyzed daily on a IRT-100 (H.F.
Instruments, Ft. Meyers, FL) bench top turbidimeter.

DESIGN AND TESTING OF THE 2.3 L/MIN (0.6 GPM) WATER TREATMENT PILOT PLANTS

The University of Washington pilot plant used chlorinated unfiltered
Seattle tap water as "raw" water. In addition, it could be supplied by Lake
Union water pumped fram the lake adjacent to the campus. It vas constructed
from 3/4 in plywood, coated with fiberglass, ‘The unit consisted of three
individual but identical treatment plants, each designed for 2.3 IL/min (0.6
gem). This design allowed the plant operator to vary the capacity of the
pilot plant and thereby the surface loading on the filters whilz keeping
flow oonditions and all the design factors identical at all times (Figqure
6).

The pilot plant was 137 cm (54 in) wide, 229 am (90 in) long, and 122
can (48 in) high. Physical dimensions of the individual units and design
factors are given below.

Rapid Mi

The dimensions were 15.2 om by 15.2 am (6 in) with a maximum water
depth of 22.2 o (8.75 in). At maximum depth the theoretical detention time
was 2.3 min at 2.3 L/min flowrate A w_liriable speeglimpellet produced
G-values ranging from approximately 300 sec ~ to 1000 sec ~.

Flocculators

The flocculator oconsisted of three compartments, each 21.6 cm (8.5 in)
by 22.9 am (9 in) and 35.6 an (14 in) deep, measured fraom the overflow weir,
producing a 23.2 _Tin theoret;fal detention time. Calculated G-values

ranging from 30 sec ~ to 150 sec = could be attained by changing the speed
and surface area of the paddle blades making tapered flocculation possible,

sedimentation Basi

The sedimentation basins were 45.7 cm (18 in) wide, 182.9 am (72 in)
long, and 91.4 ca (36 in) deep, measured from the overflow weir. With the
2.3 I/min (0.6 gpm) design flow rate, the t.heorefical detention time was 5.6
hr and the surface loading 3.9 ryd (96 gpd/ft“). 'The tanks were designed
with a baffled inlet zone and could be shortened to decrease detention time
and increase surface loading by means of a divider wall.

Eilter Columns

The study used two 10.8 am (4.25 in) diameter plexiglass filter columns
fitted with Turbitrol FC Media consisting of 50.8 an of 0.92 mm effective
size anthracite (UC=1.28) and 25.4 an of 0.40 mm efrfective size sand
(UC=1.30). The columns had headloss taps at 10.2 an (4 in) intervals.
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ion Time Teati

Conductivity tests were done to determine the retention times in the
rapid mix and flocculation tanks., Sufficient amouncs of NaCl were added to
the tanks and conductivity was measured at fixed time intervals.

The retention time for Lhe sedimentation tank was determined
spectrophotametrically using an inorganic blue dye to prevent sait
stratification. Samples were taken every 10 to 15 min and transmittance was
measured by a Bausch and Lamb Spectronic 20 spectrophotometer.

It seemed reasonable to assume that the rapid mix tank and to some
degree the flocculation tanks would behave as completely stirred reactors.
The sedimentation tank on the other hand, would most 1likely show a
cambination of characteristics, some typical of a plug f£low anda others of a
campletely mixed reactor.

The tracer was added in the same manner for all retention time tests.
A concentrated solution of tracer was metered into the line feeding water to
the tank being tested. This was continued until the tracer concentration in
the reactor had reached a oonstant .evel, at which time the feed was
discontinued and the sampling of the reactor effluent initiated, Eftluent
samples were collected until practically all the tracer had been displaced
from the reactor.

To determine the actual retention times of the various processes the
concentration of tracer in the effluent was plotted vs. time on rectangular
coordinates, ‘The resulting tracer decay curve was divided into segments of
equal time increments., The moment (time x concentration) of each segment
about the origin was then computed and the sum of moments was divided by the
sum of the concentrations to give the actual retention time.

Additional analyses were performed to obtain informacion on the flow
regime and general performance of the tanks. If F(t) is the fraction of
tracer retained in the tank for a duration less than tim» t, then the
fraction remaining in the tank longer than time ¢t must be 1-F(t). For a
single compartment, campletely mixed reactor,

where T is the theoretical retention time. A semilog plot of 1~-F(t) vs. t/T
for a canpletely mixed reactor would yield a straight line. Deviations fram
a straight line, if any, could be used to provide information on the tank's
dead space ratio and plug-flow and mixed-flow fractions by employing the
relationship derived by Rebhun and Argaman (1965).

TESTING OF COAGULATION/FILTRATION AND DIRECT FILTRATION AT THE UNIVERSITY OF
WASHINGTON
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JAR TESTS

Jar tests using 3 L beakers and unfiltered Seattle tap water
(chlorinated Tolt Reservoir water) were done to determine the optimum alum
dosage during the water treatment pilot plant run. The test was done at 100
rgm  rapid mix for 2 min, foilowed by slow miz at 9 rpm for 20 min, pH was
adjusted with 0.1 N NaOH to 6.5. The jar test was done at two different
sets of alum dosages with settling tines of 30 min and 60 min. The
turbidity of each sample was tested after settline,

Cont testi ith Giardi ki

Continuous runs with the coagulation/filtration pilot plant used alum
dosages of 10 mg/L with pH kept at 6.7 by addition of lime. The rapid mix
was run at 500 rpm while the slow mix was kept at 22 rpm (G=48 sec 7).
Figure 6 shows the cyst introduction and water sampling -oints.

The raw water flow rate was 2.3 IL/min (0.6 gpm) with a corresponding
filter loading rate of 4.9 m/hr (2 gam/ft"). Using unfiltered chlorinated
Seattle tap water, initial particulate concert:-ations of the "raw" tap water
and initial turbidity were also recorded pric. o the start of the run.

Prior to spiking of the influent Seattle tap water with a Giardia cyst
suspension, pecticulates/mL in the cyst~size range were established,

Spiking with Giardia was carried out a¢ diffsrent points in order to
establish removal efficiencies for each sequence of unit processes.

a) A single spike of cysts introduced :rto the first flocculation
compartment of unit A,

b} A continuous dose of cysts introduced at the chemical feed port Az,
just ahead of entry into the rapid mix compartment.

Cc) A continuous dose of cysts bypassing flocculation-sedimentacion ana
introduced into Filters B and C to determine losses in the filtration step
alone,

TESTING OF DIATOMACBEOUS EARTH FILTER AT THE UNIVERSITY OF WASHINGTON

Diat Eacth (DE) Filter Perf

The DE test filter was a 0.l m2 {1 ftz) pressure filter, operated at
3.8 I/min (1.0 gpm). A schematic of the filter sycstem is shown in Fiqure 7.
The operation of the filter consisted of three steps: precoatang,
filtration, and filter cleaning.
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In the precoat tank a slurcy was prepared by adding the desired amount
of diatomite to tap water. The slurry was recirculated throuch the filter
at high rate while keeping the contents of the tank well mixed. A gradual
buildup of diatomite on the filter septum could be observed and the water in
the tank finslly became clear and free of diatomite.

While positive pressuce was maintained in the filtration chamber, the
appropriate valves were o=2ned and closed to change from precoat mode to
filtration mode. During filtration, a small amount of diatomite body feed
was continuously added o the raw water. This addition of fresh diatomite
to the precoat filter cake meant that lavers of clean diatomite were
constantly rejuvenating the filter and thereby slowing down the headloss
buildup due to perticles pluyging the filter cake pores, The thickness of
the filter cake steadily increased during the run.

Filter runs were terminated when headloss exceeded 30 psi. The filter
cake was removed fram the septum and the spent diatomite discharged to
waste, Septum and filtration chamber were carefully sluiced to make the
filter ready for a new precoating.

The initial work with the DE filter was aimed at determining the amount
of precoat required for adequate initial reduction of turbidity and
particles in the 8 to 12 um range. Several different grades of diatamite,
obtained from the Manville Products Corp., Denver, CO, were used.2 The
amounts of precoat miterial appliefl to the septum ranged fram 0.5 kg/m (O.}
1b/£L") tozl.z kg/m® (0.24 lb/ft”). The results indicated that 1.0 kg/m
{0.2 1b/f:”) would be adequate for all grades of diatamite, giving a 56 to
%t and 70 to 91% initial reduction in turbidity and cyst-sized particles,
respectively, For the very fine grades such as Standard Super-Cel and
Filter-Cel smaller quantities of precoat did not resuit in a significant
increase in turbidity or cyst-sized particles in the filtered water.
However, this finding was more of academic interest. Because of the
relatively high initial headloss, the finest grades werre not judged to be
good candidates for full scale water treatment applications.

The initial runs with the DE filter were made without the addition of
G. lamblia cysts to the raw water. The runs were designed to gain knowledge
about the filter's performance with respect to particle and turbidity
removal or different grades of diatcmite. In addition, the amount of body
feed was varied fram 10 to 40 mg/L to investigate its effect on the rate of
headloss buildup across the filter cake. Influent and effluent turbidities
ere monitored continuously with a Hach Model 1720A turbidimeter (Hach
Campany, Loveland. Q0), wvhile particle analyses were performed on influent
and effluent grab samples ueiiy a Coulter G. iter (Coulter Electronics,
Inc., Hialeah, FL). Occasionally during some of the late runs in this
series, difficulties were experienced in maintaining a constant flowrate
through the filter. Most often the flow would incrcase over a period of
time, thereby increasing the particle load on the filter aad decreass vhe
cake porosity since the body feed rate remained constant.

27



Diatomaceous F

The c¢ysts used for the DE rvns were eztracted from stool specimens as
c‘aescgibed earlier. The concentrzcticn of the stgck solution rangecd from 1.0
x 10> to 4.6 x 10° cysts/mL, and vas stored at 4° C until needed.

Cysts were added to the raw vater at the same location as the body
feced, cither as a slug or:6 as a constant continuous dcsace, ‘The slug
contained a totzl of 3.0 x 10° cysts, added@ in 10 sec using a FiT Lab Pump
(Flui@ letering, Inc., Oyster Bay, !T¥). For the continuous cyst addition,
the parasite was metered into the raw water line with a Buchler Polystaltic
Punp, lodel 2-6100 (Buchler Instruments, Inc,, Fort Lee, 11J). Different raw
wager cyst cogcentrations were used during these runs, ranging from 1.5 x
10” to 9.0 % 10~ cysts/L.

The filter effluent sampling schedule vas determined from a series of
tests in vhich a salt solution was added to the rew vater in place of cysts,
The conductivity of the filter effluent wvas nonitored continuously to
determine: 1) how fast a 10 sec slug vould pass thrcuch the filter, and 2)
the time required to reach a constant effluent concentration vhen a
continuous dosage vas added to the filter influent. It was found that the
entire slug would have reached the filter effluent in 10 nin. That reant,
in order to trap all the cysts escaping the filter, a 38 L sample would need
to be collected. This was not an unreasonably large volume to process by
the technique developed for this study. Uhen a constant dosage wvas added to
the raw wuater, the effluent concentration had attained its raximum and
constant 1level after 10 nin. By adding cysts for 15 min &nd sempling the
filter effluent during the lact S min, a 19 L sanple containing an average
effluent concentration of cysts was collected.

All cyst runs used Hyflo Super-Cel as filter Qid. Rased gn results
fraom preceding runs, wvithout cyst addition, a 1.0 kg/m” (0.2 1b/ft®) precoat
and 20 mg/L body feed vas judged most suitoble for the 3.8 L/min filtration
rate and rawv wvater quality. During two of the four runs a 0.0075 mg/l
dosage of the nonionic polymer llagnifloc 9851 was added to the raw viater for
the curation of the run.

TESTDG OF DIRECT FILTRATION IM KOQUIAN AID LEAVENWORTH

The last part of the study was used to validate the laboratory results
in the field by using a mobile pilct plant. Tn addition, the pilot nlant
was to be compared with the full-scale plant to determire ary discrepancies.
All plants were intended to operate at conditions giving maximum cyst
ramvalc, The mobile pilot plant vas tested at Eoguiam and Leavem'orth,
Washington, by t-eating a portion of the rav vater. A compariscn was also
made betveen weter cuality genercted by the pilot plant and the drinking
water generated by tne city water plant at each location.
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The tests were conducted with a USEPA pilot drinking water treatment
unit, the Waterboy-27 (Neptune Microfloc, Corvallis, Oregon) which was
modified by exteading the depth of the sand filter compartment oy 83.8 am
(33 in) to provide for more headloss buildup and prevent negative pressures
within the filter as shown in Figure 8. The upper boundary of the filter
bed was dropped fram 76.2 am (30 in) to 124.5 an (49 in) below the top of
the unit. At Hoquiam the water was tapped from the water main through an
unused chlorine injection port. Transportation of the raw water to the
pilot plant by a 7.6 an (3 in) line was providea by the pressure of the
main, Water was pumped into the plant by two centrifugal pumps in series
able to deliver a maximm of 75.7 L/min (20 gpm). After injection of

chemicals the water was passed through three static in-line mixers, Model
2-50-541-5 ‘Kenics, Danver, MA), whereafter it entered the flocculator,
which provided for an 8 min detentig\ time at the common operating condition
of 62 L/min plant flow (4.1 gpm/ft® in the filters). The water overflowed
ito the filter compartment with a 78,7 am (31 in) average water head above
the filter. The filters consisted of 45.7 cm (18 in) MS-4 anthracite (e.s.
1.0 to 1.1 mm, u.c. <1.7), 22.9 =m (9 in) of MS~-6 sand (e.s. 0.42 to 0.55
m, u.c. <1.8), 7.6 am (3 in) of MS-21 fine garnet (e.s. 0.18 to 0.28 mm,
u.c. < 2.3), 7.6 cm (3 in) of MS-22 course garnet (e.s. 1 to 2 mm), 10.2 cm
(4 in) of 0.95 cm (3/8 in) gravel, and 12.7 «m (5 in) of 1.9 am (3/4 in)
gravel (Neptune Microfloc, Corvallis, Oregon)., The top support plate was
perforated with 0.63 am (0.25 in) openings S.1 am (2 in) apgrt fram center
to center to provide a total perforated area of 45.5 cm® (0.049 £ft°),
Support gravel was located below the top plate followed by the bottom
support plate perforated by 0.36 cn (0.14 in) openings 3.8 om (1.5 ia) apart
f center to center, to provide a total perforated area of 47.4 am® (0.051
ft°). The filter effluent was then pumped to the 4731 L (1250 gal) backwash
water tank which had an overflow at the top. At the end of the filter run
the 246 L/min (65 gpm) backwash water pump delivered the 3690 L (975 gal)
effective liquid vo].bme to the bottaom of the sand filters at a rate of 67.2
can/min (16.5 gpm ft“) for 15 min. The backwashing resulted in a 23% bed
expansion which was less than the 50% expansion cammonly used.

FOQUIAM WATER TREATMENT PLANT

Hoquiam is located in Grays Harbor County, Washington, approximately 21
kilameters (13 miles) fram the Pacific Ocean and 80 Kilometers 50 miles)
north of the Columbia River and the Oregon border. The city has two main
sources of water: Davis Creek and the west fork of the Hoguiam River. A
third source, the Little Hoquiam River, is used only in case of emergency
and bypasses the treatment plant,

The present water treatment plant at chuiamawas completed in 1975. It
was designed for a maximum flow of 11,400 m”/day (3 mgd) anc serves a
population of approximately 10,500. It was a conventional plant providing
coagqulation, flocculation, sedimentation and filtration., At maximum flow
the detention time in the flocculator was 6.5 min, From the flocculation
basin the water overflowed into the rectanqular sedimentation basin which
provided 49 min retention at maximm flow. The clarified water was mumped
to the three mixed media filters which were operated at a maximum filtration
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rate of 12.2 whr (5 guvet). Backwash was initiated by loss of head
thrcugh the filters, when cperating in avtamatic mode. Once a backwash
cycle wvas initiated, i- autamatically backvached each filter in sequence.
Ralf cf ezach filber wvas backwashed at a time, The backwach rate was 36.6
s/hr (15 guv/ft®) ard the wvater was supplied by clearwell pumrs., The
filtered water was chlorinated in the clearwell and punped to the city
reservoic.

The plant normally uoed alum as the primary coayjulant, sometimes in
cambination with a nonionic polymer as a coagulant aid. During perious of
low turbidity, however, only polymer was used as a coagqulant. The same
polyrer wes also used ag filter aid. Sods ash was used for [ control
during coaqulation and flocculation and for final pH adjustment in the
clearvell,

LEAVERSWORTH WATER TREATMENT FLANT

Lecverworth is located at the eastern foothills of the Cascade Mountain
range near the Wematchee River in Ghelan County, Wachington., The two
souzces of water used by the city are Icicle Creck ang shallow wells, with
Icicle Creek the matn source for the city's 2,400 residents, Because of the
dry climate, the per capita water usage i{s very hich compared to the west
side cf the mountains.

The fior to the 13,300 m°/day (3.5 mgd) direct filtration plant was
controlled by an electric butterfly wvalve operated by gaignals from the
storage regervelr just cutside the city. The polymer used ap coagulant was
added directly to the 30.5 om {12 in) raw water line bafora it entzred the
baffled flocculator. The retention time at maximun flow wag about 9 min,
From the flocculator the water flowed via thae inlet flume §o the four mixed
nodia filters operated at a rate of 12.5 mhr (5.1 e/ fe).

Unlike many other plants, the €ilter operation was ocontrolled bty
githons, The siphoning waa initiated by applying vacuum and the siphon was
broken by allowing air to be sucked in, all of which was controlled by a
sories of nolenoid valves, The filters were backwashed one at a time. As
the headloss incrcased, the water level above the filter media would rise
until it made contact with a sensor., At that time the {nlet siphon would
be broken ana the backwash sighon initiated, The three filters remaining in
the filter mode would supply the backwash water,

The filtered water was chlorinated in the clearwell ana flowed by

gravity to the storage reservoir. A booster pup wag available for use if
nacessary, when the plant was operated at hich flow rates.
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SECTICII 4

FESULTS

ITTD VILUATION: QOLLOCTION, RUIERATION OF GIATDIR CYSTS D Qi/(C

- 1 e o g ' yew o T 1 -

The lincarity or propertionality of both counting methode vas evaluate
by using a 1:10 diluted stock susnension containing aperoxirately 4x10
crste/L es measurced with & hemacytoneter  oxd Coulter Counter folloved by a
sccuential 1:2 dilution to obtz2in 103, 5%, 2.5%, 1.25%, 0.625% and 0.313% of
the original stock solution, The dilution series were made in triplicote
with distilled water. [ch aliquot wvas counted five tires and the counts
for cach samle vere averaged and subtracted from the backgraand count. A
counting e:arple is chaun in Cigure 9,

The recults of the serial dilution are cham in Fiqure 10 for both
counting nethods, and indicate that come nonlincarity is oboerved for the
rore diluted suspenuionn. Tor crample, based on the 10% suspension vhich
hod o count of 38,640 particles/ri., the 32 times more dilute suspension of
0.31368 chouldd have a calculated count of 1208 pecticles/rl. The actual
count is 1280 particles/ri or 6% hicher, possibly indicating that background
counts became more irportant in the lover rance.

N nonlincarity wo alse observed for the hemacytometer but in an
opouite directicn., For ciarple, basned on the 5% suspension vhich had a
comnt of 25,000 cyets/rl, the 8 tines more dilute sunpznsion of 0,625%
should have had a calaulated count of 3125 cysts/rL., The actucl count was
2040 cystso/ri or only 6% of the caloulatod amount, indicatine that at low
cysts ooncentration the counting of the cysts in the oquares of the soll
volume of the counting chandxer may rife actual cysts,

The coefficient of correlation letween the perticle counts and the
cilutien pereentage wvas 0.96 for the Coulter Counter and 0.98 fcr the
homcytometer. The ctendard doviaticn using the Coulter Counter, hovever,
was ruch lowser thon that of the hoacytoneter. thile the averaoe
coefficients of variaticn of the Coulter Counter was a3 law as 1.94%, it wes
as high as 74.2% {for the homey neter indicsting that the Coulter Counter
ic wore precise. In Figure 11, the coefficient of variation as related to
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the concentration of the cysts, shars a minimum around 20,000 cysts/ri for
both methods, indicating that the meost precise results are obtained at this
concentration,

The lower detection limit of the Coulter Countcr was lover than that of
the hecmacytameter. The minimum amount of particles that couvld be detected
with the former mcthod in 0.5 1L of solution was 250. Tne lover limit for
the homacytoneter in 0.0001 rfL of solution was 1 cyct. Thic indicates that
the forrier method was 5000 tiries more sensitive. ‘The above results
therefore clearly indicatc that the reproducibility and rance of the Coulter
Counter were greater than for the hconacytemeter., However, tihe method was
nonspecific for cysts and included other particles with the same sizc rence
as cysts.

Evaluation of 47rm liepbrane Pecovery Technique

An eranple of a recovery test using Lake Union vater, one of the water
sources available for the Universivy of Mashincton pilct plant, spiked with
cysts is chown in Figure 12. The cuiints in the size rance of

i ia wvere 19,564 perticles/rL before and 13,112 porticles/rL after the
recovery accompanied by a small apparent dccrcase in size of the particles.
These counts vere substantially above the 220 particles/rL background count
of Iake Union vater in the 8 to 12 um size rance.

The average rccoveries of the 5.0 um !iillipore and luclepore membrones are
sham in Figure 13. The lillipore membrane recovery using Giardia cvsts in
distilled weter ranced £rom 55% to 90% with an average of 75.2%°. The
average recovery using Lake Union vater was 77.8% using lillirore and 72.3%
using luclepore, These resultes indicate no major differences betueen the
membranes cven thoucn the former had a sponge-like structure and the latter
had a pinpoint-hole structure.

The average .rccovery of cysts at initial concentrations ranging from
103 cyst/rL  to 10” cysts/rlL measured with the homacytoreter vas 209 (Fiaure
14) using the Illillipore rorbrene and £5% witn the luuclepore menbrane
indicating that the membrane structire may have had an effect when using the
293 m nerbrane. Mt concentrations belar 1 cyst/rL the recoveries became
highly variable due to the la: nuber of cysts that could be enumerated.
For example, the recovery of cuplicate runs at 0.1 cyct/mL was 75% and 239,
resoectively, The lower recovery using the 293 mnm lillipore filter, &5
conpared to the 47 rm wnit, may be cue to the greater difficulty of renoving
the ecntrapped rystc frem the surface of the larce membrane by agitation
using the chalr. bath,

valuaticn o loobrane Cassette Unit

The cascette unit vas evaluated and shored a recovery of 0.44 to 2.24%
(Table 1) which vas lover than observed for the 293 mm nadbrane, The lov
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Figure 13.
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TABLE 1. SUMMARY OF LABORATORY RECOVERY RATES OF G. LAMBLIA CYSTS WITH MILLIPORE PELLICON CASSETTE UNIT

Initial Volume of Final concentration Final volume Dilution Equivalent retentate Recovery

concentration of stock spike added of membrane retentate of retentate factor concentration percentage
{cysts/mL) to 20 L (mL) and wash (cysts/ml}) and wash {cysts/mL)

10,460 16 320 120 7.5 4,600 0.44

2,960 20 330 270 13.> 6,920 2.34

2,960 20 305 270 13.5 5,880 2.0

2,040 20 350 325 16.25 3,850 1.9

5.480 16 440 135 8.4 4,820 0.88

Mean Recovery Rate (n = §) is 1.5 S.D. = 0,72



recovery may be due to entrapment of cysts in the mesh separating the
stacked filters.

No cysts of G. lamblia were microscopically observed during the
recovery tests at Ryderwood, although numerous diatoms and other protozoa
were visible in the retentate sediment. Both retentate and wash were then
examined for its particle size distribution with the Crulter Counter,
resulting in 23 out of 560 particles/mL counted in the Giard.. -~ize range.

Zeta Potential of Cysts

The zeta potential values for the fixed Giardia lamblia cysts clearly
show a decreasing potential at decreasing pH values (Tables 2 ana 3).
However, even at low pH values the cysts retain their negative charge
(Figure 15). The Zeta potential was always more negative than =20 mv in the
range of pH 5 to pH 10.

TESTING OF UNIVERSITY OF WASHINGTON PILOT PLANT

Unit process detention times for the 2.3 L/min (0.6 gpm) pilot plants
were determined by addition of NaCl or dye. The tracer concentration was
measured and plotted as a function of time to determine the retention time,
A second plot on semilogarithmic coordinates gave information about the
overall performance of the unit process reactor. Tae fraction of tracer
remaining at a given time (1-F[t]) was plotted as a function of the ratio
between the time of tracer measurement and theoretical retention time (t/T).

The actual retention time for the rapid mix was 2.1 min compared to 2.3
min as was estimated theoretically. The tank had a completely mixed flow
regime as evidenced by the semilogarithmic plot (Figure 16). At the
theoretical retention time T, 678 of the tracer had bzen dlsplaced and only
1% remained at 1.5T.

The three flocculation tanks were studied individually and in series.
By itself, each of the compartments behaved as a completely mixed reactor.
However, as expected, with the tanks in series, the flow regime was
approaching plug flow (Fiqure 17). Although not intended for application to
st.rred reactors, the relaticnship between retention time, dead space and
flow regime developed by Rebhun and Argaman (1965) can provide useful
information on flocculator performance. Applying this relationship to the
tracer data, the three tanks in series were approrimately 53% plug flow. At
the theoretical retention time, 23.2 mn, 64% of the tracer had been
displaced and only 12% remained after one and one half times the theoretical
retention time. The actual retention time was 17.3 min,

The dye testing of the sedimentation tank revealed that a fair amount
of mixing was occurring throughout the tank (Figure 18). Only about 15% of
the flow was plug flow. It was believed that the flow regime could be
improved by constructing a better baffled inlet zone, although some of the
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TABLE 2. ZETA POTENTIAL (ELECTROPHORETIC MOBILIGY) OF BUFFERED FORMALIN FIXED
GIARDIA LAMBLIA CYSTS AT VARYING PH VALUES AND CYST CONCENTRATIONS

Exp. # Cyst Conc.
(#/m1)

1. a x 10*

4

5.25 x 10
4

4

4 x 10

4 x 10

a x 10

(=] (3] £ w N
. . . . .

2.14 x 10"

*Giardia suspensions used in #1, #3, #4, and #5 were from same

stock suspension. #2 and #6 were from different stock suspension.

TABLE 3. ZETA POTENTIALS OF FIXcD GIARDIA LAMBLIA CYST SUSPENSION AT

1,800

340
3,000
3,500
4,000

12,000

DIFFERENT PH VALUES

Specific
Conauctance
(microhmos)

340
1,200
1,600

3.200

Spec. Conductance
(microhmos)

pH

3.5
4.3
5.6
6.9
8.0
10.0

pH

3.8
5.5
7.5
10.0

42

ZP(x)

-21.0
-25.5
-27.1
-37.3

-17.4
-14.4
-24.7
-31.3
-33.8
-39.2

ZP(Xx) in mv.
corrected

SD

7.2
5.6
3.3
4.3

=

14

6
4

SD

5.3
7.0
3.6
8.4
10.9
9.0



ZETA POTENTIAL (MiLLIVOLTS)

pH

Figure 15. Effects of pH on the zeta potential of fixed G. lamblia cysts,

(A) different suspensians and (B) same suspension.
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mixing was likely caused by density currents., The ingoming water was around
10° C compared to an ambient temperature of 22" C. ‘The theoretical
retention time was estimated to 5.6 hrs, whereas the actual, as determined
by the dye test, was 3.9 hrs. At the theoretical retention time, 38% of the
dye remained in the tank and 12% was still left in the tank after two times
the theoretical retention time. The tracer data indicated no ~ead space.

with the objective to determine the optimum speed of the flocculator
paddles, a series of tests was performed with a 10 mg/L alum coagulant
dosage and pH 6.7, adjusted by the addition of lime, The rapid mix speed
was kept constant at 500 rpm throughout the tests. Foilowing the selection
of the mixing speed to be evaluated, the pilot plant was operated for 40
min, Samples were collected fram each of the three f£locculation
compartments and allowed to settle in a jar for 30 min, at which time the
turbidity of the settled water was determined. Based on these tests, a 22
rpm mixing speed was selected. _Ihe corresponding Gt and G values were
calci:lated to be 49800 and 48 sec =, respectively. The sample collected
from the first compartment with less than 6 min flocculation time did not
settle well compared to the sample fram the third compartment with 17.3 min
flocculation,

TESTING OF COAGULATION/FILTRATION AND DIRECT FILTRATION AT UNIVERSITY OF
WASHINGTON

Jar Tests

Batch tests with different alum dosages showed that the lowest turbidity
after settling was obtained at a dosage of 8 to 12 mg/L using 1 L beakers.

Conti Testi ith Giardia Spiking = G tional Treatment

The first seven runs were made using the coaqulation/sedimentation unit
followed by filtration. Runs made thereafter were direct filtration runs
bypassing the sedimentation unit.

The results of the single spike of Giardia cysts (Run 1), added to the
first flocculaticn compartment of unit A are summarized in Table 4. This
run was performed primarily to determine removal of cyst-sized particulates,
cysts and turbidity by both flocculation, sedimentation and filtration. No
cysts were detected in the filter effluent while high removals of particles
in the cyst-sized range were observed together with high turbidity removals.

The turbidity removal by the filter was more than 96% ana the run was
terminated after 80 hrs due to high headloss in Filters B and C (Figure 6).
In this figure and in later figures showing University of washington pilot plant
filter run data, the data points identified astwerflow are for water
applied to the filters.
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RESULTS OF A SINGLE DOSE SPIKE OF GIARDIA CYSTS INTO FLOCCULATION

TABLE 4.
COMPARTMENT OF PILOT PLANT ~ RUN #1
Sampling point sampling time Particulate Particulate No. cysts Turbidity Turbidity Headloss
{hrs. after concentration removal” in found in 201. (NTU) removald in (ft)
spike) (no/mL) preceeding concentrate preceeding
process process
(z) (z)

Tap water -- before run 2017¢ = -ee 0.44 . -

plant influent
1. overfiow 1.5 20.01 99.0 0 0.58 =31 --
from sedimenta-
tion basin
2. filter C 1.5 . 348 98.3 0 .02 96.6 6
effluent
3. filter C 4.5 3.7 81.5 0 .022 96.2 7.4
effluent

*Approximctely 170,000 cysts added as single dose to first flocculation compartment at Al'

®Concentration of Giardia size particulates in influent tap water {s calculated from Coulter enumeration of

7.5 L. water passed through 5.0um 293mn Nuclepore filter and processed as 1n section 2.4,

Yparticulate removal is calculated as 100 - (concentration out/concentration in).
particulates for filter efficiency {s Giardia size particulate concentration in overflow weir,

Initial concentration of
Initial con-

centration of particulates for sedimentation efficency is Giardia size particulate concentration of inflyent

tap water.

6Turbidity removal is calculated similarly to that of particulate removal.



A oontinuous addition of Giardia cysts (Run 2) added to the chemical
intake port is summarized in Table 5. C(yst-sized particle removal is
defined as removal of 8 to 12 ym particulates as ohserved on the Coulter
Councer. Particulate removal was 99.0% for coaqulation/sedimentation and
90% for filtration., Mean turbidity removal by filtration as monitored
periodically from Filters B and C effluents was 87% and 92%, respectively.
Total cyst-sized particle removal for the entire treatment train was 99.9%.

Three cysts were observed by microscopic examination in two different
effiuwrc samples; i.e., at the beginning and at the end of the run.
Estimated removal of cysts by ocoaqulation/sedimentation and filtration was
99.8% or above at an influent concentration of 225 cysts/L and 0.05 cysts/L
in the effluent.

After a ripeming period a high quality effluent was produced while the
headloss showed an approximately linear increase with time.

In the third run Giardia cysts were added directly to the dual media
Filters B and C. Cyst-sized particulate remwval by filtration throughout
the run averaged 74% and 62% for B and C, respectively. Poor floc fcrmation
and subsequent low turbidity removal were probably a result of inadequate
lime feeding. Cyst-sized particulate removal by sedim:ntation was greater
than 99% in spite of a low turbidity removal of 44% (Tab..e 6).

When adding 984 cysts/L at the influent of Filter B in Run 3, 8 cyst/20
L were recovered in the effluent, corresponding to the 99.96% removal. When
622 cysts/L were added at the influent of Filter C, the effluant
concentration was 5 cysts/20 L, which is also a 99,.96% removal.

The influent and effluent quality data of Run 4 (low pH) sho.ed an
average cyst-sized particle removal of 99.9%, while the turbidity removal
was 85%. ‘The 1093 cysts/L in the influent of Filter C correspond with a
worst effluent concentration of 0.6 cyst/L in the effluent, which was a
99,95% removal.

The effluent turbidity of the fourth filter run is shown in Figure 19,
together with the cyst effluent concentration. The increase of headloss
with time was primarily accounted for in the Lop 5 am (2 in) of the filters,

Run 5, conducted at high pH (7.2), showed an average particle removal
of 80% and turbidity removal of 76%. Cysts were added to Filter C only, at
a concentration of 23 cysts/L. The filter effluent concentration was 0.75
cysts/L corresponding to a 96.74% removal. The higher pH resulted in a slow
rate of headloss buildup, but uniform throughout the depth of the filter.

The effluent quality during Run 6 with no pH adjustment (pH 6.4) showed
a significant improvement over Run 5 with respect to turbidity and
cyst-sized particle removals (Figures 20 and 21). The cyst removal,
however, was essentially the same. Of the 30 cysts/L added to the influent
of Filter C, 1 cyst/L was recovered from the effluent or a 96.67% removal.
The gradual headloss buildup was primarily restricted to the top one-third
of the filter.
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TABLE 5. RESULTS OF COMTINUOUS SPIKE OF GIARDIA CYSTS INTO PILOT
PLANT - RUN #2

Sampling Sampling Particulate Particulate No. cysts Turbidity Turbidity Headloss

point time concentration removal in found n {NTU) removal {in (ft)
(hrs. after {no/mL) preceeding 20 L. con- preceeding
spike) process centrate* process
(%) . (%)
Tap water _before run 2017 .e- e .50 e -
1. overfliow 2 10.4 99.5 (] 0.2 60 -~

from sedimen-
tation basin

2. filter C 2 0.54 9.8 1 .037 81.5 1.7
effluent

3. filter B

¢ 1.33 87.3 0 .038 87 2.2
effluent

-d

4, filter C 7 1.22 88.3 0 .026 87 2.0
effluent

5. filter B 23 1.34 87.1 0 .03 85 3.1
effluent

6. filter C 23 0.47 95.5 0 .018 91 3.3
effluent

7. filter B 47 0.78 92.5 0 .028 86 4.2
effluent

8. filter C 47 1.04 90.0 0 .019 90.5 4.7
effluent

9. filter B 98 2.02 80.6 1 .03 85 5.4
eff,uent

10. filter C 98 .099 90.5 3l .018 9 6.0
effluent

11. backwash 100 4650 - 7207 - - --
sample from
filter C at
end of run

gé 68
12. sedimen- 100 4.7 x 10 - 2.0 x 10 -- - -
tation basin
after run

*An estimate of Giardia cysts per 20 L. sample was calculated by microscopic examination
of 0.16 mL of sediment from 20 ml cuncentrate as recovered in section 2-4. Final number
is extrapolation from estimate of sediment volume {approximately 0.20 ml).

YAn estimate of the number of cysts trapped by the dual media f{lters was calculated by
microscopically examining the sediment from ] liter of backwash water recovered as in
sectfon 2-4. Six cysts in approximately 0.04 mL of sediment were counted {of a total
«f 0.25 mL sediment). Extranolation to 20 L. of backwash results in figure given,
Rkemoval of Giardia .sts by sedimentation can be crudely estimated by dividing the
number of cysts in the sedimentation basin by the sum of the number of cysts in the
backwash an¢ the sedimentation basin.

8an estimate of total particulates/m! removal by flocculation-sedimentation during

the entire run was calculated by siphoning &4 L. {representating 8% of the total surface
area) of the settled floc at thc bottom of the sedimentation basin and enumerating by
the Coulter method.

Ban estimate of the total of cysts removed by flocculation-sedimentation was determined
by hemacytometer counts of approximately N.25 mL of sedwment from 10 mL of floc
centrifuged. 50
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TABLE 6. RESULTS OF CONTINUOUS SPIKE OF GIARDIA CYSTS INTO PILOT PLANT - RUN £3

Sampling point Sacpling time Particulate Particulate Ko. cysts Turbidity Turbidity Headloss

{hrs, after concentration recoval in found in 20L, (uTU) removal 1n (ft)

spiie) (no/=l) preceeding concentrate preceeding
process process
() (3}
Tap water before run 01?7 --- --- 0.5 e .-
1. overflow 2 3.718 99.8 cysts fed .28 44 -
fron sedizen- directly
tation basin to filters
2. filter B 2 1.3 65.6 8 .12 57.1 g
effluent
3. filter C 2 2.% 3.0 2 .1 57.1 .83
effluent
4, filter B 1.5 0.81 78.6 ] .165 41 .92
effluent
5. filter € 1.5 0.88 16.7 ) .17 39 1.1
efflyent
6. overflow 16.5 16.1 99.2 cee .35 30 -
7. filter 8 16.5 3.5 78.3 8 2 42.8 1.2
effivent
8. filter € 16.5 3.92 15.7 k| .2 2.8 1.25
effluent
A

9. bachwash 22 1840 .ee 5 — ——— -
sa-ple fron 1.2 x 10
filter C

*fstinute of cysts calculated

San estizate of the tots) nuzber of cysts In bachkwash sarple was calculated by

extrapolating hemacytomeler

counts of cysts in 3 total 0.25 sl of bachwash sediment fron | liter filtered through 5.0um Xuciepore filter

and processed as in section 2-4.
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Because of high pH (7.2), the seventh filter run showed a lower
turbidity removal (Figure 22) than earlier runs with the same coagulant
dosage (10 mg/L) and the pH ranging fram 6.3 to 6.7. The largest increase
in headloss developed at the anthracite/sand interface.

The results summarized in Table 7 generally show higher cyst removals
at high spiking levels than at low spiking levels. This can be explained by
the inherent limitations in the cyst enumeration technique. Low levels are
difficult to determine accurately. Therefore, the investigator may
sometimes have to settle for an upper boundary value which of:ien will
overestimate the number of cysts in the sample and underestimate the
removal.

I Filtration at University of Washi Pilot Plant

This subsequent part of the study was devoted to the evaluation of the
8 to 12 um particle and turbidity removal efficiency of the University of
Washington pilot unit. The unit was operated in the direct filtration mode
treating chlorinated unfiltered Tolt Reservoir water.

The filter runs were conducted at different alum dosages, pH values and
flow rates. The main parameters measured during the testings were: removal
of particles in the Giardia size range, turbidity removal, length of filter
run, headloss buildup at different depths in the filter and particle
distribution at different filter depths,

The effect of alum dosage on the filtration efficiency is shown in
Figures 23 and 24 for Filters B and C operated under igentical conditions.
mq were collected both at low (5.5 thrz [2.3 g/£t°] ana 6.0 m/hr [3.5
gom“}) and high (9.6 m/hr [3.9 gpV/ft®] and 13.5 m/hr [5.6 gaW/£t®])
filtration rates for identical Filters B and C. The filter runs without any
alum addition showed a 59% cyst-sized particle removal efficiency ana 10%
turtidity removal. The turbidity removal reached a maximum plateau at a 10
my/L alum dosage while the particle removal did not increase further above 7
my/L. 'The data of the University of Washington pilot plant show that
particle removal exceeds turbidity removal below a dosage of 10 my/L alum,
possibly due to the inability of the filters to trap the small particles
causing the turbidity, while still retaining the cyst-sized particles.
Dosages above 15 mg/L greatly shorten the filter run and decrease the
removal efficiency. Increasing the flow rate in the alum dosing range of 15
to 30 mg/L resulted in a slightly lower particle removal. The direct
filtration runs at the high flow rate were less consistent tharb at the low
flow rate and the run at 17 mg/L alum and 13.5 m/hr (5.6 gpm/£t“) showed an
unexpected lower removal efficiency and greater rate of headloss buildup.

The W was also of major importance in the particulate removal ana
highest removals were observed at pH 6.5 and within a range of 5.6 to 7.0
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Run No.

Table 7.

Performance of each filter run with

cysts added directly to filter

6.7

6.3
(no lime)

7.2
(high
Time)

6.4
(no lime)

7.2
(high
1ime, low
spiking

level)

Cyst

Dosage

98%/1
622/1
1093/1

23/1

30/1

2.3/1

(c)

(€)

57

% Cyst-

sized

Particle % Cyst

Removal Removal
93.1 99,96
91.5 99.95
30.6 96.74
95.6 96.67
95.2 30.4
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(Figqures 25, 26) using a dosage of 15 ma/L. Dounling of the flow rate
resulted in a slightly lower particle removal but did not affect the
turbidity removal. A fH increase fram 6.5 to 7.0 resulted in a greater rate
of headloss buildup at the hicher flow rate than at the lower flow rate.
Addition of soda ash was required to oowiteract the pH decrease resulting
from the alum addition. A typical dosage of 7 rg/L soda ash was required to
maintain the pH at 6.5 vhen using 15 mg/L alum. Righ rate runs generally
produced peoorer quality water, and the quality deteriorated even further
vhen the rR wvas changed at the high filtration rates, The results in Figure
- 21 show that when the [H was temporarily changed fram 6.5 to 6.8 the
effluent turbidity increased fram 0.12 to 0.65 NIU in Filter B arg frem 0.11
to 0.33 NIU in Pilter C operated in an identical fashion. The influent
turbidity was 0.90 NIU. The lower efficiency was also reflected in the
decreased rate of headloss buildup,

Increasing the flow rate at a dosage of 15 my/L alum ana pH 6.5
resulted in a gracual decrease of turbidity and particle,removal. Tuzbidity
ranoval greatly decreased above 17.1 w/hr (7.0 opv/ t®) in Pilter B., ana
particle removal decreased swstantially above 12.9 m/nr (5.3 gm/ftz) in
Pilter C. ‘The lgnqest filter runs were observed below a flow rate of 621
mhr (2.5 gpw/ft®). Selecting flow rates above 17.6 m/hr (7.2 gpm/£t”)
resulted in a sharp increase in the rate of headloss buildup. The length of
the theoretical water column that could be passed throuch the f£ilter before
backwashing showed a pattern parallel to that of the length of the filter
run  indicating that substentially longer runs were obtained below a flow
rate of 6.1 m/hr (2.5 cp/£ft") (Pigures 28 and 29).

Samples were carefully withdrawn from the three way valves at each of
the headloss ports at different times during the the high flow rate filter
runs, The results in Ficure 30 show that the cyst-sized particles were
gradually f£illing the voids in the upper parts of the filter. Thus a
relatively sharp dowrnward moving front existed between the filled voids and
the empty pore spaces. The data indicate that at the 15 my/L alum dosage
the particle concentration in the upper portion of the filter was about
two~fold higher than in the influent due to its accumulation and
flocculation/sedimentation, This increase was about tem-fold at 20 mg/L
alun and about fifteen-fold at the 30 mg/L dosage. Some differences were
noted between the last two sanpling ports after the filter; i.e., the port
below the screen containing the filter media and the last port after passage
of the effluent through the turbidity meters. The last port gave lower
particle ocounts at the 30 my/L alum run, possibly indicating some particle
settling or attachment to the effluent tubing. .

It was ooncluded that optimum operation of direct filtration was
achieved at an alum dosage of 10 mg/L alum, and a g of 6.5. ?xe longest -
filter runs were obtained at a rate beluw 6.1 m/hr (2.5 gp/£t*). Suaden
operational changes such as a pH increase caustd a rapid effluenc
deterioration with respect to turbidity and cyst-sized particles. Quality
deterioration was more pronounced when the oconditions were changed rapidly
as opposed to gradually.
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Direct Filtration at University of Washinat ith Giardia lambl]

During the final runs, Filter C was the only filter used for cyst
spiking. Furthermore, it was decided for practical reasons to add the cysts
as a slug rather than have oontinuous feeding throughout the run.
Continuous feeding would have required extremely large quantities of cysts,
because of the high cyst removal efficiency of the filter and the relatively
large number of cysts necessary for reliable detection and enumeration in
the filter effluent. These large quantities were just not availabdble.

To determine when the peak concentration of cysts would appe.. in the
filter effluent, a series of conductivity tests were made. A salt <»lution
was added to the plant inflrent at the cyst addition port. T:: salt
solution was added for 30 sec, the same time period that had been s«.ected
for the cyst addition., Conductivity was monitored continuously at the final
flocculation tank effluent, the overflow fram the distribution troucgh which
also functioned as a constant head tank for the filters and the etfluent
fram Filter C. This test was repeated for many different filter locading
rates to cover the entire range of normal operation. Knowing the filter
loading rate, Figure 31 could be used to determine when sampling started and
stopped if the objective was to collect a 20 L filter effluent sample, half
of which preceded the peak of the effluent cyst concentration ana half of
which followed the peak. Figure 32 shows what percentage of all the cysts
passing through the filter was captured in the 20 L sample.

G. Jlamblia cyst stock solutions were prepared by ertracting the cysts
fran stool specimens of giardiasis patients, provided by hospitals ana
pathology laboratories throughout the State of Washington, The procedure for
excraction has been described garlier. 'mesresulting stock soluticns rangeg
in concentration fram 1.2 x 10~ to 5.0 x 10~ cysts/mlL, and were stored at 4
C until needed.

Cyst suspensions for the pilot plant runs were prepared immediately
before being added to the plant influent. The total cyst concentration
selected for the run determined the amount of stock solution used.
Distilled water was used as diluent to give a final volume of 180 mi, «*.ch
was punped into the plant influent line.

The cyst addition port was located on the plant influent line, ahead of
the oocaqulant feed manifold and opposite the pH adjustment port. A static
mixer, Kenics Model 1/2-10-321-5, separated the cyst/pH adjustment feed
manirold and the coagulant feed manifold. The static mixer provided good
dispersion of the cysts and uniform pH of the raw water before any chemical
coagqulant was added. The cyst suspension was pumped into the feed line,
using a FMI lab pump, calibrated to deliver the 180 mL volume in exactly 30
sec,

Earlier tests aimed at determining cyst losses during the cocagulation
and flocculation process, had shown some variability when parameters like
|i, and coaqulant dosage, as well as type of coagulant used were changed.
Therefore, during the actual cyst runs both filter influent and effluent
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were sampled to determine the cyst removal efficiency of the filtration
process., All samples collected were processed as described earlier, which
included membrane filter filtration, centrifugation ana microscopic
examination, 6

The cyst dosage during the runs ranged fram 2.0 x 106 tg 21.5 x 10
cysts. For the majority of runs, however, approximately 20 x 10" cysts were
added to the raw water. The total number of organisms actually reaching the
filter depended upon two main factors: first, the loss of cysts in the rapad
mix and flocculation tanks, due to Adisintegration and attachment, and
second, the filter loading rate. In order to0 provide a constant reaction
time for the coagulation and flocculation processes, the flowrate through
the plant was kept constant at 2.3 L/min. For a low filter loading rate,
this meant that a proportionately large amount of the cysts reaching the
distribution trough would be wasted through the overflow. As the flow rate
to the filter increased, so did the cyst load, assuming the dosage to the
plant remained relatively constant,

These direct filtration runs were designed to investigate factors such
as ocoagulant dosage and pH, especially its affect on alum coagulation (Table
8). yxe filter loading rate was kept relatively constant at 9.8 myhr (4
g/ ££°) .

As expected, with no oocagulant being added to the water, the filter
performed poorly with regard to both cyst removal and turbidity reduction.
More than halt the cysts, 52%, passed through the filter and the efflusnt
turbidity remained relatively high. At optimun conditions, however, cyst
removal was oonsistently high. An a.lunzdosage of 12 mg/L, MH 6.2, and a
filter loading rate of 4.9 m/hr (2 gEV/£ft®) . would give a 99.73% removal of
cysts at the end of the one hour filter ripening period. Later in the run,
cyst reduction was 99.94% and the effluent turbidity was constant at 0.02
NIU. The influent tu:bidiiy was 1.2 NIU. An increase in the filter loading
rate to 9.8 myhr (4 go/ft®) did not have any adverse effect on the filter's
ability to renove cysts. In fact, at the end of the filter ripening period,
the cyst reduction was 99.94%, slightly higher than at the lower flowrate.
Seven hours into the run it had improved to 99.98%,even thouch the effluent
turbidity was 0.2 NIU, conpared to 0.02 NIU ot the lower loading rate
(Figure 133).

A reduction in the coagulant dosage led, as expected, to an increase in
the uumber of cysts passing thiough the filter. At a 7 mg/L alum dosage,
99,758 of the cysts were removed one hour into the run, and £9.98% after 16
hrs. The lower alun dosage also resulted in an increase in the f£ilter
ripening period to 1.5 hrs and a higher effluent turbidity, 0.03 MiU. A
fucther reduction in the alum dosage to 4 mg/L had a more dramatic effect.
The filter ripening period was increased to approximately 2 hrs and only
64.2% of the cysts added to the plant after 2.5 hrs of operation were
renoved in the filter. The effluent turbidity was 0.5 NIU, but slowly
decreasing. ‘The effluent turbidity at 72.5 hrs remained relatively high at
0.4 NTU, whereas the cyst removal had increased tc 91.8%.
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Table 8. Cyst Removal During Direct Filtration at UM Pilot Plant
Alum Filt Filt
Coagul. er rilter
and Loading Infl. Cyst  Elapsed Infl. £fn. Turbidity
Run Dosage Rate Cyst Removal Time Turbidity Turbidity Removal
Mo. Mg/t pH Whr  Dosage v  Hrs-Min NiU NIU 3
72 MNone 6.5 6.0 6.6-10- 48.01 €3  on 0.39 46.58
73 120 6.2 6.0 38.106 99.733 1:15 1.24 0.03 97.74
2.3 4.2-10® 99,943 26.00 1.19 019 98.40
1 120 6.2 9.6 73105 99.936 1:00 1:37 0.04 97.23
% 120 6.2 9.2 8.7°106 99,979  7:00 1.14 9.0z 98.07
7 1.0 6.2 9.6 98106 99.750 1:00 1.94 0.24 87.63
B.5 9.4-1CY 99,870 16.00 0.8l 0.03 96.30
78 4.0 6.2 100 107105 6423  2:30 1.3 0.52 60.31
8.5 6.8-106 9181 Tr2.30 1.35 0.37 72.59
9.6 .3-106 . : . . .
29 120 6.8 10.3-106  95.44 1:00  0.95 0.28 70.53
8.2 8.4-106 99.41 1000 1.02 0.04 96.27
0 12.0 5.6 9.6 10.0-105 93.83 1-00 1.73 0.03 98.09
Al 12.0 5.6 9.6 9.8.106 99.84 7:00 i.78 0.02 98.93
Cat- 9.6 9.8-106 9590 1:00 0.3 123 75.00
n 3. .
A7 e 1164 g6 9.6 99911 21.00 0.0 0.27  66.25
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During earlier runs with alum as the primacy coagulant, the overall
performance of the filtration plant was fomnd to be very sensitave to
changes in pH. Therefore, same of the Cyst runs were designed specifically
to investigate the importance of proper fH control on cyst removal. It had
been chown that 99.98% of the cysts oould be removed during the filtration
process with proper pretreatment, using 12 mg/L alum at pH 6.2. Kesping the
alun dosage unchanged but lowering the pH to 5.6 did not dramatically atfect
the cyst removal. After one hour of operation, at the end of the filter
ripening period, 99.83% of the cysts were removed by the filter, ana 6 hrs
later 99.84% were removed. The effluent turbidities were 0.03 NIU ana 0.2
NIU, respectively, An increase in pHl to 6.8 dropped the cyst removal one
hour 4{nto the run to 95.44% and the effluent turbidity was 0.) NIU, showing
sooe fluctuation. After 10 hrs the cyst reduction had irproved to 99.41%
and the turbidity was at 0.04 NIU (Figure 34).

The only polymer used during the cyst runs was Cat-Floc T1 (Calgon
Qwp.). A S mg/L dosage was deteminad the optimum and the pH was kept at
6.4, the natural pit of the raw water., The cysts wore added to the plant
influent after one and 21 hrs of operation with removal efticiency of 95.93%
and 99,914, rospectively. BEven thoujh good cyst removal was achieved curing
this run, the etfluent turdidity was 0.2 NTU after one hour and increased
slightly to 0.3 NTU 21 nrs into the run, These values wore considered
rolatively high in comparison to tho excellent (ilter performance when alus
was usod as coxgulant,

TESTING OF DIATUMACTIOUS EARTH FPILTER AT THE UNIVERSITY OF WASHINGTON

As ¢xpacted, the rasults from the inftial runs ehowod that the
cyst-ci=® particle removal by the DE filter was generally better than the
toduction {n turbidity, Of thw acveral types of filter ald tested. the bDest
partormors wore the tinor gradss, espacially in the very feginning ot the
run,  later in the run, howrver, none specitically ontperfond the otlees,
Sxor Lypical data are shown in Figures )5, 16 amvi 37,

The mnat noticesable difference bDatwnmen thesn nns was the rate of
hwadions Duildup which was sloweat for the cuareest graskes., This was almo
manifosted by lonjer filior runs, The length of the run depoenvied ot only
on the type of diatemite used, it o A signtficant Gogree on the Ot of
ody food aked to thw {iiter, The oty {(eod rate rxvied Yrom 10 to 40
mg/L.  Thouih the raw water used 5 Ulwse runs was Gf high Quality, with
turbidity normally camvying from 6.9 to 0.9 Wil during this timw of the year,
baty feed rates lens than 20 )/l rowulted tn reiatively ehnret filter runw,
usually from 26 to 46 hre, 5Siatlarly, e Suration of the filter run
decreansed if Lho tvxly fowd was 1nTreassd Moywd 20 my/L.

During one cf the runs using Myflo Supsr-Cel as filter aid, a low
concantration of the nonionic polyrer, Megnifloc #8%H (Anetican Cyarwmric
Co., MWome, 1J) wvae adid Lo the e watef, he DOLEL NGticmalle ¢ffact of
the 0.007% /L polymer addition wvas 8 significant irgtoverem (n the
effluert qQuality in the very beginning of the run. AS the i was
progressing, the efficliency of e UE {ilter poared O tw £irdist tO ear;ler
rwne vhete no polyter had teen sdded, w0 iMgrovamert in ef{lliuem ¢mility
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was paralleled by a more rapid increase in headloss across the filter. When
the run was terminated, it was approximately 258 shorter than similar runs
where no polymer was added. It was assumed that the single most important
factor for the decrease in the duration of the rin was the polymer addition.

All effluent samples collected during this series of tests were very
low in cysts. In fact, after concentrating the 38 L. or 19 L samples to 1 mL
with an average recovery of 88.5%, no cysts were detected in S5 of the 12
concentrates. For practical reasons, only aboug 25% of the 1 mL volume was
examined. Because of the low counts, the actual cyst removal efficiency of
the DE filter could not be determined. Only the boundary values could be
determined. However, the data showed that diatomite filtration was
effective in removing G. lamblia cysts, even in the very beginning of the
filter run when the precoat acted as the only barrier. The only decrease in
the filter's ability to trap the cyst particles was recorded when the dosage
at the end of the run was increased six times. This decrease in performance
was less evident when a polymer was added to the raw water., Generally the
polymer addition improved the removal efficiency, but tended to shorten the
filter run because of a more rapid rate of headloss buildup, especially
towards the end of the run. A better method might be to add polymer only in
the beginning. The results are shown in Tabple 9.

TESTING OF DIRECT FILTRATION IN HOQUIAM AND LEAVENWORTH

] ¢ EPA pilot Unit at Hogui

The filter runs were conducted at different coagqulant dosages, pH
values and filtration rates. The main parameters datermined were turbidity
removal, removal of particles in the 8 to 12 um range, length of filter run
and headloss buildup at different depths in the filter.

The major factors influencing treatment efficiency were cpagulant
dosage, pH and filtration rate. Figqure 38 shows the effect of alum dosage
at pH 6.7 and 10 m/hr (4.1 gmV/ft®). The data indicate that the particle
removal reached a maximm above a dosage of 10 mg/L, while the turbidity
removal was already at its maximum at 8 mg/L alum. Adding 0.04 mg/L of a
nonionic polymer, Magnifloc 985N (American Cyanamid Co., Wayne, New Jersey),
led to no improvement in the particle or turbidity removal. The rate of
headloss buildup, however, increased fram 5.3 avhr (2.1 in/hr) to 18.3
awvhr (7.2 in/hr), greatly reducing the length of the filter run. The
duration of a filter run could be improved by lowering the coaqulant dosage,
but the treatment efficier.cy would suffer as a result.

In general, the rate of headloss buildup was linear with time ard the
i viority of runs were terminated due to turbidity breakthrough before the
205 an (80 in) to 230 am (90 in) of available head had been exhausted. The
lowest rates of headloss buildup were observed at high pH values and low
filtration rates, whereas high rates of headloss buildup were the rule for
low pH values and high filter loading rates. The headloss profile at the
end of the different filter runs unowed a rather uniform distribution
throughout the filter, with only a slightly smaller buildup at the top.
This indicated that the flocs penetrated the bed sufficiently.
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TABLE 9.

Cyst Addition

FILTER RUNS WITH CYSTS USING DE FILTER

Cyst Size
M Pa,-t‘c]e
Run Polymer Contin. Eliosed Time Removal (R) Removal
No. _Added Stua Cysts/1 Hrs :Min ] %
3.0-106 0:05 99.35 <R<99.78 98.4
3.0-106 0:20 99.65-R 95.1
63 No
3.0-106 2:00 99.03<R 97.9
1.5-10% 2:30 99.61< R <99.96 98.8
9.9-105 3:00 99.03<R <99.10 92.3
3.0-106 0:05 99.61 <R <99.96 98.1
106 .
64 Yes 3.0°10 0:20 99.65< R 98.2
3.0-106 2:00 69.65 <R 98.2
1.5-105 2:30 99.65 <R 97.9
9.0-105 3:00 99.4B<R <99.56 96.3
65 No 4.5.10% 3:00 99.83< R< 99,94 87.1
66 Yes 3.5-10% 3:00 99.87 <R <99.99 95.0
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A geries of runs were made with polymer as primary coagulant or
coagulant aid in combination with alum. The data indicated that 3.4 mg/L
Catfloc T (Calgon Corp., Pittsburch, PA) or 2.1 mg/L Magnifloc 573C
(American Cyanamid Co., Wayne, NJ) were required to obtain a larger than 90%
particle and turbidity removal. A 5 mg/L alum dosage with polymer coagulant
aid showed no major improvement in particle and turbidity removal as
compared to the same polymer dosage by itself, VWhen the alum dosage was
increased to 7.1 mg/L the filter's effectiveness inproved and better than
90% removal of turbidity and cyst-sized particles was observed at the 7.1
mg/L alum dosage in cambination with either 1.7 mg/L Catfloc T or 2.0 my/L
Magnifloc 573C. Without changing the polymer dosage, no significant
improvement was evident when the alum dosage was increased beyond 8.1 mg/L.
The addition of polymer generally tended to decrease the rate of headloss
buildup, possibly by forming flocs that penetrated deeper into the filter

Another important parameter for controlling particle and turbidity
removal, particularly when alum was used as coagulant, was pH. The data in
Figure 39 show that at Hoquiam the highest removals were obtained at a pH
value of 6.7, which remained optimum throughout the study period, with only
one exception. High removals were still observed in the 6.4 to 7.0 pH
range, but lower removals were noted outside this range. Lowering the pH to
6.0 resulted in particle and turbidity removals below 90% and caused a high
rate of headloss buildup. Similarly, an increase in the pH to 7.4 resulted
in a major decrease in turbidity removal, but a lesser decrease in the
removal of particles. In the present study, the pH was manipulated by the
addition of hydrochloric acid (HCl) or soda ash (Na (D3). The latter could
be dosed more accurately than the lime previously usad. To maintain optimum
pH during alum addition, soda ash was always required to counteract the pH
decrease caused by the alum. The addition of alum decreased the pH as it
decreased the alkalinity as given by:

A12(504)3-14.3 HZO +3 Na2m3 + 3320 - 21\1(0!*1)3 v+ 3Nazso4 + 14.3 H20 +3 C.’)z

During the wpilot plant study, the addition of 10 mg/L alum typically
resulted in a p: decrease of 0.27 pH units. Addition of 10 mg/L soda ash
generally increased the pH 0.46 unts.

The effect of sudden changes in pH 1is demonstrated in Pigure 40. The
data were obta:.nsd fram two runs with an alum dosage of 10 my/L and a 10
mhr (4.1 qgpw/ft®) filtration rate. During the first run the pH changed
fram 6.8 to 7.3, resulting in a decrease in particle removal and the rate of
headloss buildup. An increase in effluent turbidity was also noticed,
approaching the influent turbidity of 1.7 NTU. The increase to pH 6.9 only
changed the rate of headloss buildup. However, the change fram pH 6.9 to
7.3 had the largest impact as evidenced by an increase in effluent turbidity
of 0.5 NiU. In addition, particle removal and rate of headloss buildup
decreased, When the pH was brought back to 6.8 the effluent turbidity
responded immediately and returned to its initial value.
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Inct ng the €f£iltration rate fram 10 mv/hr (4.1 gpn/ftz) to 15 m/hr
(6.1 gpwiz°) was generally detrimental to the overall performance of the
filter (Picure 4l1). At an alum dosage of 15 mg/L and a pH of 6.7, the
higher f’ltratirn rate resulted in a gradual decrease ir turbidity and
particle removals. Further, the higher filtration rate resulted in a moze
rapid buildup of headloss and a significant shortening of the filter run due
to an early turbidity breakthrough (Fiqure 42). Because of the short filter
nm, less than half as much high quality water was produced Qt this
filtration rate as would normally be expected at 10 m/hr (4.1 go/ft”) witn
the same raw water quality.

A very low turbidity and particle removal (49 and 48%) was experienced
on September 2, following a rainstorm which increased the influent turbidity
from 1.2 to 8.3 NTU. A more than doubling of the alum dosage to 23.4 mg/L,
in cambination with a lowering of the pH to 6.0 was required to bring the
effluent quality to within normal operating values. In addition to an
increase in turbidity during the heavy rain, the pH of the raw water
decreased from 7.3 to 6.8. ‘These results indicate that optimum process
conditions can change rapidly, within a few hcurs, as changes occur in the
quality of the raw water,

A relationship was established between eZfluent turbidity «nd particle
removal (Figure 43). An effluent turbidity below 0.05 NIU corresponded with
a median (508 of the values) particle removal of 95,18, while an effluent
turbjidity between 0.05 and 0.1 NIU was asscciated with a 94.3% particle
removal. A surprisingly 1large number of sumples (33%) with an effluent
turbidity below 0.05 NTU had particle removals below 90%. This was chserved
especially in the beginning of the run directly after the filter ripening or
during the running phase when the influent particle concentration declined
temporarily. The polymer plus alum and polymer runs did not produce
effluent turbidities below (.1 NIU, but hich median particle removals of
95.3 and 92.6% respectively, were noted for effluent turbidicies between
0.10 and 0.20 NTU., These results are further summarized in Figure 44 which
shows a relationship between median particle removal and effluent turbidity
range. Greater than 90% median particle removal was observed for effluent
qualities below 0.2 NIU but not for values above it.

The study also evaluated the removal of actual Giardia lamblia cysts by
the pilot unit., Cysts recovered from human stool specimens were acded to
the raw water, ahead of any chemical addition, during an 8 min spike. The
cysts were recovered fram the influgnt and effluent using a membrane
filtsation technique., Of the 1.67 x 10" cysts added to the raw water, 1.06
x 10” remzined in the water just before entering the filter according to the
membr filtration technique. The fiiter effluent contained a total of 2.6
x 10° cysts, representing at least an 81% cyst removal. This corresponded
with a 99% removal of particles in the 8 to 12 um range as determined by the
particle counter and a 94% turbidity remowval.

Rll Scale Plant at Hoguiam
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The City of Hoquaim water treatment plant used both alum and polymer
for pretreatment. Normal practice was to add the polymer, at 1 mg/L or
less, as primary coagulant and filter aid during periods of low turbidity.
When the raw water turbidity exceeded 1.5 NTU, alum was used as primary
coagulant and the polymer as coagulant aid and filter aid. The alum dosage
could be as high as 30 mg/L depending upon the raw water quality. Alum was
also used to precoat the filters following backwash. The pH was controlled
by the addition of soda ash.

The chemicals, including chlorine gas for prechlorination, were added
to the rzw water line about 30 meters (100 ft) upstream of the flocculator.
Powdered activated carbon was added just a‘gead of the flocculator for
removal of color. The flow ranged fran 8400 m~ (1.8 mgd) to 12,100 m /day
(3.2 myd). At average flow, the retention time in the flocculator was 9
min, and 67 min in the sedimentﬁtion basin, corresponding to an overflow
fg:; of fii)'s m/day (1467 gpd/ft°). The filter loading rats was 9.0 nv/hr

The plant results in Figure 45 show that the percent turbidity removal
increased with increasing influent turbidity, whereas the effluent turbidity
was not greatly affected by the higher influent values., A comparison of
turbidity removals with and without alum addition indicates that no major
benefit resulted fram its use. This is further illustrated in Figure 46
where an alum dosage of 20 mg/L resulted in turbidity removals ranging fram
50 to 98%.

The hicgh removal variability was primarily due to fluctuations in pH
during coaqulation and flocculation. The pH ranged fram 6.6 to 7.4 and the
lower removals were observed at the higher pH values, ‘The apparent
inability of alum to affect the ov-rall performance of the plant at other
dosages was aqain related to operating at high pH values.

Data obtained by the EPA pilot plant treating the exact same water, had
indicated the pH optimum to be at 6.7 pg units. At this pH, an alum dosage
of 10 mg/L. and a 10 w/hr (4.1 gan/ft") filtration rate, the pilot plant
reduced the turbidity to 0.03 NIU, & 98.3% reduction. 1In fact, the lowest
daily average effluent turbidity at the full scale plant during the study
period, 0.25 NIU, occurred at a process pi of 6.7. The ilum dosage was 22
mg/L anc the filter loading rate 7.2 m/hr (3.0 go/£ft°). The raw water
turbidity that day was 2.0 NIU, thus yielding an 87.5% reduction. It was
felt that the alum dosage oould have been reduced without adversely
affecting plant performance. Possible benefits fram an efficiency
standpoint, would be lower effluent turbidity and longer filter runs.

Same operational changes at the plant were considered as a result of
the pilot plant work. One of them, a closer monitoring of the raw water pH
as it entered the flocculator, was well underway toward the end of the
study. This included reducing the amount of soda ash added to the raw
water. Instead, additional soda ash was added to the clearwell to increase
the pH before distribution as a corrosion control measure,
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EPA Pilot Plant at Leavemworth

Water to the pilot plant was supplied fram a fire hydrant located on
the :aw water line directly adjacent to the City of Leaverworth Water
Treatment Plant. The raw water turbidities were very low during the fall,
generally around 0.3 NIU, with a range of 0.22 0.85 NTU, During
September and October the water temperature avaraged 8.5 C, alkalinity 24.0
ma/L and pH 6.8.

Most of the testing was conducted at a filtration rate of 10.7 m/hr
(4.4 gpm/ft®) which corresponded to the maximum filter loading rate at the
full scale plant. The optimum alum dosage during this time period was 15
mg/L, resulting in a 90% reduction in turbidity. The oorresponding
cyst-sized particle removal was 96%, with the maximum 98% occurring at an
alun dosage of 13 mg/L (Fiqure 47). The pH optimum was 6.7. At pH 6.4 ang
7.1 both turbidity and particle removals were reduced (Figure 48).

The influent turbidity, as indicated in Figure 48, showed saome
variability. However, the highest recorded value, 0.85 NTU, was an isolated
peak associated with a heavy rainstorm. The more moderate fluctuations did
not seem to have much impact on the effluent quality. For the most part,
the effluent turbidity would vary fram 0.02 to 0.03 NTU when the plant was
operated at or near optimumn conditions. Since this threshold value was
below the 1limit of sensitivity claimed by the manufacturer of the

flow-through turbidimeters used, it was verified by grab samples on a bench
model.

o During the month of November the average water temperature dropped to
37 C, the alkalinity decreased to 12.5 mg/L and the pH to 6.4. These
changes had a noticeable impact on the effluent quality. The turbidity
removal decreased from 90 to 50%, and only 48% of the particles were
retained by the filter. To improve upon the plant's performance, a new
evaluation of the optimum operating conditions was made. It indicated that
the optimum alum dosage had been recduced from 15 to 7 mg/L and the pH
optimum increased from 6.7 to 7.0. However, the performance was poor
canpared to earlier runs, and the effluent turbidity did not reach a stable
value following filter ripening, but decreased rather slowly throughout the
run. As a result the turbidity removal was at times lower than the 50%
experienced when no coagulant was used, and was never better than 61%. 1t
was suspected that because of the low water temperature, the 8 min retention
time in the flocculator was inadequate for proper floc formation. Hence,
the necessary pretreatment was not achieved before filtration. To further
investigate this theory, raw and finished water was analyzed for aluminum,
It was not surprising to find that at times as much as 70% of the alum
coagulant added was passing through the filter. Wwhen the Magnifloc 985N was
used as filter aid, an increase in particle removal up to a dosage of 0.026
mg/L was noted. A lesser improvement was observed in turbidity removal.
The addition of Calgon L-650E as filter aid lowered turbidity and particle
removal.
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Polymers as primary coagulant at 2°C showed removals comparable to that
experienced with alum at this low temperature (Figure 49), Maximum
turbidity removal of 598 was realized at a dosage of 0.2 to 0.4 my/L,
compared to 43% removal with no ooagulant. The particle removal decreased
at lov temperatures fram 45 to 12% when 0.2 to 0.4 mg/L of polymer was
added. To optimize particle removal under these conditions, a polymer
dosage of 3.5 my/L was required. However, the high polymer dosage decreased

the turbidity removal to 358, apparently 2 result of the oolloidal
restabilization by the polymer.

A greater cyst-sized particle removal was noticed when lower effluent
turbidities were reache%. A frequency distribution plot (Figure 50) of the
alum runs at 8 C and 3° C show that a median particle removal of more than
90% was realized at an effluent turbidity of 0.1 NTU. Median particle
removals of 64 and 68% were realized at an effluent turbidity of 0.1 to 0.2
NTU and 0.2 to 0.3 NTU, respectively, while lower particle removals were
associated with higher effluent turbidity values. The results fram the runs
with polymer (Cat Floc T) as primary coagulant showed a trend opposite that
of the alum data, as the lowest particle removals were observed at the
lowest effluent turbidity values. An effluent turbidity of 0.1 to 0.2 NTU
gave a 53% median removal. At effluent turbidities between 0.1 and 0.3 NIU,
better particle removals were obtained with alum than polymer, but the
opposite was true above 0.3 NIU,

To determine the ability of the pilot plant to remove cysts, 1.25 x 106
cysts were added to the raw water over a 320 min period, and the filter
influent and effluent sampled and analyzed for cysts. Prior to the cyst
addition, a salt solution had been added to the influent water and traced
through the plant to determine 2suitable samplirg times, ‘The plant was
operated at 10.7 m/hr (4.4 gpn/ft“) filtration rate with 1.2 mg/L Cat Floc T
ag the coagulant, The raw water turbidity was 0.33 NTU and the temperature
17 C. bDuring the cyst addition the effluent turbidity was 0.19 NTU, a
42.4% reduction. The three filter influent samples recovered a calculated
867 cysts while 242 cysts were recovered fram the effluent corresponding to
a 72.1% removal. The particle removal was 53.3%.

Full Scale Plant at Leavenworth

The full scale plant was operated at polymer dosages ranging fran 0.2
to 0.6 my/L of Cat Floc T. No improvement in turbidity removal was noted at
higher dosages (Figure 51). In aduition, 0.06 mg/L L~650E was added to the
inlet flume, ahead of the filters, as a filter aid., At an influent
turbidity of 0.30 NIU which was quite ocommon during dry weather, the
effluent turbidity was 0.13 NIU or a 57¢ removal. Higher removals were only
associated with higher raw water turbidities, A 0.2]1 mg/L dosage of Cat
Floc T at an influent turbidity of 1.0 NIU resulted in an 84% removal.

During most of the study period, some of the solenoad valves

controlling filter operation did not function properly. The result was a
loss of vacuum. This sometimes occurred during the nicht when the plant was
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unattended. Without vacuum none of the siphons oould be initiated. As a
result, if a filter reached terminal headloss, the inlet siphon would be
broken. With no vacuum it could not be backwashed. This could, in fact,
shut down the entire plant until the vacuum was reestabl ished.,

During the nearly seven months of field operation, a total of 49 runs
were made, Of these, 30 were performed at Hoquiam between May 7 and
Semtmr 5' 1980.

Although the City of Hoquiam Water Treatment Plant was a conventional
plant whereas the pilot plant was operated as a direct filtration plant,
much of the information cbtained by _ this study could be and was used to
evaluate the full scale plant operation., Having identified the relative
importance of the key unit process variables, a few operational changes
relating to chemical addition were made. The benefit fram these changes was
improve@ pH oontrol during alum coagulation and flocculation and better
utilization of the nonionic polymer when used as a filter aid,

Fran September 17 through November 29, 1980, the pilot plant was
operated at Leaverworth. A total of 19 runs were made., Cold weather during
the last two weeks of operation caused theowater temperature to decrease
significantly, fluctuating between 2 and 3°C. The result was poor floc
formation, particularly when alun was used as the coagulant.

The city's treatment plant did at times experience operational proplems

due to equipment maifunctioning, however, these were later corrected and new
equipment was installed to improve the rapid mix process.
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APPENDIX

Electron Microscopy of Giardia lamblia Cysts

DANIEL L. LUCHTEL,” WILLIAM P LAWRENCE, ano FOPPE B DEWALLE

t of Envur
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Washington, Seattle, Washington 98195

The flagellated protozoan Giardia lamblia \s a recogmzed pubhic health prob-
lem. Intestinal infection can result in acute or chronic diarrhea with associcted
symptoms in humans As part of a study to evaluate removal of G lamblia cysts
from dnnking water by the processes of coagulation and dual-media filtration, we
developed a methodology by using 5 0-pm-porosity membrane filters to evaluate
the filtration efficiency. We found that recovery rates of G lamblia cysts by
membrane filtration vaned depending upon the type and diameter of the mem-
brane filter Examination of membrane-filtered samples by scanning electron
microscopy revealed flexible and flattened G lamblia cysts on the filter surface.
This feature may be responsible for the low recovery rates with certan filters
and, moreover, may have implications in water treatment technology Formation
of the cyst wall 1s discussed Electron micrographs of cysts apparently undergoing

. Health, School of Public Health and Community Med:cine, Unttersity of

binary fission and cysts exhibiting a possible bactenal association are shown

Exposure to the waterborne pathogen Giardia
lambhia 1s a current pubhc health prohlem (10)
as exemphfied by recent outbreaks of giardiasis
reported from Vaul, Colo. (7), Beriin, N.H (15),
and Camas, Wash. (11) These outb.eaks oc-
curred 1n municipalities that use surface water
for drinhing purposes. Each of their seemingly
adequate water treatment faciities failed to fol-
low proper treatment procedures of the raw
water. G. lamblia cysts were detected in the
fimished water at both Berhin and Camas The
percentages of stool specimens positive for G
lamblia cysts reported by U S state laboratories
in 1976 were 9 2 in California, 9 6 1n Colorado.
10.6 in Minnesota, 9.5 in Maine, and 6.3 1n Wash-
ington (2)

The work reported here 1s part of a study that
determined the efficiency of a water treatment
plant for removing G. lamblia cysts. Expen-
ments showed that >99% of the cysts introduced
into a water treatment pilot plant can be re-
moved by the processes of coagulation-floccula-
tion, sedimentation, and dual-media filtration
(W. P. Lawrence, Masters thesis, Umversity of
Washington, Seattle, 1979). The efficiency of
cvst removal was evaluated by filtenng the fin-
ished water from the puot plant. In also evalu-
ating the reproducibility of our filtration proce-
dure with known concentrations of cysts, we
found that the recovery rates of cysts that were
passed through two different types (Millipore
and Nuclepore) and diameters (47 and 293 mm)
of membrane filters vaned considerably.

Electron microscopy was used to determine
the possible causes of these various rates We
found that the cyst wall of G lamblia 1s remark-

ably flexible and concluded that the interaction
of the flexible cyst wall in the filter pore mas
explain the different recovery rates on different
types and sizes of filters.

MATERIALS AND METHODS

Fecal matenal was collected from human giardiasis
patienis i cooperation with the Washington Suate
Parasitology Laboratory, Seattle The matenal was
fixed 1n either 5% buffered Formahn or 2% giutaral-
dehyde in 0 1 M cacodylate, which was done immedi-
ately after positive identsfication of G lamblia cysts
in the feces A given quantity of the fecal matenal was
diluted 1.2 in distilled water, stured into a hquid
suspension, and filtered through three lavers of gauze
that approximated a 50- to 83-pum-mesh sieve The
filtrate was centnfuged at 400 x g After the super.
natant was decanted, the sediment was emulsified with
an equal amount of disi:lled water

We used the method of Sheffield and Bjon atn (20)
to further separate the cysts from other fecal matenal
A 5-ml amount of the fecal suspension was added to a
discontinuous density sucrose gradient consisung of 5
ml each of 15, 1.0, 075, and 05 M sucrose solutions
added successively to a 40-ml conical centnfuge tube
After centnfugation for 30 min at 1,000 X g, approxi-
matelv 4 ml was collected by capillary pipetie from
both the water-05 M sucrose and 05 M-0 75 M su.
crose interfaces This suspension, consisting of civsts
and small noncvst particulate debnis was diluted 10-
fold with distilled water and centnfuged for 3 10 5 min
at 400 X g The sediment, cansisting of a high number
of cysts relatively free of debns, was again diluted 10-
fold with distilled water and kept at 4°C until use We
eliminated the final filiration, as recommended by
Sheffield and Bjorvatn (20), through a 20-pm filter 10
remove any remaining debns

Known quantities of cvsis were added to an exper-
umental water supply and tested in a pilot water treat-

*Reprinted with permission from Applied and Environmental Microbi-
ology, Oct. 1980, Vol. 40, wno. 4, pp. 821-832.

102



822

ment plant for the efficiency of cyst removal (W P.
Lawrence, Masters thesis, Universnty of Washington,
Seattle, 1979) It was necessary to develop a quanti-
tative method with a known recovery efficiency that
would retain any cysts still remaining in the finished
water after passing through the water treatment plant.

We developed a recovery method that used mem-
brane filters of 5-um pore size to retain G lamblia
cysts. We first tested two filters of a small diameter
(47 mm) We soon found that it was necessary to test
more expensive, larger-diameier filters (293 mm) to
mawntain filtenng efficiency for the relatively large
volumes of nater from the treatment plant. The re-
covery efficiency of the filters was tested :n the follow-
ing way.

Aqueous suspensions of fixed G lamblia cysts were
passed by vacuum through 5 0-pm-porosity Mallipore
(Milhpore Corp.. Bedford, Mass } or 5.0-um-porosity
Nuclepore (Nuclepore Corp , Pleasanton, Calif ) mem-
brane filters Concentrations of cysts before and after
filtration were determwned vy enumeration on a Clay-
Adams model 4011 Spencer Bnight Line hemacytom-
eter and collaborated with counts on a Coulter
Counter (Coulter Electronucs, Hialeah, Fla) Cysts
were removed {rom the 47-mm filters by immersing
each filter in 10 ml of distilled water in a small flask
and agianng gently by hand The filter was then
discarded, and the hiquid was exanuned for presence
and quantity of G lambdlia cysts The larger 293-mm
membrane filters were processed by using a two-step
centnfugation process summanzed in Fig | Recovery
rates of cysts from the different types and diameters
of filters were then calculated

For the scanming electron microscopic studies,
aqueous suspensions of fixed G lamblia cysts were

LUCHTEL. LAWRENCE, AND DeEWALLE

20 liters of prefiltered (5 0 um) tap water
{
Pass through 293-mm (5 -pore size)
Nuclepore filter at 10 1b/in® with nitrogen
gas. 0.2-um filter on mtrogen tank

Filter removed and placed in shallow dish
Cysts washed off by amtation of filter in 03
biter of water (plat{form shaker,
Toothmaster Co, Racine, Wis )

Centnfuge retentate at 1,500 rpm for 10
min in eight 50-m) comcal botton tubes

i
Retain “sediment” (approuumately
10 ml % 8)

l
Transfer to two 50-m) conical tubes and
recentnfuge

Retain “sediment™ (appreximately
5ml x2)

Enumerate on Coulter Counter and
compare with imtial cuncentration

Fi1G 1. Summary of method used for the recovery
of G. lamblia cysts from 293 mm diameter 50-um-
porosity Nuclepore filters
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filtered by grawity through 47-mm-diameter 50-um-
porosity Mithpore or Nuclepore membrane filters The
filters were awr dned, and small pieces of the filters
were cut out and stuck o:to stubs covered with double-
stick tape. Orher cyst snspensions were cntical point
dned to avord membrane filtration and awr drving The
agueous suspensions were postfixed 1n 1% 0sO,1n 015
M cacodylate, dehydrated 1n ethanol, and cntical-
point dned with CO; After each step of the postfiza-
tion and dehydration procedure, the suspen. .ons were
bniefiy centnfuged. and the fluid was decanted For
the cntical-point drying step, the suspensions were
endfosed in BEEM capsules (Better Equipment for
Electron Microscopy, Inc . Bronx, N Y.) capped on the
two ends with 50-um-porosity Nuclepore filters (a
modification of the procedure of Hayunga [8]). After
cnitical-point drying, the BEEM capsules were ope:ied,
and the dned cysts were sprninkled onto stubs covered
with double-stick tape The stubs were coated with
gold-palladium 1n a Denton Vacuum Desk-1 sputter
coater and viewed in a JEOL JSM-35 scanning elec-
tron microscope (JEOL, Tokyo, Japan)

For the transmssion electron microscopy studies,
aqueous suspensions of fixed G lamblia cysis were
postfized in osmium, dehydrated in ethsanol. and
embedded 1n Epon Thin sections were stained with
urany) acetate and lead atrate and viewed with a
JEOL JEM 1008 electron microscope.

RESULTS

Since a subsequent part of the overall study is
concerned with the efficiency of a water treat-
ment piot plant for the removal of G lamblia
cysts (Lawrence and DeWaile, manuscnipt in
preparation), we needed to develop and evaluate
a quantitative method with a known recovery
efficiency that could be used to determine the
number of cysts 1n a given volume of water
Known quantities of cysts were filtered, and the
recovery efficiency was determined Four differ-
ent methods were checked against each other.

Recovery rates of G. lamblia cysts with the
47-mm-diameter 5 0-um-porosity Miliipore and
Nuclepore filters were comparable (Fig. 2) The
same recovery rate, approximately 75%, was
found when the 293-mm-diameter Nuclepore fil-
ter was used (Fig 3) A sigmficantly lower recov-
ery rate, approximately 25%, was found after
filtening cysts with the 293-mm-diameter Milh-
pore filter. Coulter Counter and hemacytometer
counts of the filtrates showed that no cvsts
passed through the filters The reasons for the
less than 100% recovery from the filters and the
stnhingly lower recoverv on the large Millipore
filter were unclcar Therefore. 1t was decided to
study the filter surface with scanming electron
microscopy.

Cysts collected vn either aiwr-dned Millipore
or Nuclepore membrane fiters exhibited dis-
torted or flattened cyst walls (Fig. 4 10 11} The
pattern of such flatteming of the cyst wall was
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different for cysts collected an Miullpore filters
compared with cysts on Muclepore filters The
surface of the Millipore filter consists of inter-
iceshed strands (Fig. 4 and 5), and the diameter
of the individual strands 1s much smaller than
the 5.0-um pore size The distortion of the cyst
on the Mulipore surface seemed to be deter-
mined to some extent by how 1t rested on the
small individual strands (Fig. 5). For the cvsts
retained on the surfuce of a Nuclepore filter, the
pattern of distortion was distinctly different (Fig
6 and 7), apparently Lecause of the smoothness
of the Nuclepure surface. A fairly uniform, nm-
hke structure was apparent around those cysts
that rested on the flat surface of the filter (Fig.
7 and 8). Cysts that overlapped the filter pore
were sharply bent into the pores (Fig 6, 10, and
11). Overall, more cysts per unit of area were
readily seen on the Nuclepore than on the Mil-
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lipore filters. Although there seemed to be fewer
cysts on the Millipore filters, it was more difficult
to detect the cysts on the rough Millipore sur-
face.

W2 observed sectioned material by transmus-
sion electron microscopy (Fig 12) to confirm the
presence of Giardia cysts. Cysts prepared via
cntical-pc.nt drying were not flattened (Fig. 13,
see also Fig. 14 to 17) Rather, such specimens
appeared ovoid or spherical and agreed with the
transmission electron microscopic observations.
The possible forces that may act on cysts to
distort them dunng the processes of fitration
and air drying are considered below.

Some additional observations were made on
the matenal that had been prepared for electron
microscopy. Some of the cysts appeared to shew
a process of division (Fig 8 and 9) One
“stretched” cyst was found, apparently an arti-
fact caused by the preparative procedures (Fig.
10).

With the scanning electron microscope, a va-
riety of matenal was observed on the cyst wall.
This was particularly evident on cntical-point-
dnea spectmens (Fig 13 to 17) Air-dned cysts
were usually free of such matenal (Fig. 6). Oc-
casionally, bacterium-like structures were asso-
ciated with the cysts (at the upper nght and
lower left of the double cyst shown in Fig. 10
and at the nght of the cyst shown 1n Fig. 15).
One cyst in the sections prepared for transmis-
s10n electron microscopy showed a bactenum-
like structure associated with the cyst wall (Fig.
18)

Our transmission electron microscopic prepa-
rations usually showed a rather wide space be-
twean the orgamsm and the cyst wall (Fig 12
and 19) A penpheral array of vesicles was char-
actenstic for most orgamsms. A dense-staining
matenal coated the 1nside surface of these pe-
ripheral vesicles. A few larger penpheral lacunae
were seen (astensk in Fig 19) Theinner surfaces
of the lacunae were hned with a dense-staining
matenal A dense matenal also coated the rn.ner
surface of the cyst wall and the surface of the
encysted organism

DISCUSSION

Information about the biology of Giardia or-
ganisms, the incidence of gardiasis, and the
ultrastructure of these parasitic protozoans is
reviewed 1n three recent publications (1, 10, 13).
Several scanning electron microscopy studies on
the trophozoite (4, 17, 23) complement transmis-
ston electron microscopy studies (3, 6, 18, 19,
additionas references in 13) Previous ultrastruc-
tural studies of the cvst are those of Sheffield
and Bjorvatn (20), Sheffield (19), and Tombes
et al. (21).
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F1G. 4-7. Scanning electron micrographs showing cysts collected on filters by gravity filtration and then

air dried.

F1G. 4. A low-magnification view that shows three G. lamblia cysts (arrows) on a 5.0-um-porosity Millipore

filter. Bar, 20 um.

F1G. 5. A higher-magnification view of the middle cyst shown in Fig. 4. The cyst is flattened and distorted.
The distortions seem to depend on how the cyst rests on the contours of the filter surface. Bar, 5 pm.

Fic. 6. A louw-magnification view of a 5.0-pym-porosity Nuclepore filter that shows several cysts (arrous)
and some unidentified debris, presumably consisting of fecal material and ruptured cysts (arrowhead). Bar,

20

wm. "
F1c. 7. A higher-magnification view of a cyst, comparable to those shown in Fig. 6. The cyst is flaitened on

the filter surface and typically shouws a thin outer rim or flange. The central convex portion of the cyst is

caused by the encysted organism. Bar, 2 pm.

Flexible cyst wall. Although the above ul-
trastructural studies (and this study) provide
detailed information about the structure of the
trophczoite and the cyst, it seems worthwhile to
begin this discussion by referring to the earlier
work of Filice (5), who observed fresh, unfixed
preparations of cysts. He noted that the cyst is
a flexible structure since he saw that the organ-
ism could move about inside and deform the
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cyst wall. He also observed that the cyst wall
had enough strength to keep its shape when the
protoplasm within disintegrates and, also, that
the cysts do not explode when immersed ir
distilled water.

The most striking feature of the cyst wall
shown in our initial observations on air-dried
preparations is its flexible nature, even after the
cyst is fixed in glutaraldehyde or Formalin. Such



- "1" o {
¥ : R il 20 O e A

Fic. $-11. Air-dried cysts collected on Nuclepore filters. Apparently, encysted urganisms are able to divide,
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and the cyst wall is then restructured to enclose separately each of the two newly formed organisms.
Fic. B. A single cyst in which the organism inside appears to be in the process of dividing. Bar, 5 pm.
F1G. 9. A double cyst, apparently formed after an organism within a single cyst had divided. The arrows
indicate a line of demarcation that separates the two cysts. Presumably, this double cyst breaks apart to form

two separate cysts. Bar, 5 pn.

F1G. 10. A double cyst that has been stretched artifa~tually during the preparation and filtration proce-

dures. Bar, 5 um.

m.
F1G. 11. A cyst that has become distorted, apparently because of settling into a pore of the filter. Bar, 2 ym.

flattened shapes for Giardia cysts (Fig. 5 and 7)
are not consistent with the ovoid outlines of
cysts shown by various light microscopic studies
(13) and the transmission electron microscopy
observations of Sheffield and Bjorvatn (20). We
then confirmed that our material was Giardia
cysts by transmission electron microscopy (Fig.
12) and subsequently showed that ovoid cysts
could be prepared for scanning electron micro-
scopic observation if the cystr are critical-point
d:ied (Fig. 13). Although we did not check esch
set of variables independently (filtering versus
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not filtering; air drying versus critical-point
drying), most of the flattening is probably due
to the surface tension of water as the specimen
is being air dried. Some of the critical-point-
dried cysts were somewhat distorted (insert, Fig.
13), possibly due to some transient air drying
during the several fluid exchanges before the
critical-point-drying step. But overall, although
the critical-point-dried cysts underwent several
filtering and centrifugation steps, they retained
their ovoid shape. On the other hand, filtration
had some effect on the cyst morphology as the






VoL. 40, 1989

cvsts appeared distinctly different on the Milli-
pore surface (Fig. 5) compared with those on the
Nuclepore surface (Fig 7)

Tombes et al (21) studied the cysts of Giardia
coullected from a variety of mammals, including
huma:s. The morphology of the cysts they col-
lected from humans 1s different from that ob-
served by us. The cysts they studied by phase
microscopy had the typical elliptical shape, by
scanning electron microscopy, the cysts seemed
to be distorted, having a cubordal shape Possible
reasons for our different results are difficult to
decide upon since Tombes et al. used a vanety
of fixation and picparative techniques, and for
any particular micrograph, the data are not
given as to how the cysts were fixed, whether
the matenal was fixed immediately or after some
initial filtrations (sucrose flotation techniques
were not used), how long the material was stored
in aldehyde before drying, and whether the cysts
were ar dned or cntical-point dned Overall,
Tombes et al. noted no consistent differences in
cysts after air or critical-point drying We found
substantial differences in cyst morphology when
cysts were awr dned or cntical-point drned We
suggest that a possible pro. edural error that
Tombes et al. meniion in thei: discussion may
be a sigmficant factor 1n our different results

Sucrose flotation techmque. We used the
sucrose flotation method of Sheffield and Bjor-
vatn (20) to prepare suspensions of cysts They
apparently fixed the cysts after the sucrose pro-
cedure. If so, they obtained remarkably good
fixation after a lengthy concentration process
We fixed the fecal matenal before the sucrose
flotation For leboratory dagnosis of giardiasis
in unfixed stonis, the basic method 15 a 2inc
sulfate flotation metirod (13) With this tech-
nique, the cytoplasm of the cells is plasmolyzed
by the hypertonic zinc sulfate solution. and the
cytoplasm is charactenst'cally concentrated at
one side of the cyst (see Fig 23 in reference 13)
Although the cyst wall 1s apparently stable
throughout the zinc sulfate flotation process, 1t
seems murh more dehcate when sucrose flota-
tion 1s used Levine (14) observed that Giardia
cysts concentrated by sugar flotation shnvel and
become unrocognizable 1n a matter of minutes
Stevens, 1n a discussion afier Levine’s paper (14),

ULTRASTRUCTURE OF GIARDIA CYSTS

827

noted that there was no morphological effect on
the cysts with the sucrose flotation technique if
the cysts were removed immediately from the
interface and placed in physiological saline With
the methodology of St.ifield and Bjorvatn (20),
the suspensions arr diluted 10-fold with water
efter collecting them from the interfaces
Another possible effect of the sucrose flotation
method 1s that 1t may change the width of the
space between the cyst wall and the organism.
Sheffield (19) believes that these spaces are not
caused by the different 1sotonic pressures of the
flotation solutions. We found a much wider
space between the cyst wall and the organism
than that shown by Sheffield and co-workers
(19, 20) or the cyst shown by transmission elec-
tron microscopy 1n the study of Nemanic et al
(18). The matenal studied by Nemanic et al.
{18) was not exposed to a sucrose flotation tech-
nique as the organisms were prenared for elec-
tron microscopy by washing pieces of gui and
centnfuging the wash. Perhaps species differ-
ences may be a factor in companng our results
with those of Nemanic et al. (18) but the reasons
for our resuits being different from those of
Sheffield and Bjorvatn (20) are not apparent
unless they fixed the cysts af er sucrose flotation.
Perhaps selection of micrographs may te a con-
tnbuting factor as Sheffield, in a discussion after
his paper (19), states that a vanety of cyst types
were seen; that 1s, cysts in which the cytoplasm
was closely applied to the cyst wall, whereas
others showed large, open areas between cyto-
plasm and wall. We also saw sections of cysts in
which the cytoplasin was closely applied to the
cyst wall, but since most of the sectioned cysts
showed an open space (Fig 12), our interpreta-
tion is that the orgamism does not occupy the
entire space of the cyst The nmlike structure
on ar-dned cysts (Fig 7) would also indicate
that the cyvst wall collapsed into a space not
occupied by the encysted orgamsm We ob-
served that the cyst walls are usually 0 15 t0 0 25
pm thick, which 1= less than the 0 3-um thickness
observed by Sheffield and Bjorvatn (20).
Composition of cyst wall. The composition
of the cyst wall is unknown Filice (5) was not
able to obtain any positive histochemucal infor-
mation, although he did show that 1t was Feul-

F16 12 A transmission electron micrograph of encysted Giardia organisms The cyst ualls usually form
smooth ovoid outlines, although a couple of examples of acutely folded cyst walls (arrous) can be seen (also

see insert of Fig 18) Bar, 10 pn

FiG 13 Smooth, vvoid cysts after critical point drving These cysts are embedded in a mat w clump of
debris, bacteriu. and fecal material A low magnification micrograph of the entire clump 1s shoun in the
lower right tnsert The upper left insert shous examples of single, 1~olated cyste after critical point drvng
Such cysts may show some moderate degree of distortion Bar, 10 pm Lower right insert bar, 100 ym Upper

left wnsert bar, S pm
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wall (Fig. 15). In other cases, unidentified fibrous forms were seen on the cyst walis

F1G. 14-17. A variety of cyst morphologies as seen after critical point drying. Almost all cysts had some
cyst

sort of material or debris stuck on the cyst wall. In some cases, structures that could be identified as bacteria

were attached to the

(Fig. 16 and 17). Bars, 2 pm.

bacterial in nature, attached

ed structure seems to interact with the fibrous cyst wall. The

of the entire cyst and attached structure. Bar, I pm. Insert bar, 2 pm.

showing a structure, presumably

magnification view

Fic. 18. A transmission electron micrograph
e cyst wall. The fibrous coat of the attach

to th

insert shows a low
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F1G. 19. An encysted organism with its typical array of peripheral vesicles (also see Fig. 12). N, nuclei; A,
axonemes of the flagellae; S, microtubule-ribbon complexes of the fragmented sucking disk. The arrow points
to a portion of the cyst wall that has apparently retained a staining density similar to the steining density of
the inner surface of the cyst wall. The asterisk is in a peripheral lacuna. Bar, 1 pm.

gen stain negative; it did not stain with a lipid
stain, Sudan IV, and it did not seem to be
affected by various enzyme digestions (pepsin,
trypsin, and papain). In any case, the cyst wall
is not fixed adequately with aldehydes to with-
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stand the surface tension of water dunng air
drying, and its flexible nature, even after fixa-
tion, may lower the filtering efficiency of various
water filtration plants. The nature of the cyst
wall néeds to be taken into consideration when
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various cyst model systems are being tested For
example, Logsdon et al. (16) used 9-um-diameter
radioactive microspheres as a model for Giard:ia
cysts because the cysts are difficult to obtain,
detect, and count, whereas the radioactive mi-
crospheres are similar 1n size to Giardia cysts
and are easy to trace Our observations suggest
that such microspheres woric be filtered more
efficiently than Giardia cysts in prlot water fil-
tration plants

Loss of cysts during membrane filtration.
The maximum rate of recovery obtained from
the Millipore and Nuclepore membrane filters
was /5% A number of factors may account for
the 20% loss. Cysts may remain attached or
embedded in the filter after the recovery proce-
dure, adhere to nonfilter surfaces of the filtration
assembly, pass through the filter, or be de-
stroved during the filtration or centrifugation
process or both.

The filters were agitated by hand as vigorously
as possible without destroying the filters It was
later suggested that perhaps a better method
would be to vigorously apnd svstematically wash
the filter surfaces with strong streams of distilled
water wvith 001% Tween 20 from a capillary
pipette We did not test such a washing proce-
dure Compared with the unidimensional surface
of the Nuclepore filter. the convoluted fibrous
structure of the Mulhipore filter may pcrmit cysts
and other material to becoume embedded within
the depth of the filter, and, by our recovery
procedure, tne cysts would not be readily washed
out Such differences in the filter churactenstics
may explain the difference in recovery rates
between the 293-mm-diameter Mulipore filter
and the 293-mm-diameter Nuclepore filter.
What 1s still puzzling are the comparable recov-
ery rates of the 47-mm-diameter Millipore and
the 47-mm-diameter Nuclepore filters However,
a 293-mm-diameter filter has approximately 39
times more surface area than a 47-mm-diameter
filter. Thus, although there may be some differ-
ence in recovery rates for the 47-mm-diameter
Millipore and Nuclepore filters, perhaps we were
not ~ble to detect this dif‘erence untl the larger
surface area of the large-diameter filter (with its
larger number of cysts; made it apparent

Part of the overall 25% loss could be attnb-
utable to cysts passing through the filters The
flexibihty of the cysts is suggestive evidence for
how cysts could pass through individual pores of
smaller d:ameter than the size of the cysts (Fig.
11). With the optical and Coulter Counter meth-
ods used, however, no cysts were detected in the
filtrates. In our removal study (W. P. Lawrence,
Masters thesis, University of Washington, Se-
attle, 1979), some G lamblia cysts were found
to pass through a 4-ft column of dual-media
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filters (sand and anthracite) before any turbidity
breakthrough, indicating that the filter column
was still intact Although an equivalent pore size
cannot be determined in dual-media filters, that
G. lamblia cysts can somehow penctrate the
dual-med:ia filter again indicates ther flexible
nature.

Some cysts are probably lost becausa they are
desuroyed during the preparative steps What 1s
probably a remnant of a cyst is shown 1n Fig. 6.
Overall, destruction of cysts probably accounts
for most of the 25% loss of cysts during the
recovery procedure on membrane filters. A fur-
ther loss occurs with the Millipore filter, proba-
bly because of the embedding of cysts in the
filter.

Formation of cyst wall. The staining den-
sity of the matenal lining the inner surfaces of
the penpheral vesicles and lacunae 1s similar to
the staining density of the material on the sur-
face of “he encysted organism and the inner
surface of the cyst wall (Fig. 18 and 19). The
vesicies thus seem to contain a secretory mate-
nal that eventually 1s used to make the cyst
wall. The cyst wall has a fibrous substructure,
as if it were formed by successive layers of
material. We suggest that the succeseive layers
anse from successive waves of vesicles that co-
alesce 1o form enlarging penpheral lacunae
Eventually, one giant lacuna in effect completely
surrounds the organism, and, in the process,
another layer of the cyst wall has been lad
down. By some type of maturational process,
the newly formed layer of the cyst wall then
loses much of its staining density Occasionally,
however, the staining density 1s retamed, as in-
dicated by the arrow in Fig 19.

Henumes and Hohl (9) ventured a sumilar hy-
pothesis for encysument of Phytophthora par-
asutica zoospores Encystment involved the fu-
sion of penpheral vesicles with the plasma-
lemma, followed by the release of glycoprotein
and passibly other cell wall precursor matenals.
Fnend (6) suggested that the locauon of the
penpheral vacuoles in the trophozones of Giar-
dia muris were consistent with a secretory func-
tion, perhaps the secretion of the cyst wall.
Mucocytes in other protozoa are rows of globular
elements beneath the pellicle that discharge ge-
latinous or mucoid secretions (6) Finally, Filice
(5) observed that, in hiving organisms, the cyst
forms first on the dorsal surface of the tropho-
zoite from refractile granules in the penpheral
cytoplasm. On the other hand, Sheffield (19)
discounted the rol. of the penpheral vesicles as
secretory vesicles involvad in cyst wall formation
since he noted their abundance after wall ior-
maton. Although our observations also showed
this abundance of vesicles (Fig 12 and 19), thewr
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