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‘ : ~ ABSTRACT | .
. te . l& ' \ .
o | - \ L | |
. Giardiasis is an intestinal disease transmitted by the
T : . . ‘

" cyst of the pathogenio;protozoan_Giardia‘lamblia and its

W,
H ‘AS.»‘

'occurrence in Canada is on the rise. In 1983, appFoximately

‘ﬁ

500 confirmed cases oﬁ thls dispase were reported in’ Edmonton

wlthin a'six month perlod Most of the cases: were centered \

,around thg Clty of Edmonton s Rossdale water, treatment plant

I
o

Waterborne ‘transmission was suspected

. A bench scale water treatment pilot plant was

22

on truc in order to- quantltatlvely measure the

—

nce of decllnlng rate rapid Sand flltratlon for the

val of G13§d1a 1amb11a sized cysts. Variables such as raw .
4

. P, L
water characteristlcs choice of pretreatment chemlcals

water temperature, filter media and filter loadlng rate were

modeled after the full scale E. L. Smith water treatment .

\

plant because this raw. water ‘was ‘moxe difficult ‘to treat than
gy -
#
the warmermand more hlghly turbid raw water that enters ithe
e
Rossdale water treatment p&ant Polystyrene-d1v1nyl benzene
‘\A

latex spheres were successfully used as a cyst: surrOgate and

a technique u51ng eplfluorescent mlcroscopy was developed for

S

'collectlon and enumeratlon Thls procedure allowed much

A,. -,

higher recod/ry rates than found presently w1th 11ve cysts ’Av‘

potehtial £ applylng the cyst enumeratlon procedure to full

'scale facilltles was demonstrated since Splklhg\fé% water

mjw1th a cyst surrogate does not pose a danger to. the publlc»

’health \&' o

3

. &lv.».‘
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' The pllot scale testlng showed that spheres in the 1? to

14 m1cron 31ze range are more effectively removed than

spheres in the 6 -to 8 micron 51ze range. Therefore larger

cysts that are able to change shape due to the flexibility of

thelr oell walls have an 1ncreased potentlal to escape’

capture in the fllter. Low effluent turbldlty and low

partidle.count did not necessarily-correlate~With high

-

sphere
/

removals. A correlation was demonstrated between percent of

particles removed in the G1a

of spheres removed in the- fllter. Flnally, clarlfler

N

rdla cyst size range’ and percent

performance w1th respect to the’ removals of the spheres

used in the lime softening process. -

L]

[

-'1mproved in proportlonrtputhe quantity of calcium hydroxide
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1. INTRODUCTION

1

1.1 RESEARCH OBJECTIVES
1n tnis study the experihenta] objectives were:.
(a) To find a sultable model far Giardia Lgmplrg
‘that could reasonably approximate the behav;our of the cyst
in a water treatment plant since using live cysts poses an
unaccéptabie‘level of dangar to the puhlic health.

(b) To develop an effective recovery and
enumeration techniqaf for the cyst sufrogate.

(c) To design and construct a lab-scale pilot water
t;eatment plant for experimentation.

(d) To parform a series of runs employing varying
doses of.aluminum sulphate and calciun hydroxide and monitor
the removalaefficiencies of the surrogate.

(e) Measure the overall reduction 'of particles in
the Giardia size range and compare these results with the
removal efficiéncieédof the surrogate.

(f) To compare the removal efficianqies of the
surrogate with the partic;e—siae distribution results
obtained from Conitér Counter analysis. | |
1.2 SCOPI‘EZ

All teSting was conduct d on a bench scale water
treatment plant apparatus that was designed and built for the
prOJect On February 20, 1984 f1ve~tho:;and ]1tres.of raw-

Sampleﬂwater were collected from the North Saskatchewan River

at E.L Smith Water Treatment Plant and were stored in 220



\

litre barrels'ipside a walk-in refr%gerator during the
tesﬁing period. Eleven runs in total were performed. The
effects of making gross changes in the alum and lime doses on
clarifier and'filte; effluent turbidity, on fhe removal of
the Giardia surrogate, and on particle sizerdistribution were
examined. Variables such as water température, filter media
qompo;ition, and filter 'loading rate were similar to the full
ﬂ%ale operation of the E. L. Smith water treatment plant and

S

were not changed.during the course of the expefimgnt.

A%



\

2. LITERATURE REVIEW

o
2.1 GIARDIA AND GIARPIASIS

2.1.1 . Taxonomy and Morphology .
B A .

Giardia lamblia is a multi-flagellated protozean

Belonging to the class: Zoomastigophora, order:
Diplomonadida, and family: Hexamitidae ( Barnes,1974 ). Its
life cycle con51sts of a pathogenlc reproductive ﬁrophO?olte
stage and a dormant cyst stage ( Flgure 1 ). Althoaéh the

organism was previously known as Giardia intestinalis or

Giardia enterica, 1t“was not untll 1915 that Charles Wadel]

Stiles in a 1etter to Koifoid and Christiansen ( 1915 )

established the commonly used name of Glardla lamblija.

The bilaterally symmetrical trophqzoite is pear-shaped,

' . having broad anterior end coming to a blunt point
. ‘oeteriorly. The dorsal surface is convex and the ventral

surface is concave. Organism.size ranges from 9 um tq'21 juin
long, Spum to 15 um wide and 2 um to 4 pm thick. A
distinctive sucking disc occupies most of the antegior.
ventral surface and is constructed of‘nnmerous parallal:

microtubules which lie adjacent to the ventral-plasma

A Sheffield,1979 ). Attachment to the host small 1ntest1na1

-

membrane is accompllshed by elther contractlon of the .
adhe51ve disk, or by attachment of the ventrolateralyflange;
Y .

or by the negative pressure produced by the movement of the

N



Figure 1. Gjardia lamblia : Cyst and Trophozoite . .

( from Levine, 1979 )

' ﬁ"g’y
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'flagellae under the ‘disk. The troph0201te reprodgces by
longitudinal bin fission ( Levine,1979 ). Host to host
transm1551on\9£ the disease is accompllshed via the cyst
Encystment of the troph0201te 1s trlggered oy some, as yet
undefined, gastrlc event but is thought to ‘be Llnked w1th its

passade through_ the colon A 51ngl§%d1arrhet1c ‘Stool may ag(

o .
contain as many as 14 billion cysts and the stool of a:x hal
3 ‘ ' B B ‘ I
moderately infected host caﬁ'contain"up to }OO million cysts

A

( Porter, 1916\taken from Healy,gl979 )

Cysts are ov01d to ellipsoid 1n shape and are smalh
than the trophozoites hav1ng a length of 8 Mm to 12 pm and a
Jiameter of 7 um to 10 um ( Sheffleld,1979 ). The“flagellae

of the trophozoite are lost or reabsorbed dnring encystment,
’ ‘ “

g

‘however researchers:have observed their neurological remnants

. _ . da
andfalso fragments of the sUcking disc within the cyst. The

surface of all cysts of the Glard;a spec1es is smooth and

l
‘without a con51stent pattern of plts pores, or major !

*

depre551ons. It 4lso lacks ridges, projections, 'and a.
c«nsistent'pattern of granularity and roughness o
( Toombs, 1979 ). Electron mgérOSCopy shbws *the external wall

to be - conposed of thin flberous elements 1nterspersed with
flne partlcles ( Sheffleld 1979 ) “which appear to 1mpede the
1nva51on of large molecules. A thln membrane on the inner
‘wall seems to restrict the. passage of small molecules
.jComblned these form a re5111ent but flexlble shell whlch
effectlvely 1solates the organlsm from an external hostlle
nv1ronment and accordlng to Logsdon and L1ppy ( 1984 ). makes

';them more re51stent to dlslnfectlon than most other mlcrq%lal

ro

FT w‘i ‘.



‘thusfcompleting the cycle.

nutrlents is thus 1mpeded and thls can trlgger the onset of

pathogenic agents.. ‘ &f.

‘Thé.cyst is also suspected:- of hayinq reproductive

capahilities, possibly binary . fis ion,"howeyér.the process

“has not as yet'been‘witnessed.:Young cysts have two nucleii

while,mature cysts develop four nuclei, During excystation

~ two dual nuclei trophozoites are produced from a single cyst

b
2.1.2 The Disease: Symptoms and Treatment

The intestinal disease caused by the protozoan parasite

Giardia lamblia is termed giardiasis. Disease transmission

is via the cyst'and travels the fecal-oral route. Rendtorff
( 1979 ), in an experiment” conducted on adult male ‘
'volunteers, determlned that the minimum number of swallowed

cySts that was requ1red to 1nfect a new host was between one

hs +
-

and.ten.
Although some live trophozoites may escape into the

feces, they are unable to survive outside the body for more

—_— .

than 24 hours. Any that mlght be subsequently 1ngested could

.not further survive the a01d1c gastrlc env1ronment of the new

host. The well protected cyst however is able to reach the

small intestlne where condltlons are amenable to support

*‘immedlate excystment and the emergence of daughter

- —

trophozoltes. A dense layer of para51t1c and motile

~ 4

trophozoltes rapldly colonlze the 1ntest1nal eplthellum ﬁhere

'.instead of ly51ng the host cells, they feed on 1ts mucous

\lsecretions. The ablllty of the host cell to absorb f%ts "and

4 .

At o



5% o whether symptomatlc or asymptomatlc g1ard1a51s is -

% ‘
‘ ' 7
the»disease. The symptoms can manifest,t?;:selves.7'to 21,

days after exposure..Table 1 ( Shearer,198% ) outlines the"

'yarious symptoms assooiated With the different.Stages of the

‘{ ‘\ dlsease.‘Researchers have also noted infection of the gall'

'bladder which can lead to jaundlce and COllC ~Other symptoms”

)

A
that are c01nc1dentally assoc1ated w1th Glardla lémblia are

'“urtlcarla ( swelllng and redness due to an aLlerglc
reaction ), erythema multiforme (.swelllng due to capillary‘
‘,congestion ), and arthritis Wolfe,1979 ).
ko : .

Many individuals with giardiasis are asymptomatic

ossibly up~to 75% )‘when‘diagnosed aifd may never actually

Lsg_/// - exhibit the sympﬁams. A greater number of asymptomatlc

carrlers are now belng identified by physxc1ans who routlnely
administer Giardia dlagnostlc tests in epldemlc areas.

: AsymptomatiC'carriers create special probiemsJin.that‘they

..can freely infect any populatlon with whom they come lnto'
contact‘( Black, 1977 ). Thls 1s espec1ally true of chlldren
who experience‘a high degree of,touchlng during playj In
asymtomatic:carriers‘1ittle information is ayailable as to
the degree of cyst v1ab11ty, the duratlon of cyst passage or _

A

o : ' - oy ' o
a transm1tted.,>‘ A , Q’ ; ‘ . ‘Ai;

/After a few days to several ‘months the troph0201te

o R -

dlsappears spontaneously fro the gut of the host The..

)J ' reasons and the mechan'sms are not yet completely understood

o ‘There appe X b M"e early research data whlch supports N
‘- the deve opment of an 1mmun1ty to future 1nfectlons 1n mlce.,

L qswever;.the P ocesg for development of antlbodies in humans {;
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Tnble 1

" Symptoma Assoclated With lefércnt Stagéh of Glardiaslis

( from Shearer, 1964 ) .
Stages —_—
Acnte " Subacute Chronlg’
Sndden diarrhea wllh  Intermittant attacks’ Peflodlc.brlef
axplosive, whtery. often of soft foul-smelling eplsodes of Joose
fowl-amelllng stools, stools,. : seml-s6lld foul-

‘ . smelling stools,
with constipation
occaslonally -
occurring ‘between

attacks.

Mhrkcd {latulance aﬁd»
abdominal dlistention.

, .

_Gfenter-thnn—normﬁl
flatulance, abdominal
distension.

Pasgage of fgul
smelling flatus.

s

Abdaminal cramps, bflen<
mid-eplgastric.

Mid-epligastric or
more generalized
‘abdominal pain.

A v
-

o

Abdominal
'9latentlon.

,

; “ﬂnunen, loss of appetite’

o@£nslonal vomiting.

Belching of ,
foul-smelling gnas.

SOﬁq weight loss.

,‘9:

‘

_ T -
Chilla low-grade fever,

Fa(lgue,‘lansltudc.

)

intermittent

headache. malalse.. ;attacks of
' lassftude and "
, ‘ - .malalse. a
Belching. ‘thlghé. lassitude,
L L \ malatse. Co :
1 M ) ‘ \

e *

‘thernilxed“wégknéaplf

'ulyds‘(fe;'anGs)l

g
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has not been ldentlfled “In addltlon, the degree of any "5 S

!

‘ acqulred lmmunlty may vary from belng temporary to permanent

“in nature.

WOlfe ( 1979 ) reports that the treatment of ch7&ce for

' *
g1ard1a51s is qulnacrlne hydrochlorlde (¢ Atabrlne ) . Recovery

rates of 95% to 100% have been reported Side effects;include
dlzglness, headaches,_gastr01ntest1nal upset; jaundicefand‘
toxlc‘psychosis. He;States that metronidazole‘( Flagyll) is
\/“'an alternatlve and is almost as. effectlve Slde effects 'w"f;
1nc1ud1ng d1221ness, headaches and gastroxntestlnal
dlsorders Rash and changes in blood cell bount-have'been
observed In'addition, thls drug has notﬁbeen recognlzed by
- the U S Food and Drug Admlnlstratlon since. it has been shown
3 to be carcinogenlcuin rats and mutagﬁnlc in dacterla A
‘Furazolldone is used as an alternatlve to qulnacrlne and has
~a cure rate of about 77% Slnce 1t can be admlnlstered 1n
liquid form 1t is useful for, the treatment of chlldren Slde“'

'effects 1nclude drug allergy reactlons such as hemoly51s

\

”hypoten51on, urtlcarla vomltlng dlarrhea and nausea ( WOlfe,

—_ -

1979 y.
‘2.1,3 ',‘ Prevalance Transml 1on and Detectlon
) Schultz’ C 1977 ) estlmates that between 3% and 79 of the
d“‘adult ( U S. ) populatlon(harbour the A;ardla lamblla iy
| para51te, thus maklng 1t the most common 1nt;st1nal
pathogenlc para51te 1n the Unlted States ( Center for Dlsease'l
‘»Control 1977 ) Shearer ( 1984 ) states that because of the
”;nlnaccuracy of our dlagnostlc tools, the true prevalance

P - L . . . S o B
' v, ' T e c | . AR L o
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yicannot be'known‘and‘may range from between 1%, and:359
dependlng on the area and the populatlon studled Prevalance,s_“
‘of the dlsease is con51stently hlgh amOng’people unable to"
practice adequate levels of hyglene. In the U.s. ShearerT
estlmates that the number of people 1nfected is between 2%
and 15% of the ent1re populatlon.'

\Endemlc areas. are located prlmarlly in. the north,
eastern Unlted States from Pennsylvanla to. New Hamphlre and
1n ‘the Rocky Mountalns and Pac1f1c Coast States ( Llppy and
: Logsdon 1984 ). In Canada recent outbreaks have been
documented in Ontarlo, Alberta ( Jorgenson, 1983 ), and’
Brltlsh Columbla ( Bryck and Walker 1984 ) .- The results of\a:
1983 Canadlan survey ( from Canada Disease Weekly Report |
9 30 ) are shown in Flgure 2. In many of‘these areas,

B waterborne transm1551on is suspected because drlnklng‘water
1s drawn from contamlnated mountaln source streams. When the .
natural water‘is of good quality and there is an absence of
p01nt source wastewater dlscharée, many mun1c1pa1 systems |
prov1de m1n1ma1 treatment,'often only chlorlnatﬁon. Over

elghty outbreaks of waterborne g1ard1a51s have been reported

. ine the Unlted States and Canada be_ween 1965 and 1985. Flgure

3 shows that the number of outbrea s 1s ‘on the rlse. However,
’ more sophlstlcated laboratory detectlon technlques coupled

w1th well pub11c1zed outbreaks whlch have helghtened publlc vf'

awareness have also contrlbuted to an 1ncrease 1n the

- ’ . ’ Lo

reportlng of 1nfect10ns._;.:

'f,In many mountaln 1akes the w1nter water temperature 1s

to 3 c. and a cyst can remaln v1ab1e for many months..k
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Rentdorff and Holt ¢ 1964 ) found 1nfective cysts after

‘water at 12 c. to 32 °c. and at least 66 days when stored in

‘ months resultlng in a health hazard that can become a. threat o

people who 1gnore thrs danger.«

13

: 51xteen days of storage at 8° c. Dav1es and Hlbler (. 1979 )4

N,

'successfully infected dogs with human cysts that had been‘

refrlgerated for twenty one days. Boeck ( 1921 ) found some
. .
cysts to be v1able after 32 days when stored in dlstllled

. 'TTW

N e o

Jz%er under a cover slip on a sllde Evldence suggests that S

repeated freezlng and thawing is more detrimental to oyst
survivability than prolonged exposure ﬁo the'cold. Therefore

a potentlal ex1sts for cysts to collect: durlng the w1nter N

durlng sprlng break up when an, accumulatlon may be washed

downstream. o , Lo N
Davies and Hlbler ( 1979 ) 1nvest1gated the possiblllty

-

of cross specles transm1551on of . glard1a51s They concluded

that six spe01es of mammals ( i.e. beavers cows cats, dogs, '

coyotes, and humans ) were all potentlal hosts to Giardia. -

1amblia£ They gave hu‘Q, source cysts to»rats, gerblls,

gulnea §}q$7 dogs, ra%g!;nsi bighorn.sheep} pronghorn'antelope_
and mule deer Each of these subsequently became 1nfected
Their research strongly supports the llkellhood of |

[

cross- trankm1551on between some mammallan spe01es -and humans.

‘ Therefore an' 1ncrease 1n the 51multaneous use of mountaln and

{

w1lderness areas by man and these anlmals wlll escalate the ;y;"

-danger of 1nfectlon to humans. Drlnklng water f:om a crystal
lfclear mountaln stream 1s not safe 51nce it mlght well be

"contamlnated The rlsk of - cross-transm1551on 1s helghtened by



‘Prior to 1965, giardiasis was erroneously considered to

- £ o . . .
be a disease*affecting only children and transmitted solely
by dlrect contact Sinqg\most of the reported cases occurred ‘/

an klndergartens and day care centers, it was often

‘rvoverlooked and misdiagnosed in adults. Although surface water

systems are an-~important consideration in the transmission of
the disease, person—to-person contact is also siqnificant and

. should always. be 1nvest1gated when glard1a51s is dlagnosed

q-v

Detectlon of the disease at the clinical level is

0_\‘.
)

"improv1ng. The most common and least expensive test, repeated

fecai'smears 1f performed one to three days apart has an

» '

accuracy of between 30% to 100%. A more rellable method,

counter—1mmunoelectrophoree1s (iEIE , 'is reported to Be over
o )
ninety percent accurate ‘in detection of Giardia from' just a
\ _ .

51ngle stool spec1men. Immunofluorescence is currently

under901ng testlng 1n order to determlne its diagnostic.

'HQSEEulness ( Riggs,1984 ). Serological te lng although
useful for epldemlologlcal purposes is nox,yet accurate
enough for dlagnosls in acute cases. Other tests that are
ga;nlng in acceptance are examination of the duodenal fluids

( 90%. to 100% effective ) and small bowel biopsies ( 60% to

.

100% effectiVe ) - Once these new methods become cost

effectlve and more generally avallable the reported cases of
/
glardlas;s,mlght well reach unprecedented levels.

RO .

2-;.4*13' Giardiasig Outbreaks and Water Treatment

R R '. ’ N ! s ‘as s O
,%ﬁu“InCLdents of waterborne giardiasis are most often caused

R
d 1

@yjmechanical failure,‘operator error, or inadequate plant

a0 ) - ' N

Y 8
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deeign; alllof which result in poorly treated drinking water.
The first reported outbreak of waterborne giardiasis occurred
in Aspen, Colorado in~T§5§~(_Moore,.1969 ) where there were
twenty-three confirmed cases of the disease. Raw drinking
water was taken from deep wells and chlorination was the\only

. treatment appiied. A cross-connection between the wellband a
sewer main was”discovered to be responsible for. the o

contamination. Chlorination alone did not provide adequate

protection.

ro
'

During an eight month epidemic in Rome, New York in
1975~1976, researchers colleected cysts which had passed "

through the water treatment system. Cyst viability was tested

i

-by ;n-v&ﬁro lnjectlon into dogs. Epldemlologlcal surveys ___

counted 350 confirmed cases while between 4800 and 5300 were
suspected ( Shaw, 1977 ). %reatment con51sted of only a
chloramination unit and it 4es concluded that inadequate
disinfection during periods of high demand or plant operation
failure facilitated cyst breakthrough.

In Camas, Washington in 1975, 25 cases of giardiasis
were re;orted:and‘anotner 600 unconfirmed infections were
suspected. This QUtbreak was significanf’in that it was the
first time ;n which a water supply’that was both filtered and
., disinfected allowed the passage of cysts ( kirner, 1978 ). An
investigation revealed that infected beavers living upstream
were a possiﬁle reservoir and source of‘the contamination. An‘
inspection.of the'water-treatment plant revealed that there
Qas a cross-connection tetween.the raw water intake and- the
coagulant feed fine. In addition, some short circuiting“ °

-
R b



16
within éﬁe filter bed was observed. The effectiveness of.
coagulation was questioned beaause there.was insufficient
control over.éhe coagulant feed rate and aﬁ unusually short
detention time prior to filtration. A éubsequent‘analysis
using a,particie counter indicated only a 25% removal of
'particies'in'the Giardia lamblia size range. Lastly,
investigators, K demonstrated a strong correlation between the
breakdawn of an automatic chlorinatqr‘ahd‘the.majority, but
not all af'the infections. ‘

| 'In Berlin, New Hampshire in 1977, within a two week
perlod 100 cases of Qiafdiasis were confirmed and
appfox1mately 3450 more were suspected ( Llppy,1978 ) - Again,
inadequacies in plant operation such as the f&rmation of |
filter mud balls coupled wiph inadequate chlorine doées and
contact times were believed to have'contribufed to the\
outbreak. More importantly, there appeared to 5é a structufal
failure in the backwash channél and this allowed some short
aircuiting to the filtered watarlso that cross-contamination
was likely.b ﬁ
In Edmonton, Alberta about 500 cases of conflrmed
g1ard1a51s were reported in ‘a two month 1nterva1 startlng
January, 1983. Flgure 4 ( from Canada Diseases Weekly Report
9 48 ) summarizes the epidemiological 1nformat10n. The actual
anumber of 1nfectlons was~thought to be much hlgheg ( i.e. 7v5 
“to 10 times ) because only sympfomatic caées were diagﬁosedq'
. and only thosa individuals Qho sought medical help‘beéause of
the severity. of ;heir iilnesé were counted. The-r@%oft notes
that there was an unusual and uﬁexplained clustering df cases

-
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‘around Rossdale, &ne of the major water treatment plants.
Logsdon in 1986, suggested a similarity between turbidity
removals and oyst removals and stated that if 90%.of‘the
turbidity could be achieved in‘Eacn of the three solids
separation steps‘at‘Rossdale, then‘dn'overall removal
efficiency‘of'99.2% to 99.9% cysts’would'be possible.'After‘

an April, 1986 site inspection of Rossdale however, Logsdon
louered his original estimate. The raw water winter /
conditions of low turbidity and.near‘freezing temperatures

v L :
made alum treatment_difficultuand laboratoryfanalyses showed
that‘turbidity reduotions‘in the alum clarification stage
could vary from 0% to 90%. As well, Rossdalelused a low pH
| lime softening process~that produced nonfgelatinous floc
which might be less effeot;ve in.cyst removal‘in the
é;arifierutnan what could be acheived with high pH lime
softening,

Logsdon also commented on a report by Collier and
MacDonald ( 1983 ) and suggested that in llght¥\f the
relatively.low oxidation potential of chloramine, the
deoreasing‘incidence of giadiasis with increasing diStance
from Rossdale was consistent with the longer contact time
prov1ded within ‘the dlstrlbutlon system.

Tabyé 2 from Logsdon and Lippy ( 1984 ). prov1des a

general summary of noted def1c1enc1es in publlc water

”treatment systems that are related to g1ard1a51s outbreaks.

‘«:The prlmary cause appears to be inadequate treatment or

‘equipment fallure whlcﬁ'allows the passage of some untreated

water 1nto the potable supply. Table 3. from Logsdon and’ Llppy




Table 2 19
Deficienclies Assoclated With Giardlasis. Outbreaks
In Public Water Systems, 1963 to 1982 o
( from Logsdon and Lippy, 1984 )
Catagory of Deficlency ‘ (I. Percentage
"Inadequate treatment or equipmenL  ' 66.7%
Vol failure . '
Use of untreaféd groundwater . , 12.3%
Use of untreated surf{ace water 14.5%
Defliciencies In the distribuion network 5.3%
Miscellaneous or unknown 5.3%
Table 3
" Qutbreaks in Public Water Systems, 1963 to 1982
( from Logsdon and Lippy, 1584 ) v
Problem‘ ' Number of Times Noted
Chlorination inoperative| . .'.f ‘3
’Chibrlnatlon‘lnadequéte S 13
Chlorination adequacy_'
unknown ol 'Jf 14
Coagulation deficlent: |~ S0 50 =
Filtration deflclient: IR



| the follow1ng ‘partial dlssoc1atlon.

R

20

( 1984 ) shows that ‘the majorlty of’ treatment fallures w1th

respect to glard1a51s outbreaks ¢an flrst be traced to‘

-problems with dlslnfectlon. The next most‘51gn1f1cant cause

. was a fallure in coagulatlon and this was followed by

flltratlon problems. This data clearly underllnes the

1mportan¢"of a multlple barrler approach to the treatment of

‘Gla;dla 1nfected water because no single step can be expected

to be 100% eff1c1ent. o RO ‘ ' - !

N ‘ . ‘ | 4

"The effectlyeness‘of free chlorine for disinfection was
studied by Jarroll et al., ( 1981 ), and Olson ( 1982 ).

Excystation ability of cysts in'gerbils was used as the

criterion of v1ab111ty Jarroll confirmed experlmentally that

. a decrease in water temperature, and an 1ncrease of ‘pH from 6

to 8 reduced the(oxldant effectlveness. This'finding is

con51stent with the chemlstry of chlorlne

<

When chlorlne gas is dlssolved in water the chemlcal

b

reactlon.favours the productlon of hypochlorous acid ( HocL )

at all water temperatures. HOCL is a weak ac1d and undergoesl

)

_HOCL CH 4 ocL”

The deqree of dlssoc1atlon depends prlmarlly on’ pH and to a

1esser extent on temperature. At pHs below 6 almost all of

3the ac1d is 1n the undlssoc1ated ﬁorm ( HOCL ) and at pHs of
'9 or greater almost all of the ac1d is 1onlzed to the |
’,hypochlorlte lon ( OCL ); Frledman ( 1983.) states that

"since hypochlorous ac1d is a small ‘and electrlcally neutral

f”and 1nto the cell body where 1t then ox1dlzes crltlcal B

fmolecule, 1t is readlly able to pass through the cell walls‘]h

i
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| enzymes and kills by disruption of the. cell's normal
metabolism. Hypochlorite ion, by contrast has a negativel'
‘charge is unable to diffuse through the Similarily charged
Acell walls. With the same faCility as HOCL ‘and is therefore
;less effectivegas»a diSinfectant. o

| A decrease in temperaturé reduces‘the ionization
potential offthe'acid thus driying the eguilibrium.reaction
to the‘production of more,OCL—r Weber‘k 1972 ) states that\
-‘for eyery drop oflOo C. in water temperature "the rate of
most chemical reactions deerease by one—half Lower water

n

temperatures should require a corresponding increase in
contact time:in order to achieye the same kill rate. b

The high residual chlorine‘concentrations used. in the \id
- Jarroll et‘alﬁ‘("}981 ) experiment ( i.e. 1 5mg/L to 4.0 mg/L
) are not normally used in full scale systems because of the
need to aVOid thetgeneration of chlorinated organic
by- products..However, the results are useful because he shows-
Ithat longer contact times can compensate for lower
disinfection doses.~‘ - ,f -

Olson showed that free chlorine was more effective at al
va of 6.5 than 7 5 thus a shorter contact time was needed in
order to acheive a 1Q0% kill of the cysts.,He determined that
‘w1th a O 2 mg/L reSidual a ,contact time of between 12 and 18
ihours was requ:red to . inactivate all of the cysts.’A 1 0 mg/L
t‘reSidual required a, contact tﬂme of between 3 and 4 hours to‘
ihave the same effect.. - o | .
Hoff et al A 1984 ),‘in a. study uSing chlorine and ‘r{.;f‘

e

'ozone, compared the reSistances of G;grd;g lgmb;i_ to other

-
. :
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‘ drlnklng water pathogens. They found that although cyst
're51stances were approx1mately one order of magnltude hlgher

than QOL;OVlrg lwand two to three orders of magnltude hlgher

, Ve

“.than col; they could be 1nact1vated by these two drlnklng

T

water dlslnfectants under well controlled treatment plant

”oondltrons.

i
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2.2, REVIEW OF COAGULATION AND FILTRATION

23,

'
)

2.2.1'V-‘ Coagulation . p'.f. .iV ‘ (

Many 1mpur1t1es are too small for grav1tatlonal settling
alone to ‘be an effectlve removal process tnerefore"the l
aggregatlon of flne partlcles 1nto larger more settieabieb
aggregates 1s essentlal for effectlve sedlmentatlon This
two—step process is called coagulatlon and con51sts-of a |

fiocculatlon or partlcle transport step followed by particle

)
Il

destablllzatlon when contact occurs
Interpartlcle contact can be accompllshed in several

ways ( Weber 1972 )

“J '(a) contacts by thermal motion or Brownian
diffusion.
R 5 (b) contacts resultlng from bulk fluid motion or

transport achieved by stlrrlng o o .

(cy contacts resulting'from’differentiallsettling

jwhen'a faster settling particle overtakes and collides with a

'}slower.settling particle. - e Tl e

The four nethods of‘destabilization'are ( Weber,1972;);

h(afcompress1on of the-dlffuse 1ayer.‘-'
“,(b)adsorptlon to produce charge neutrallzatlon.
. ‘5j(c)enmeshment 1n a prec1p1tate.:1];"’ k o
‘(d)lnterpartlcle brldglng.uilst'

PN
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Destablllzatlon by compres51on of the dlffuse layer 1sv'
accompllshed by the 1ntroductlon of opposxtely charged 1ons
( i.e. ‘counter—lons ) 1nto'an aqueous c01101d suspen51on As’
counter—lons are, added the natural electrostatlc repulslon
:of the llke charged c01101ds is decreased w1th the result
that the thlckness of the dlffuse layer and the 1nterpart1cle
‘separatlon requlred to ma1nta1n electroneutrallty is reduced

o

When~the net repulsive %orce or the actmvatlon enerqgy barr;er

is‘overcome, van'de Waals forces of attraction také over to
-promote partlcle aggregatlon

The ablllty of a. coagulant to destablllze a c01101dal
suspen51on by charge neutrallzatlon Ls a~comb1natlon of the
‘coagulant-c01101d coagulant-solvent and colloid- solvent

: 1nteractlon.‘Tamamosh1 and Tamak1 ( 1959 ) demonstrated that

t

- the 001101d coagulant 1nteractlons could be even more

"1mportant than the coulomhlc effects. In thelr work w1th

14

dodeCyclamnonium'ions‘they ﬁound‘thatuthls long—chaln amine

‘was able to adsorb: onto. the surface‘of~a.colloid'when‘theref

was-low coagulant-solvent'1nteraction.’Destabllizatlon “-ff - ‘
resulted when enough covalent bondlng 51tes were occupksd so o

“that. the net electrlc repu151ve charge on the part1dlés was ]1
dlmlnlshed to the p01nt where aggregatlon could take place. aji‘ yj

l[”Restabllxzatlon was p0551ble when excess 1ons were adsorbed°“jf*

7;thus reversing the total net c01101da1 charge 1n the

w.suspen51on..7w13,.-_J,;x~flzgu

When a metal salt such as Al (So4)3 or a metal ox1de "

‘nksuch as Ca(OH)2 1s used as a qoagﬁlant 1n a concentratlon

hlgh enough tovcause rapld prec1p1tatlon of‘a metal hydrox1de"




( 1 e. Al(OH)3 ) or a metal carbonate ( 1 e. CaCOiH) colloidb
‘partlcles can be enmeshed durlng settllng ( Packham, 1965‘).
va the pH of the. solutlon is in the neutral or ac1d range,
reactlon klnetlcs favour an 1ncreased rate of prec1p1tatlon “c—ff—

4

in the presencewof anlons such as so —2, The colloid.
particles also serve as nuclei‘for the>formation of floc so

that the rate of preclpltatlon 1ncreases in relatlon to the

collold concentratlon.

<
\ '

Interpartlcle brldglng is accompllshed w1th synthetlc
‘l, _ polymers hav1ng chemlcal groups that can lnteract WLtW
. bonding sites on the'surface‘of the colloﬁds; One of,these
.groups Can.adsorb to the'particle surface leaying the“rest;of
the long chaln polxmer extendlng 1nto the solutlon ‘fhe chain
‘has mahy 51tes onto whlch other colloids attach thus.“ |
produc1ng,a‘c01101d—polymer+collold‘br1dge.~Eventually,~
(enough partlcles are 301ned so that a settleable floc is
formed Restablllzatlon becomes a. factor when the co%%old
concentratlon is so- low or the polymer concentratlon is so
‘high that all available‘colloids are bound. The‘loose end of
E the polymerlc chaln may then wrap around the orlglnal |
:partlcle (=To] that no further brldglng can take place
Conventronal coagulatlon processes 1n Alberta typlcally.
‘;use enough alumlnum sulphate so as’ to exceed the solublllty
11m1t of-ets hydroxyl complexes. Destablllzatlon may be~"l
brought about by enmeshment 1n a~sweep floc or by Al(III)
”polymers whlch are formed as 1ntermed1ate spec1es 1n the,;'

: prec1p1tatlon of the metal hydrox1de. Hydroxyl metal

\T"complexes are adsorbed on. to the c01101dal particles

. PN S e o
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re3ulting in:destabiliZation'by charge‘neutralization..The-d'
,quantitonf Al(iII) required‘to bring about‘destabiiization
‘depends on colloid concentration and pH. The isoelectric =
‘]p01nt of the metal hydrox1de 1s at a pH of 6.1 . Above—this,
"‘anlonlc polymers predomlnate and adsorptlon of negatlvely
charged ‘polynmers by negatlvely charged collolds does not
loccur so that destablllzatlon by charge neutrallzatlon is not
‘a factorv(‘O‘Melia and,stumm,'1967; Hahn and’gtumn, 1963 ) -

. ‘Coldland iow turbiditijaters are generally‘difficuit to
treat with‘alum‘salts. Waters,with lowdsuspended'solids
‘concentrations’and high alkalinity‘require high alum doses
‘and coagulation is_adcomp;iShed by‘enmeshment in a SWeep‘
floc. Alte?natively, a'coaguLant&aid nay be usedbto‘increase

.

the rate of interparticle contact and promote destabilization

by adsorption and charge neutralization' thus,reducing the

s

. quantity of alum needed for effectlve coagulatlon

Treatlng low suspended soL;d and low alkallnlty water

" can be alded by the addltlon of extra c01101ds ( 1 e.
bentonlte clay ), to increase the potentlal for contact or bf
‘1ncrea51ng the alkallnlty (i. e. soda ‘ash ) to promote a.more
rap1d formaﬁlon of sweep floc, or both The use of alum alone

\a<\be 1neffect1ve 1f the ‘natu ral alkallnlty of the watéﬁ 1s'

low 51nce 1ts addltlon would reduce the‘pH and thls would

N chemlcally 1nh1b1t the rapld formatlon of a sweep floc A

“xf;formation would be retarded and more. alum would remaln 1n

“Ugdsolution because alumlnum 1s more: soluble 1n water at a‘{

-

”,“51m11ar result would occur 1n water hav1ng a hlgher pH ( 1 e.‘ L

"greater than a pH of 8 ) and hlgher alkallnlty Floc

..
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| of each of these processes..;fof ‘ﬂ“w,‘ ' ﬁ
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hlgher pH Destablllzatlon by charge neutrallzatlon is hot ,
R A I SO TV ’”‘ . g"

“usually an adequate removal mechanlsm 51nce thé rate of .
\( * ‘r‘ ‘ ‘.“‘" i\
lnterpartlcle contact between the c01101ds remalns low. PR
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2 2. 2 Flltratlon ,‘j ,‘ﬂ“‘,f-ﬂ‘ffw'flxwf f'ﬂyw~7u,'
';ﬁ“ ’ Qer flltratlon theory 1nd1cates that organlsms of the"
sxse of Glgrd;a lambllg cysts should be removed by o
conventlonal rapld sand fxlters provlded.that properr“‘

‘attentlon 1s glven to partlcle transport and attachment

Wlthln the fllter medlum.‘These mechanlsms are very
,;Ir‘

compllcated and depend on the physlcal and chemlcal
characterlstlcs of the fllter medla, the rate of flltratlon
and the chemlcal characterlstlcs of the water There ls

dlsagreement 1n the llterature as to the relatlve 1mportance

!

0 !

The phy51cal forces responslble for partlcle transport
v v ", @
may 1nclude gravxty settllng, dlffu51on dlrect 1nterceptlon

i or hydrodynamlcs..mhb%e are affected by such phy51cal factors,5

P

“'as medla 51ze, flltratlon rate, water temperature, and the

s ( 1970 ), showed that grav1ty settllng was the domlnant
. . »

K )

dens;ty and 51ze of the suspended partlcles. Her21g t al.

————.—
o
W

)

transport mechani m for partlcles greatersthan 25 mlcrons.
‘Yaovet al. ( 1970 ) u51ng a: model 1n whlch a gxanular fllter .
bed was the collector, proposed ‘an analoéy between transport
1n flltratlon and that of flocculatlon. They d1scovered that 3f[

part;cles 1n the one mlcron s1ze range had the least

°pp°rt““1ty to aPProaCh the grains of'a ¢ lter bed. For . ' .

partlcles smaller than Or ' ‘cron, rem val eff1c1ency

N

g ' . T T o . S



<

: 4 o, o . 28

K

increased with decreasing pgﬁficle‘size and for particles

i

greater than one micron removal efficiency rapidly inireased

with increasing particle size. Yao ef al. ( 1970 ) concluded

- \ ! 1 . ~ . N
that Brownian'diffusion became a more important transport

mechanism with decreasing particle size. Conversely,
interception along 'stream lines and gravity settling became
the domiﬁant transport mechanisms as therparticles increased

in size. Boyd and Ghosh ( 1974 ) having found no variation in

, ‘ . O o .
the percent removals of 3.7 micron to 7.0 micren sized

particles,wcohcluded that the mechangsm of transport and

‘removal in this size range did naot change and therefore

removals in'this size range should be the same.
.In a second ekperiment, Ghosh et al. ( 1975 ) determ}ned
———— e

that in a clean bed for particles larger than one micrap,

double—layer forces of attachment play a very minor role’in

,particle capture. For smaller particles, he observed that as

negative .zeta potentials decreased, the effectivinqgs of
. : i

particle .capture increased for the whole range of particle

\

sizes studied ( i.e. 0.091 um to 1.101 um ). For particles

o . (e : ,
less than one micron, Ghosh concluded that theoretical models

'in whlch Brownian dlffu51on is 1ncluded best descrlbed the

hY

x%frlmental data.

- ¥ . However, O'Mella ( 1967 ) concluded that the

‘importance of the different transpoft mechanisms was

[y

insignificant’ in fllter design. He suggested that all

‘partlcle transport in fllter pores was very eff1c1ent and

it &

that'by apply1ng the’ correct chem1ca1 pre-treatment the

whdie range of partlcles from 0. 01 mlcrons to 100 microns
1. . B (‘;
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could be‘efﬁgctively filtered. Adin et al. & 1979 ) noted
that, for man& years, clay and bacteriawhad been effectively
filtered from water even though a lérég portion of the
particles are in the 1 micron size range. They suggested that
filter control efforts would be made more effective and
‘easier to understand if attachment was viewed as the major
factor in the filtfation process.

Once a suspended particle’has apprdached the surface of
the filter media an attachment mechanism i?;peduired to
retain it. The two models most often Citeéu;re:

The claésic "double-layer" model is based‘on
electrostatic repulsive forces and van de Waal's attfacéive
forces ( O'Melia and Stumm, 1967 ).

| Although individual hydrophobic colloids have ah
electrical charge, a colloid disperéionlin water .does ﬁot
have a jnet overali charge. For electroneutrality to exist,
the charge on the colloidal particle must be couhter—balancea
by.an accumulation Sf ions of the opposite charge
( counter-ions ) in an area immediately surrounding the
particle. The ions involved in this eiectroneutrality are

L P—

arrahged in such a way as éé coéstitute'the so-called
electrical double-layerj*which'isvéomposed of an inner dense
layer of counter-ions ca;led the Stern layer separated frqm
én‘outer, more electrigally diffusé, Gouy layer by.a plane Qf_
shear ( Figure 5 ).’Thevelectrical charge méasured'at the
location‘of tﬁis plane of sﬁearvhas been‘terﬁéd the zeta

pdtehtial.'When negativETy charged colloids approach the

"gimilafly charged.media their diffﬁse 6oun£er-idn~atmospheres
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begln to 1nteract(and cause the colloids to be repulsed. The

magnltude of repu151on decreases exponentially with

\ \ ) . .

inCﬁeasing particle separation. Stability is maintained when
) ,

these repulsive forces are counterbalanced by the
| . ’ . '

inter-molecular van de Waal's forces of attraction. The

repulsﬁon.and attractive forces can be represented by curves
\ . . ) N
( Figure 6 ) which show that at a certain distance of

separat;on repulsive fortes predominate However, if these‘i
partlcles can be brought close enough together the van de
Waal's aétractlve forces.domlnate and the c01101d is then‘
able to‘attach itself to the media. When this
repulsion-attraction mechanism applies, different chemical

factors ( i.e. counter-ionic strength and pH ) gan affect the

‘o

attachment process by either increasing or decreasxng the
repu151ve potené%al In general any. process that is able to.
decrease the zeta potentlal between the particle and the
medla 1ncreases\the possibility of attachment.

.The "brldglng model" is used to explaln the attachment

which‘results—w a flocculant is used to produce chemical

bonding and bridgrng between a suspended particle and the

s

partially on this model. ‘ , S C\,\

Stumm and Morgan ( 1962 ') showed that the action of

media. Most modern\i}ltration“theories:depend at least

conventional flocculants 'is primarily due to their
hydroiysates-and take place iﬁ)tWO steps:

(a) neutrall ation of the partlcle s negatlve
charge by the p051t1vel charged hydroxide. ‘
"(b) formation if’ﬁiocsﬂby bridging‘between-the

\
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~.particles‘as a result of the polymer chain adsorptlon.
Flgeculant characteristics such as adsorption ability, chain
length, molecular weight, and electrostatic charge affect
bridging and adsorptive capahilities. Media surface

vcharacteristics, pH, and water temperature are also factors

- Pa

which 1nfluence attachment. - S

Adin and Rebhln ( 1977 ) have concluded that if alum is
used as the only pretreatment chemical in high flow rate -
filters, the flee formed was relatively.ineffective.in
resisting shear'forces so that the likelihood of the run
terminatlng due to turbldlty breakth@ough was greaterfthanm‘
due to the headloss buildup.- Therefore, they recomménded the»e»
supplementary use of a polyelectrplyte boagulantVald‘to
strengthen the fllter floc. - |

Interstitial}strainlng is not actually a transport
mechanism Sut a physical factor that relates to'the
entrapment of partlcles at the junctlon of media gralns and
"at small pore openings. This removal mechanlsm is a functlon
of the partlcle 51ze/gra1n size ratio which accordlng to
iherzig et al. (1970 ) ‘has to be at least 0. 05 in a clean
.bed For example, a mlnlmum partlcle size of 10 mlcrons canf
be . effectavely removed w1th a medla bed of 0. me sized
partlcles or smaller. : 8 | “ ‘ » 3 :

In deep granular beds, removal usually results from some
‘comblnatlon of these mechanlsms. For 1nstance, surface
‘cakerstra;nlng and;removal by'double—layer;adsorptlon‘may‘
 .occur simultaneously. | S
o Mlntz bbiﬂeved that the mechanlsm of removal is that of

: 3.

¥ e .
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" continuous attachment and detachment with the rate of

attachment belng greater than detachment untll there 1s no

1mprovement 1n filter effluent quality. Accumulating filtrate

Uis thenJheld in equilibrium against the hydraulic‘shearing

forces which want to tear and wash the solids deeper into the"

bed and flnally through the tllter ('Ives, 1965 ) -

The hydraullc shear forces through a partlally spent .

"fllter increase as the 1nterst1t1al spaces are fllled These .

- sollds and the mater1a1 released durlng 1nterpart1cle L}

spaces become less effectlve in retalnlng solids and the

burden of removal passes to the deeper and cleaner fr}ter

‘vmedla ( Ives,1961 ). Turbldlty breakthrough occurs thn the

! \

‘bed depth 1§ exhausted. Shock loadlng or a rapld change in

flow rate must ‘be av01ded since this usually generates
inertial stresses that could drasflcally;alter the filter

equlibrium and induce premature turbidity breakthrough

(' Cleasby, 1963 ).

Initial degradatlon of effluent quallty durlng
flltratlon is a short term effect in which a poor quallty
effluent is produced just‘after backwashing. Amirtharajah and

Wetstein ( 1980 ) concluded that 1n1t1al effluent quallty -

'( measured in terms of suspended sollds ) from a fllter used

over,several runs can be characterlzed ‘by:

(a) A lag perlod of low turbadlty wh1ch COrresponds

>
A X

(b) A . dual peak perlod of hlgh turbldlty The major'

source - of suspended sollds respon51ble for this turb1d1ty ‘ *p

'breakthrough comes from a’ comblnatlon of: the backwash water

3 ;v'

‘ ' L oy
to the volume of clean backwash water 1n the medla. S
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collisions of the.media jué; after t ackwashing contfgl

valve was closed.

(c) A relatlvely long: perlo f‘turbidity decline

I

“whlch may beaattrlbuted to an 1nterm1x1ng of backwash water '
and fresh 1nfluent w1%&1n the medla bed. | |

o

ty

N \ !
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2.3 REVIEW OF GIARDIA RELATED RESEARCH
2.3.1 Investlgatlons into Cyst Removal Durlng Flltratlon

Untll recently, cyst removal 1n water flltratlon had .

‘ focused on the problem of prov1d1ng a potable water free of‘

Entamoeba hlstolvtlca. Follow1ng an amoeblc dysentry outbreak

whlch occurred in Chlcago in 1933 water flltratlon

‘ experlments were carried out at an experlmental flltratlon \

. plant belonglng to the Chlcago Department of . Publlc Worgs

Two phases are descrlbed by Baylls ( 1936 ) . In the second.
phase, tests’ w1th 0.9mm effective sxze rapld sand fllter ‘

media showed‘a 99.996 removal .of the‘splke‘dosed E.

lhystolytica cysts when the hydraulic loading rate was 4.8

m/hr. Durlng World War II the U.S. Army and the U.S Publﬁc

Health Service conducted a filter research program on E. ’

-,hlstolytlca cysts u51ng flow rates between 15 and 23 m/hr and

|

. showed that w1th poor or non—ex1stent coagulatlon a max1mum y

']Damaged cysts are dlfflcult to p051t1vely 1dent1fy w1th a Q'i

of‘88%'cyst removal could b7 observed and that. w1th proper

‘
-~

coagulation up to 99. 866 of the cysts could be removed ( War

Dept Report #834 grom Logsdon, 1981 ). Since Glardla

thls research suggested that effectlve removal of Glagdla .

»

‘cysts by flltratlon could be accompllshed under the same L’

,condltlons However the cyst recovery technlques used 1n both

of these experlments regulred the centrlfugatlon of: 1arge

5 mlcroscope ‘and 1f mlssed would result 1n overestlmatlng the

: “” T . o T TR
. R LR

o

lamblla cysts are 51m11ar 1n slze and shape to E hlstolytlca

.a‘amounts of water thus exp051ng the cysts to phy51cal damage. ;
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actual removal rates.

Logsdo et al. ( 1981 ) conducted a rapld sand fllter"

study using splked Giardia mg;;s cysts whlch they reasoned
ﬁwere a good surrogate for Glardla 1amb11a cysts They used a
dual medla rapld sand fllter that consisted of 460 mm of f
'1.27mm effectlve size anthrac1te over 150 mmlof O 36mm
.effective s1ze sand w1th a hydraullc loadlng rate of 10.0 . -
_m/hr.‘Logsdon et al ( 1981 ) determined that once fllter
r1pen1ng had occurred low alum coagulant doses produced
wldely fluctuatlng fllter eff1c1enc1es that ranged from 59,
to 94% cyst removal while Stlll ‘meeting . the 1 0 NTU maximum
.turbldlty limit. By 1nCrea51ng the alum dose and addlng
‘polymers to achleve an effluent turbidity of 0.30 NTU cyst
-removals of up to 99. 9% were observed After centrlfugatlon,
cysts were recovered on. a polycarbonate ‘membrane fllter paper
and 1dent1f1ed on: the basis of morphology u51ng a
vthemocytometer. They concluded that once optlmum coagulant

“

“dos;ng ‘had been achleved chanqes in the operation of the |

fllter had a pronounced deleterlous effect on the ablllty of
.%Tu 'the fllter to remove cysts.vA mlnlmum turbldlty of less than‘

- 0. 30 NTU was requlred to achleve con51stently effectlve cyst

¢

.fremoval ngher 1nfluent cyst concentratlons resulted in 7,‘

u\ ’

J hlgher removal percentages even though effluent turbldlty
remalned the same. They reasoned that 51nce thelr mlnlmum '

}detectlon llmlt was always greater than zero,?the effect of a

-f}few cysts pa551ng at a lower 1nf1uent concentratlon was more
-sxgnlflcant than a: few pa551ng at hlgher splked doses.ur yff¢7:frf

Logsdon et _l ( 1981 ) reported that a change 1n




vfiltered‘water turbidity‘from as lowvas 0.05 NTU. to 0.10 NTU
yielded a sharp‘increase in the passage of cysts. An increase
wturbldlty durlng ‘the fllter rlpenlng stage at the beginnlng
of a filter run was also assoc1ated with an 1ncrease in the
passage of\cysts. Overall, they concluded that a granular
media filter in a wellfoperated water treatment plantushould
be greater than 99% effectlve in the removal of Glardla'
lgmgl;g cysts : : ' | ‘va

| DeWall. t l ( 1984 ) conducted a study to evaluate

. the removal of. Glardla lamblla cysts and cyst slzed partlcles*

L

in alpllot plant employlng coagulatlon sedlmentatlon, and N

gﬁdual med;a flltratlon. The fllters were made-up ofUSOS mm»of

0.92 effectlve 51ze anthrac1te and 254 .mm of 0.40 effectlve
R ‘

size sand Cyst recovery technlques 1ncluded flltratlon and

‘centrlfugatlon, followed by mLcroscoplc examlnatlon. Recdvery

‘~efficiencies.ranged‘from 72%~to 85%. This study‘noted that
§

"'v'greater than 99 9% removal of splked cysts could be achleved

.under optlmum treatment condltlons When only alum coagulant
was '’ used and the pH of the water: was greater than 7. 0 they
noted that the performance of the fllter was drastlcally

.,»reduced They recommended that the mlnlmum alum dose be not -

‘less than 10 mg/L and that the hydraullc loadlng on. the

‘ ffllter could range from 4. 8 to 9 8 m/hr. Outsxde«these

.~ranges, effluent turbldlty and the passage of cyst-51zed
‘*partlcles 1ncreased rapldly Also, abrupt cﬁanges 1n plant
,hoperatlng condltlons sharply decreased fllter performance.p‘,
”'When no coagulant was used durlng filtratlon, 1ncon51stent |

i*and low removal eff1c1enc1es of G;a;dla cystsﬁfesulted In




, one run, only 48% of the dosed cysts and 47% of the . turbldlty ”‘ o

-

| was._ removed In another run they found that produc1ng a. low

ﬁveffectiyee

‘effectﬁf

. between 4.94 m/hr to 12 72 m/hr.lThelr results 1nd1catr that '

“was dlfflcult when the water temperature was 3 0o C.‘

units. They 51multaneously monltoréd collform total bacterla .

turbldlty effluent u51ng alum or a polymerlc flocculant ald \

N

Hendrlcks et al ( 1984 ) also researched the

effectiveness of Glard;a lamblla qyst removal in a p1lot R
\ ‘ sl

‘?plant hav11g coagulatlon, sedlmentatlon, and flltratlon

\

o

: K e

'and partlcle removal in order to determ1ne if there was(a

[

‘correlatron between these and. turbldlty removal The dual

7

medla fllter bed cohs1sted of 454 mm. of anthrac1te w1th an
G@ﬂ§ of 0 90mm and 762 mm of sand w1th an
\\

'Q-n‘ o B
of 0 45mm The fllter lo\d;ng\rate ranged

& ¢',

i ' \\
w1thout coagulant cyst removals were between 75% tﬁl92

‘W1th alum doses greater than 9 0" mg/L ' more than 996 of “the ffq

'splked cysts could be removed 'In contrast to the DeWalle

~a raw water temperature of 3 c. Flnally, they concluded

,study, they were able to achleve greater than 99% removal atﬁf

Py KRN

‘that greater than 90% removal 1n each of the other surrogate.

\

Jparameters that were monltored resulted ln greater than 99«

——
. . '

ey,

‘yremoval of the cysts., | ‘\.l”,rw, ]":*m"‘ uﬂ'j*fffygy;~;f'ufa”
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. 'CHAPTER 3. EXPERIMENTAL PROCEDURES

“J.l‘j . CYST MODELLING N
‘\;“ f ‘In chooslng a surrogate for G grgla lambL; cysts -
‘ﬂ%t ‘phySICal as well as electrlcal parameters were con51dered

\oL \
}T\xUltlmately, polystyrene d1v1nyl benzene (DVB) latex Spheres

‘V(supplled by Duke SClentlflC Palo Alto, Callfornla) were

. selected because they were slmllar to the cysts in both size
‘;and shape and were easlly enumerated under ultrav1olet llghtm
“7uslng an’ ep1 fluorescent mlcroscope Table 4lsummarlzes,the
'Efsrmllarltles between the spheres and Glardla cysts. )

Measurements of electrophoretlc mobllltles or zeta

“ipotentlals of the latex spheres ylth respect to pH were on

r
i

Iﬂldml fconducted w1th a Zeta—Meteg ( Zeta—Meter Inc New‘York f
ni&whlch had a plex1glass R1dd1ck Type II electrophore51s cell
“w1th a«4’4 mm dlameter tube and a cell ‘constant of 65. Thel
‘l;cell was equrpped w1th a molybdenum anode and a |

mplatlnum-lrldlum cathode whlch were spaced 100 mm apart A

eooom
K '

509 mL Volume of n;ver water splked w1th latex spheres was‘ ‘ .
‘used as the stock solutlon for the tests The addltlon of HCl - e
| and NaOH pfoylded pH control. Although there was con51derab1el‘ |
varlatlon from pH 3.0 to pH 10 o, the zeta potentlals of the Errt“t
spheres were'always greater than —16 mllllvolts. By o '
‘comparlson, DeWalle‘et _; (- 1984 ) report Glardla l;_pl;g
{ zeta potentlals from —28 mllllvolts to -36 mllllvolts w1th1n b.d
the pH range 7 to 11. A summary of the zeta potent1a1 data
% appears in Appendlf III., ‘ﬁ;;l,gw'éfﬁﬂ-‘ S
'ﬂjui.'y‘\l~ . s

N S
\ {
5
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3.2  SPHERE RECOVERY TECHNIQUE' . ' —

¢ ) ) .

Volumetric»samples were taken‘from the‘bench scale plant“‘

at the raw water, post olarlfler and post fllter locatlons
‘Sample size, was dependent on the number of spheres expected ,
‘fto escape treatment. Slnce lt was dlfflcult to count and size
///Q%? more than"SO spheres fromhany‘one sample a rough |
prellmlnary estlmate of removal efflclency was made and the
sample’ volumes were adjusted accordlngly.c |
Uslng a Mllllpore 25 mm. glass micro analy51s

frit- -support fllter ( Mllllpore Inc., Bedford Mass Sy

[

!

. aliquots of sample were flltered across a 5um pore size, 25mm:

L

“dlaﬁﬁﬁer polycarbonate membrane fllter paper

~( Nucleopore Ltd PleaSanton, Callfornla ) A constant vacuum'

‘pressure of 137 2. kPa was applled in order to draw the sample

water through the fllter paper ( Plate 1 ) Concentrated

hydrochlorlc ggld was added to the flask to reduce the pH to'

i

~below 2. O and dlssolve any suspended llme floc. Thus

’

premature clogglng of the membrane was av01ded Slnce the

spheres were non deformable and had a mlnlmum 51ze of 6

@

mlcrons, 100% recovery was expected In order to verlfy thls

“'the flltrate from random pllot plant samples was retalned and
S .

u51ng the same procedure as above, was reflltered No latex‘i

' spheres were detected Ain, the flltrate of any of the ten

#

3samples that were examlned

N
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‘¢ | The step-by-step technique is as follows:

! 14

(a) The filter membrane was placed with tweezers
onto the fritted glass pedestal of the suttion funnel. The
“graduated cylinder”top was then attached and clamped down

taking care not to ripplewthe surface of the membranpe.’

-

(b) Acidified sample from the volumetric flask was
slowly poured into the funnel and filtered at a suction
‘pressﬁre of '137.9 kPa.

“(c) The saméle flask was rinsednthree times . with 10

i

D hL.to 50 mL of diétilled water. The ringe smter was collected -

o A
and filtered. _ . , /

(d). The inside wdil of the filter funnel was rinsed
wlth dlstllled water to en%ure that all the spheres. had been
rdeshed onto the membrane. ‘
.:' (e} The funnel top was unclamped and the:wet filter
. Pﬁﬂ -ﬁembrane‘was carefully reg?vee with thezefs.

o ‘ ' (f) The membraﬁe was then stored in a dust-free béx.

until all of the samples had been collected and were ready

€
e o Vg

for countlng.

v e

(9) The' funnel was rinsed with distilled water and
~ using tweezers a\fresh filter membrahe,was.placed on‘the
. pedestal.

eample.




Plate 1.A

Sphere Recovery Technique
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3.3 SPHERE ENUMERATION o .\

A Zeiss Model '#872-E ( Zeiss Ltd., West Germany )
epi—fluorescent microscope was used for enumefation. When the -~
latex spheres were exposed to ultraviolet light at‘a‘
wavelength of 490 nﬁ they fluoresced in a characteristic
manner that made them distinguisablg from the background.. In ,
the earlyjstagés of the stﬁdy, some pérticles were seen to so
Closely resembled the latex'spheres that it was .possible to
efroneously include them into the total douﬂt. In order to

v

gauge this effect, non-spiked samples of raw water were -

collected prior to each run and scannéd fof.particles‘thag

might possibly be mistaken for spheres. Once a raw water

background‘was established, percentage reductions due to

s
-

" water treatment were assumed to be.the same as that which Was

observed for the latex spherds. It was then possible to
calcula;e the thebreticgl Béckground count for each of the
downstream locations and this Qaiue was subﬁracteq frém the
actual numbgf counted. Aé more experience was gained with the
techﬁique, less background was observed. In all ofvthe runs
howévér, thé Sackgrouﬁd accopnted for a very smalJ'perceﬁtagé'
of the total‘number of sphereslseen. hesults of the sphére
counts on a sample-by-sample.bésisﬂappear Appendix I. ~
~ .‘ - ) , 2 <

'The sﬁep-by-stgp microscopy procedure is as .follows:

(a) A'drop of distilled water was added to a cléaﬁ.

straight_slide.
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(b) The filter membrané was removed"frqm the dust-free

. box and placed‘on the drop of Qgter,-The filﬁer mémbrahe’
flattened and adhered tb~ﬁhe'sufface of the glass.

(c) The slide containing the sample was placed'oﬁ‘thé
stage of the miéréscope and the power was switched on.

(d) Using the 400 x objective’the whole-filtér membrane
was systematlcally scanned ( elther horlzontally or |
vertlcally ) . ' : [y

ke)<Using the hair-line grid, each spheré“was“
.identified with respect .to size o  ‘ . w

(f) The fllter paper was kept Wet by appllcation of
drops of water as this created a darker background from whxch

spheres could be more easily spotted.

(9) This procedure was repeated for each sahplé‘taken:

The criteria used for identification of latex spheres

included

: size ( 6p to 14n )
: shape ( spherical )

-

: characteristic fluorescence ( semi-transparant
whitish;green_ﬁith some vériénce in intensityt)‘ | o

E characteristic refraétive pattern‘whenmthe spheré'”h
is subjected to a horizontal light source in the-visible
’spectfum . | J

Plates 2, 3 and 4 show p051t1ve 1dent1f1cat10ns of R

: typ1ca1 latex spheres at a magn;flcatlon of 400x%. The



Plate 2. 'Latex Sphere identificatioh at 400x

( with horizontal inCandesent light source )

Plate 3..Latex Sphere Identiflcation at 400x

( with 490 nm ultraviolet llght source )

46
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Plate 4 Latex Sphere. Identification at 400x

'

( w1th horizontal incandescent and UV 11ght sources ) '

‘ Plate 5.' Background Particle at 400x

( w1th horizontal 1ncandescent and UV 1lght sourCes )
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: backér@und matrix is‘generated b?lﬁhe Smm'pore ﬁoles of the,
filter membrane.. Plate}S‘sth$»a particle éhatlis not a 
‘lééeﬁ sphere and aléhouéh similér in size and §ha§é,‘was
rejected because:of,ifé colour (Yellow) and its_vefy bright

intensity.
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‘3.4' . PARTICLE SIZE biSTRIBUTIoN |
Partlcle -size dlstrlbutlon analyses were performed on

the same samples that were scrutlnrzed for latex spheres An

[

electronlc partlcle counter,‘Coulter Counter Model TA II ‘ L'
‘( Hlaleah Florlda ") wlth a "280. um aperture tubé"was used and ‘
this corresponded to a. 5 6 um to 112 um theoretical partlcle
measurlng range. Isotron II was used. as the electrolyte and
'tne standard callbratlon and Operatlon procedures as outllned.
in the manual were followed | » | | . |
A Nels et al (1976 ) and Treweek and Morgan ( 1977 )‘
recommended usxng the largest slzed aperture that would
accomodate the de51red size range because this would reduce
the problem of shear effects on the aggregates as they passed 3
through the aperture. Beard and Tanaka ( 1977 . ) demonstrated

L A
that it was p0551ble to store samples for up to 24 hours at

4° C w1thout slgnlflcant partlcle redistrlbutlon All the
'samples in thls study were stored at 5 C. and analyzed‘
w1th1n 5 hours after the end of each run.‘, |
. ‘

3.5 f" LABORATORY SCALE WATER TREATMENT PLANT |

) The laboratory-scale pllot water treatment plant was

) de51gned and constructed by the author The desxgn phllosophyf
,‘ was to bulld a bench scalenp%ter treatment plant that could
51mulate typlcal water treatment practlce 1n Alberta An d?i .

"effort was made to model the operatlon of the plant after the;‘hf

;fqll scale E L. Smlth water treatment plant example

,‘ '{However exact dupllcatlon was not entlrely practlcal Table 5'.

Qprov1des a comparlson of the general characterlstlcs the twoéxsz

V. ‘-
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Oonera] Lumpnrlson of the E. L..
" WIth the Laboratory Scale Plaht

Table 5 .

‘_vr,

N

Smith Water Treatment Plant

“Characteristic

‘Labor‘!ory Scale

Pilot Plant

Smlth
Plant

E. L

Raw Water Source

Northlsaskatphewan-River"

- Wa(ér Temp.

20¢."

39cC.

“Coagulation and
Softening -

‘Alum and

lime are added together

upstream of the rapid mixer. .

.‘,q,‘ . ' ——
-¥Flocculator.

Squdare tank with
. paddle st(rrer

. Detention k5me
.25 ‘minutes

Clariflet

Two tectangular
~cross-flow tanks
“In serles. L
‘Detention time =
2-2.5 hrs.' . '

“|Upflow reactivator
with recycling.

Detentlon t ime

" 3-4 hrs

Tube settlers in

clarifier.

v,,RecdibOnétlon"

CarBoniﬁiokide<Gas .

e ]
Flltratlion

1 Hydraulic

Dual ‘medla declln!ng flow'
loadlng rate 136 L/mln m2

Bqékwnéhlnﬁi

'AliFQCOur'prlor'tthlgh rute

“* se .

Backwashing at 733.1 L/min.m2"



Raw water was obtained from the North Saskatchewan Rlverf‘

. and transferred to 220 lltre barrels that were stored 1n51de

a walk—ln refrlgerator All of the . tanks in the plant were -
constructed of poly ethylene and encased in plpe fitter's

X ‘
sheet'insulatlon for temperature control Foam 1nsulated

1
i \

Tygon llnes were used for the plplng The 51ngle stream

1

ﬂfv‘:, suff1c1ent to y;eld a fllter loading rate of 137 8 L/mln m2.

The apparatus was mounted on scaffoldlng that measured 2.5m x.

1. 2m X 3. 7m. ( Plate 6 ) A schematlc of the deqlgn can be

ry

o \ found ine Flgure 7. step—by step operatlon of the plant 1s'l

factors for the: 1nd1v1dual un1ts are glven below.

! '

R 3.5.1 Coollng ‘Tank and Refrlgeratlon Unlt
A lOO lltre 1nsulated drum w1th a copper\radlator coll

functloned as . the coollng resetvoxr ( Plate 7 ). A Koolmaster

-
a

Model 100 refrlgeratlon unlt pre cooled the raw sample water

“

to between 30C to 40C. prlor to each run. Detentlon tlme 1n. ‘

the tank was 60 mlnutes. Recycled raw water from the upper o

reservolr coupled Wlth 1nlet turbulence ensured contlnlous

e m1x1ng
',p3f5;2:‘“‘ Upper Reserv01rh\ ‘h~k5'_1 ‘hj[ﬁf“f
Raw~water from the coollng tank was pumped to the upper

1

pump ( thtle Glant Ltd., Oklahoma Clty. Okla.;};phft?pﬁ Llnhf

l. N v

‘-operated at a | flow rate of approx. 1.00 lltre/mln which was }:

descrlbed in Appendlx II ‘ The phy51cal dlmen51ons and deslgn

51, .

i st

reserv01r by means of a thtle Glant Model PPS 1 centrlfugal idf;
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f3.5.4 Rapid'Mixer

5%

o

‘head in the reservoir provided relatively stable flow
( # 5% ) to the downstream units. Discharge out of the
‘reservoir was regulated‘by a metering Valye ;obated on the

“outlet line at the base of the tank.

»

ﬁQS,3 .. JAlum and Lime. Chemlcal Feed System

Dlluted alum and lime were added prior to rapld mlxrng

' and were stored 1n 20 Titre polyethelyne tanks. Masterflex

perlstaltlc pumps ( Cole Parmer Ltd., Chlcago. 111,'y w1th 0

-\

to 100 rpm varlable speed drlves were used to feed the

| chemlcals 1nto;the raw water stream (‘Plate 8 ). Chemlcal

feed rates were monitored with Gilmont Size No. 3 variable

area flowmeters ( Cole Parmer Ltd . Chicago '11. 5. Flow

adjustments were based on the experlmental d051ng rate

requlred. : SR . ' ‘ R

The dlmen51ons of the rapld m1x1ng tank were 150mm x
100mm X 100mm. At a flow rate of approx. 1 0, L/mln the
average theoretlcal detentlon time was 1 5 mlnutes. A

varlable speed drive connected to a. rectangular 1mpeller {

\

rfblade ylelded velocity gradlents ranglng from 0 sec -1 to 660‘
.sé¢f1:\ | / s | R S
, o i i
3}5;37f;‘ Flocculator - |

Slow mlxlng was accompllshed 1n a plex1—glass tank thatf

o<was bullt 1nto the flrst'clarlfler. Measured from the helght

v

’l[‘of the overflow welr, the dlmen51ons were 300mm x 300mm x ‘d‘;
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300mm and the theoretical detention time was 27 minutes. A,
Qariable speed drive and a rectangular bladed paddle provided

a velocity gradient which ranged from 0 to 150 sec .

3.5.6 Clarifiers . /
_ The two polyetthene clarifiers 600mm X 300mm x 450mm 3
. ¢
were used in series. At the 1.0‘L/min design flow .rate the
theoretical Qetention time was 55 minutes in the first and 80

minutes in the second with a surface loading rate was 7800

L/minfﬁ?. A inlet ¢ f‘er along with an around-the-end

baffling system was employed in order to minimize the dead ~

/
spaces and maximize clarifier efficiency. Plate 9 shows the

constructijon of both the clarifiers and the flocculator. A

dye test lusing methylene blue as the indicator was performed

in order to visuallyldetect any tank short circuiting. None

was observed.

3.5;7 Eilter Column

A 95 mm I.D. plexiglass column housed a dual . medla
filter bed which conSlsted of 400 -mm of 1.1 mm effectlve size
. o
anthracite ( uniformity ooefficient = 1L2 ) over 300 mm of
0.38 effectlve size sand ‘( uniformity coefflc;ent = 1.3 ).

The medla was supplled by the City of Edmonton and is the

N

.same’ aswthat whlch was in ‘use at the E.L. Smith and Rossdale

Water Treatment Plants. Influent and éffluent filter'

L4

turbltltles were monitored at timed 1ntervals durlng each run «

»

Wlth a Hach ( Hach ,Ltd, Ames, Iowa ) Model 2100A

turbldlmeter. Followxng a‘design recommended by Gould

u
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( 1979 ) And Cleaéby ( 1963 ) a shock absorber was installed
on the filter-effluent line in between the column and the
filtef flbw.control vélve. This dampened the inertial forces
felt by the media when flow was resfartedlafter backwaéhin@.
Plate 10 providesla cloSg up view of the filter column, the

media, and the piping.’Although for this experiment a:

-

declining flow rate pattern was used, Vith a few minor
adjustmen®E it would be possible to chlange to a constant rate
regime. A funnel-shaped hopper acted as-an overflow .weir in

the collection of backwash\water.

3.5.8 Recarbonation
For,éﬂ réadjustment, cafbon'dioxide was bubbled through

the backwash water'funnel during.fiite; runs ( Plate il ) -
The upper 300mm of the.cdlumn functioned as a recarbonation
chamber with a detention time of approx. ‘2 seconds. The
additional turbulence generated by the bubbling did noé
disturb the filter bed. | |
3.5.9 - Finished water ’

‘A portion of the filtered Watef was collected iﬁ a 100
litre insulated holding tank and was saved for backwashing

purposes.

3.6 EXPERIMENTAL DESIGN
Jar tests were performed ‘on raw river water inbordef to
optimize the rapid mix ahq flocculator paddle speeds. A

scale-up factor of '1.0 'was used. The’rapid mixer and‘the'

oo
3

.



Plate 10. Dual Media

e

—

F}l}er Column

.
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Plat_e 11. Recarbonation Chamber

[N



flocculator dfives.were set at 100 rpm and 45 rpm

respectively, and remained uhchanged for the course of the

~ experimentation.

3.6.1 Run Schedule

Since only 5000 litres of a consistent batch of raw

water was available, the study was limited to 11 runs. Runs

<

#1, #2, and 43 'were ‘spent shaking\down the sYstem. Runs\#4,
#5( and #6'wé;e designed to détermine the reprodhcability‘o§
the‘results while‘using intermédiate.éhgmical doSages. Inv
Ruﬁs #7‘énd‘#8 the éffect of véryihg the aluQﬂdbse with‘F.f
respect to a high concéntratiqp of limg was eéxamined. With.
'Runs #9 and #10 the effect of varyinq the alum doée in the
ébsence_of lime was investigated. In Run 411 no coégulané was
used.

All Samples for sphere counts and parﬁiqlé—éizg analysis
Qere'taken after the filter»turbidities had stabi;izéd

( apprbx. 60 min. from start-up ) and the average ruh length '

-

was 4 to 5 hours. o - A

3.6.2" _Chemiéaié L ‘ ~'A E :
For)coagulatidn, alumipgmisulphafe as (A12(80453;i4H20
was used,."’ | L . .
Fér hardness‘reductidn,ééléiuﬁhydro#ide;as Ca{Oﬁ)Z"f

‘.

was used.

K N : . . . [



4. RESULTS AND ANALYSIS

PR INTRODUCTION R R N
As a surrogate for G;ardia lamblia the latex spheres ‘ '

‘-performed well. It may be argued that because the zeta

potentials of the spheres were less - negative (i.e. closer to-
Izero ) than those reported for the live cysts, the spheres

dld not act as an adequate model during water treatment )
However, for the ant1c1pated mechanism of removal in the

clarifier, the effect of a smaller electric charge was not

1mportant. In the coagulation step for instance, the pH for
all of the runs was higher than the alum isoelectric point of

6. 1. Thus, the aluminum hydroxyl spec1es that were present

were mostly. negatively charged ( i. e. Al(OH)4 i).:The‘
.predominant‘mechanism qf removal in_the clarifier waso'

enmeshment.in a sweep floc and destabilization of a - -
;negatively charged sphere due to charge neutralization could

not. occur. to any great extent beéause the concentration of ”Ta‘
‘pOSitively charged aluminum species was far too low. T

'Therefore for these runs, electric charge was not as

fSignificant as particle 51ze. In the filter, the transport

f“lmechanisms of both Giardia and the latex spheres were 51m11ar
fbecause this is a 51ze related phenomeno;. The spheres had av?
;,smaller electro negative charge and consequently smaller
v"double layer" repulsive forces had to be overcome 1n order
‘to attach to the negatively charged media. The results from~h

ahthese runs therefore showed higher sphere removal

gfteefficienCIES 1n the fllter than what might be expected w1th‘"

62
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[

live cysts Although the spheres dld not exactly model the o
behavxdur of live. cysts,‘they d1d yleld results that prov1ded
{‘some 1nformat10n as to what mlght be con51dered an Upper
,nllmrt on cyst removal eff1c1enc1es 1n the fllter In the case-'
of straining 1t has been speculated that thg/cyst s abllity |
to deform 1ts cell wall ( de _gll_ _t _l 1982 ) can aid it
in sllpplng through the fllter oed By comparlson the r1g1d
latex spheres in retalnlng thelr shape would have more |
potentlal for. 1ntercept10n and capture by the medla and aga1n
yield hlgher removal efflclenc1es

' The ‘vacuum flltratlon and ep1 fluorescent mlcroscopy
"procedures ‘that were deve10ped had the potentlal for 1009 .

‘recovery Other experlmenters have found that in the

concentratlon of Glardla cysts by centrlfugatlon .a number of

‘the cysts are ruptured or- destroyed and re\not counted.

t

“Nevertheless, by repeatlng the procedure number of times a-

- statistical data base could be developed from whlch a

recovery rate may be calculated Clarlfler and fllter

performance was .then measured assumlng a percentage loss

O..

assoc1ated w1th each sample collec ed The problem wlth thls
method is that by observ1ng zero cysts 1n the fxlter effluent
;100 removal eff1c1ency 1s not guaranteed since there is: g_,}'fw
'always a questlon of the fate of the cysts whlch have

R

‘ :dlsappeared.

Cs

Recent advances have pushed the: recovery rate to greater

than 90% but some of the earller work was based on: very low,

recoverles ( i. e. 68% ). Because the spheres are rlgld they

are not damaged by the vacuum flltratlon technlque and are

P
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'not llkely to be squeezed and lost into the pore holes of the‘
‘fllter membrane. Thus, the recovery rate 1s a functlon of the
techniclan s abillty to recognlze the spheres on the fllter
‘bpaper Enumeratlon\u51ng epi fluorescent mlcroscopy requlred o
Y-a great deal of tlme when the whole area of the: fllter was |
scanned. However the spheres were found to be very dlstlnct
from the background Some problems were encountered when the
a sample volume was too large or the sample was too dlrty The“
detrltus found in the water could cover the spheres and maskf
ivthelr natural reflectlve capabllltles thus maklng them morey
‘dlfflcult to see. Thls can be overcome by vacuum fllterlng a‘
’smaller sample VOlume. Alternatlvely, &t is . p0551ble to
substltute spec1ally coated spheres whlch w1ll fluoresce much
more 1ntense1y under ultrav1olet llght Enumeratlon of the

»
o

‘spheres.would be faster because a lower power‘of

C magnlflcatlon could be used ‘and p051t1ve 1dent1f1catlon of

”~u5no latex sphere d051ng was performed._fif

:the spheres would become easier. } N l f‘ ' ;1

Raw North Saskatchewan River water was used 1n order to-
;more closely simulate the low turbldlty, cold and low -
‘suspended sollds raw water condltlons that are typlcally
vencountered at the Clty of Edmonton water treatment plants 1nuv

‘the w1nter. Consequently, the avallablllty of refrlgerated

2‘storage space 1mposed a llmlt on the amount of water that ;;'y d:

‘,.could be stored and the number of runs that could be
performed on a con51stent batch of water.'In all there was'

f;enough raw water for eleven trlals.-Runs #1 to #3 were used

'Vfln order to shake down the operatlon of the pllOt plant and
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Table 6 summarlzes the operatlng condltlons of each run‘

AR

.as well as the effluent turbldltxes and pH at each sampllng ‘," ;‘li

vp01nt after the fllter had stablllzed Fllter'run lengths I
E fwere typlcally 3. 0 to 4. 0 hours. |

‘ The raw data relatlng to the: 1nd1w1dualflater‘sphere.

' counts can be found 1n Appendlx I.

U o

4.2 LATEX SPHERE REMOVALS | A T
. s A_, . ¢ ! a -

Analy51s.of varlance comparlsons (ANOVA) wére made¢in
;order to determlne 1f there were 51m11ar1t1es'ln the'mean'
percentage"of latex sphere remgvals between selected runs 1‘; }fff
Because the number of runs was llmlted only the effects of
‘maklng gross changes 1n chemlcal doslng rates was examlned
| Run #4 and Run 45 (51m11ar alum and llme dosages) werexl

A
o

"statlstlcally compared in order to determine 1f latex sphere""‘

"ﬁ':”
removal rates cou‘d be dupllcated when the operatlng ‘
1 condltlons remalned unchanged Run- #6 was not 1ncluded in g
& thls analy51s because .an equlpment fallure durlng the run' B

.

a

51gn1flcantly changed the clarlfler and’ fllter flow~rates.i IR
A two-Way ANOVA was used to compare Runs #7oand‘Run 8
, w1th Runs #9 and Run #10 1n order to determlne whether or. not

;the%dlfference 1n percentage removals of latex spheres_-’tV

fobserVed 1n the clarlfler and 1n the fllter were sxgnlflcant

.and 1f there were'any 1nter tlve effects betweeu the alum e
/ B . . S, . v . . YR : R . o }’ . ' g
‘Hand llme,*,_gﬂmgs;ng

ot Ty .
Vet sk o

An F test was performed on the data at a levelf

Ggslgnlflcance ofag% (a—O 05)

The percentage remqyals”for each run are glven
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Table 6

Summary of Run Operatlng Condltlons

+ Run

Alum-

" Lime

fRdn

pH.

Turb. (NTU)'

(mg/1) .

‘(mg/L)

(hrs).

‘a4z | 31

“,42-

ELS

15.9

45.8

‘g 24

. 88,9

5 |.15.8 "87.5 3.5 . |'9.3.| 8.2'| 4.9 | @.30
. 6:‘ 15.6 81.5 ron lnLerrupted‘? power fa lhfe h

204.8

3.5

114. fbff

, qjis

2d3.3

3.0

‘J lq nt:the pre f!lter

lnfluent stage,

ost fllter stage.‘.

ntrol waﬁ_omltted

193 46.5 .6 |_3.¢. | 7.3 ] 7.3/ 171 | g.22
112 | e.9 0.9 3.9 8.6 | 8.0 | - =
‘ ‘ : : ‘ Pk
A [ee? S
; e ‘ f_ ! » '
. L‘ 1l" . A

g.13f
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. ' . - Table 7 . o C ‘ o
Pata For Statlstical Analysls of % of Jl.atex Spheres Removed

R

Run |.. - _CldiirLer‘ ‘ S Filter ‘ - Overall >
2 | pre. rost | % . | pre- | Post | % | Pre Past %
P . i . . . — . u
R
4 2504} 124 | 94.@5] 132 |. 45 '} 65:91] 25090 45 | 98 .20
' 254@ | 132 gqa.72| 132 | 39 19.45| 2509 39 | 98.44 .
' 2509 1 1386 ‘94.56] 182 =% XXTX% ‘ B CT
“avg. | 25ee | i3z | ea.t7]| 132 | a2 | es.18| 2566 | 42 | e8.32
5 |.2748 | 124 | 95.56] 1186 34 76.69] 2708 | 34 | 98.79
270b | 120 95.56| 116 31 | 13.28|- 2709 | 31 .88.88
2709 | 198 | 96.90| 116 34 79.69| 2709 34 98.74
- ‘ ] 118 | 349 74.14| 2748 34, | 98.89 o
\ ‘ 116 - |["“ 22 | 81.,493]| 2794 22 | 99.190}) " . -
e 118 21 16.72| 21499 27 | e9.40
. 146 . |- 22 | 81.03| 27609 | ‘22 | 99.19
‘avg.| 2700 | 118 | 95.89| 116 | 29 | 75.34| 27a@ | 20 | 08.94
6 | 1740 °] 104 93.88) 198 |- 12 .| 88.89| 1700 | 12 88.29)
: 1749 .| 1088 93.65] 108 6 94.44) 1760 | 6 99.65
- o ] 108 8. | 92.50) 1799 | B 99.53
198 12 88.80] 1740 | f2 | 00.29
: LI 6 |.04.44] 1749 6| 99.65
[ . 1a8 | 1e 99.74| 1740 | - 19 | 99.4%
, . L e ; 198 12 .| 88.89) 1748 | 12 | 99.29
o o 3 | 1#8 |. 12 .| 8s8.89| 1784 12 | 98.29
' ’ 198 17 89.81| 1788 | 11 | 990,42
Avg.| 1708 | 198 | 93.76} 198 | 14 9g.84| 17090 | 19 | 99.41]
. . _‘ . ‘- . ., . ' i . . v +
7.} 474@ | 124 | 97.38] 128" '16 | 87.5@ 47«0‘1' 16 | 99.66}
‘ 1-47aa | 132 | 97.19] 128 | "186 87.50| 4764 || 16 | 99.66 ‘
"] ava@ | 132 | 971.19| 128" 12 |.9#.63]| 4700 12 09.74 v
. -}, 4708 j'g[' 97.28) 128 |' 12 . | 99.63| 47940 12 | 99.74
. N 128 1@ ) 92.19) 4769 | 16 | 99.79
S 1128 19 | 92.18f 4766 | 19, | 99.79 R .
;128 12 1.90.63) 4749 | 127 | e9.74} -
: . T T I T 1 ' N
CAVR. | 4796 | 128, 97.26{ 128 112 | 9v.18| 4740 | 12 .| 09.73
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. " . ‘ A * R ‘ T
Run - o Clarffier "o | Filtgr . 't - . ' .Overall’
# | Pre | Post } % . "‘l‘ré \‘1, Post . % ] Pre | Post | 'x
‘ . o : o b A B )
1@ | .04a@ | ‘769 | £7.33| 149.| .60 . |~91.89| 6edg | ey | e9.@0} . .,
‘ egag | 17236 | 87.33 744 | 54 | 02,79| 6099 54 | 99.1¢ S
6Aqa 1536 | AT.A@] 744 59 92.93| 6gdg 59 | 99.@2
egag ¥ 7180 | 8T. 04| 740 61 91.76) egog | 461 88.98] -~
“eRd 734 | 87.83 R A " -
| edva esd | 89.17| " ‘ ‘ T PR R -
pe—— . ‘ . Set— ' AR
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9 | 9edd. 910 | 96.52] 1149
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. | 9aag 1364 85.70) 1144 20 91.72] dega | 20 | 99.73 L8
‘ 9000 | 1394.]| 86.42] 1149 26 | ‘97.72]| sedg | ' 26 . 99.73] '
> | : o 22 98.67| 9607 22 | 99.71
o PR 24 | 07.89| 9690 24 99.175
;Avﬁ.l 9607 | 1146 | 88.12] 1144 | r25 | 97.97] 9660 ‘| .25 | 09.74 ‘
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A1 | 5ae@ | 1364 | 72.84] 1368 | 124 | 94.88) 5000 | 124 97.52
3 saag | 1324 | 73.64] 1360 | 110 91.49| 5@dd | 116 97.68
saag | 1249} 15.24) 13060 | 112 91.76| 50¢9 | 112 | 87.76
A S5ae@ | 1449 | 71.24| 1368 | 112 | 81.76| 544@ | 112 97.78§ .. |
: . o 1364 | 96 | 92.94] s60d [ 96 {-9s.g8] -
. 1369 | 96 | 92,94) 5068 | ‘96 | 08.08 c
: 1369 | 168 | 92.66] 50806 | 148 | 97.84 v
* ' HE | 1369 } ‘t@2 | 92.5¢| 5044 | 102 97.98 .
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4.2.1 ‘f”Ahalysis of Variance:'Run #4. and anv#s

Post' clarifier sphere counts: . . Y
(a)‘hull hypotheels Hd; Ul = U2
L ‘8
(b) Computation: . .~ N
s § anova - o

Treatments
‘Er}orsg ¢.25 1 1,46
Totals 1.556 5

il

(<) Since RV 4 (a=o0. 05)§~m?7 71 is leSS than 20.68

reject the null hypothesxs4

Fl 4 (a=0 01) = 21 21 is greater than 20.68
’

“therefore accept the null hypotﬁesls ('
. 1(d) Concluslon. The total % of latex. sphere removal in

the clarlfler between Run #4 ‘and Rgg?#S is not the same at

&
v B

. the 53 levég of 51gn1flcance.

: The total % of latex sphere removal in

the clapifier between/éun #4 and Run gs 1s the same at the 1%

¢
.

. : L/
Yevel of significance..
VAR S v "

o ' ' : "

Post filterjbphefe éopnts:‘f

I

- (a) Null hypothesis . H_: U '= U,




ANOVA
4 m
S. §. ' af I M, S, | F
" Treatments’ 86 38 ) 89 .38 4.47
Errors /I126.05 7. .| 17,98
Totuls 206.217 8 ( .
- / » " . | . .M}
3 . | s .
%c) Slnce F (a=0.05) = 5.59 is gre%éer than 4.47
1,7 . . .
accppu the null hypoth¥gis. v . -
. " .\ . B B
5d) Conclu51on. The total % of latex sphere removal in
: ¢
the filter between Run #4 and Run #5 is the same at’ the 5%
\ '
level of 51gn1fLE§nce. . _
‘ / (
. !
r
' ! ' o
_4.2.2 Two Way Analys1s of Varlance
Runs 47 and Run #8 vs Run 29 and Run 110 R
. - ' ' r -

The relatlonshlp of the chemical doses used in runs are!:

)

| Q.
. Low. Alum High Alum
N . . R ‘ \
Y b . Low Lime ‘Run #16 _ | Run“#9 L
,'" - 4} N .
* .
' : ) Y . " . N . ' K \ ' - '
. ligh Lime | °. Run #8 - ‘Run #7
AL ; e e o
° + ' H '

s b «.:.“. ; .
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Post clarifier sphere counts:

(a)‘Null hypotheses:

(1)

Ho:

Ul

1}

U2

71

(ii) Ho: There is no significant interaction

between the independent variables
) .

i

r

(b) Computationq

S S I df M. S F
Lime 394 1 394,94 25,95
Alum ¥.480d 1 ¢.aay a.du
_Interaction 156 1 1.456 g.M4
Error 24,157 16 1.510 / ' )
Jotal 416.566 19
na \ -
| ‘ \ °
(c) , Since Fl 16(8@=0.05) = 4.49 is less than 25.95 reject.

"

the null hypothesis for lime '

at the 5% level.

the removal qf latex spheres in the clarifier is not

Ascept the null hypotheSis for aldh sipnce 4.49 is

reater than 0.00.

~

Ay

Acpept ‘the null‘hypcthesisvfor’the interaction since

49 is greater than 0.96.

(d) Conc;us;on.

i
.

l

~

the removal of latex

'!

-

.

)

The effect of varylng the llme dose'on

P

A

spheres in the clarlfier is 51gn1f1cant

v _g .

.

*

PN

The effect of varylng the alum Hose on

51gn1f1cant "at the 5% 1evel

b

1

mﬁaii§%$$ﬁ»a 2

a

-~

\

There 1s no 51gn1frcant—fnteractlon o

-

-

P

ELUC

%

°
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(within the limits of experimentation) between alum and lime
dosages in the'clarifier.
Post filter sphere counts:
(a) Null hypotheses:
(1) Ho: Ul = U2
(ii) ho: There is no significant interaction
between the-independent variables

(b) Computations:

. N - ANOVA
S. S | df « | M.S | P

Lime 63.675 | 1 | 63.675 | ~52.98
’ Alum ' 220.326 | 1 ' 22a.$26 181.31
Interuction | -38.351 _ . ~38.351 | -29.41 _
Error . 245.241) - 21 1.202

-t Totul 270.893 | .24 |
. L!--!----J 5
" (e) since F, ., ¢a=0.05) = 4.32.and is less than 52.93,
. . Ay
183 31, and 1-29“41] reject ‘the null hypotheses.

(d) Conclusions The effect of varylng the alum and llme

e

51gn1f1cant at the 5% level. S ) “t. Y

'(/m 't Fllter performance is, affected o
51gh1ficantly oxe to some 1nteractlon *between the alum and

-

»

llme dosages.

4 2 3 ff ANOVA Summary
Vo ’ : ' L4

: From Run #4 and Ruh #5 the removal of the spheres 1n the

filter is the same 1n both runs at the 5% level of
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significance and the removals in the clarifier are not

f

slgnlflcantly different at the 1% level.
:‘) .
The two-way ANOVA indicates that thhln the parameters”

of thlS experiment the effect “of ‘increasing the lime dose in
the clarifier from 0 mg/L to approximately 200 mg/L is

- significant in the removal of latex spheres. An examinatlon
of the data shows that the addition of lime in Runs #7 and #8

produced a clarifier effluent that had a greater percentage

o~

of spheres removed than when lime was not added 'By

comparison, a change in alum dose from 5 to 45 mg/L d1d not

51gn1f1cantly affect sphere removal in the clarlfler The

\

ANOVA shows that the effect of the addltlon of llme was far

more slgnlflcant than that of alum in the removal of spheres

’,

So powerful was the effect of the addltlon of llme that any’

effect produced by the change in alum dose.was completely

»

overshadowed An 1nteract15h-between the alum and llme
effects:could not be detected at the 5% level of

s1gn1f1cance. ' S .

Two»way ANOVA 1nd1cates that the effect of varylng the

illme dose from 0 to 200 mg/L was srgnlflcant in the removal

-z -~

of latex spheres 1n the fllter. Examinatlon of the data shows

Athat the best fllter removais occurred when hlgh alum and ]

]

zero- llme ‘was used Also the effect of a change in alum dose

was more s1gn1f1cant in the‘étlter than the effect produced

by the addltlon of llme. There appeared to be" 51gn1f1cant

l neqatlve 1nteractlon between alum and 11me in the fllter. The .

x ANDV uggests ‘that W1th1n the- parameters of thxs experiment

P

'vthat the presence of llme 1n the carryover fron the qlarifler

i 4«*¥~.~

-2



decreases the. abllity of the fllterjmedla to remove . latex
spheres. A change was made in pllot plant operatlon that is
‘worthy of some conslderatlon Whenever llme was used
recarbonation,was necessary in order to lower the pH to
between 8.2 and 8.4. This procedure,simulateslfull scale
Qperation. When' alum was used alone, pH adjustment by |
recarbonation was not requlred 51nce’the filter effluentth

»

ranged from between 7.3'to.7.7. If partlcle attachment to’ the
filter media is pH dependent then the best removals’ might be
expected at the lower pH where a higher concentration of
posxtlvely charged alum species may be found The best
-"removals were 1h fact observed in Run #10 1n whlch the -
hlghest alum dose and zero llme was’used resultlng an the
‘lowest pH Better alum complex formatlon was . expected at.
lower Water»pHs..The.high pH experlenced w1th the addltlonkof
lime mlght have hlndered ‘alum floc formatlon and therefore .
produced predomlnantly non-gelateneous weak floc that would
‘not be easxly captured w1th1n the filter bed However,

. addltlonal work is needed in order to more clearly determlne

the rélative effects of the addltlon of llme ( and pH ) w1th'

- - KY ‘4 D.\f

-

respect to.partlcle attachment and fllter performance\\The
results of this experlmentatlon suggest that separatlon of Lo
a f"the lime softenlng and alum coagulatlon would result 1n‘? _Ef fi‘
;jr’\" 1mproved fllter performance.- ST ot ‘-‘,C o
;g'A_ 4. 2. 4.;" Sphere Slze Dlstrlbutlons o 7\5, : ,;_r.“f}ji; :

'5As the spheres were enumerated they werevcategorlzed

‘s1ze ranges..mhe raw sphere counts and 51ze rangej
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breakdowns are detailed in. Appendix I. Figuré“8~summarizes

., the clarifier effluent sphere size distribution results on a-

run—byérun'results. Figure 9 summarizes the resﬁlts from the

filter. A series of ANOVAS ~were performed on the raw sphere
counts of each : ‘run w1th the object of comparlng the percent
removals in the 6 um - 8um range with the 12um. - 14um range in

order to determlne if the‘dlfferences that appear on the

graph are: 1n fact 51gn1f1cant A bnref summary of the ANOVA .

results-appear below 1n Tables 7 and 8. The means of the

percentage rempvals 1n each of the size ranges ..@ lfl

were assumed to be . equal if F was less than F (a=0 05)

vl,v2
CER

Although there were. a few exceptlons, 1n general the

.

' percentage removals of'6um - gum spheres in. ghe clarifier and * %

the filter were s1gn1f1cantly dlfferent than the removals of . Ca

- the 12um - 14um sized spheres. An examlnatlon of the data

from the graphs show that the larger particles are more

eff1c1ently removed If entrapment by a sweep floc 1s the
‘ .

prlmary mechanlsm of remoVal “in the clarlfler then a 1arger‘v

s

partlcle would have more- opportunlty to be captured The

L abllltV of a fllter medla to more eff1c1ent1y remove larger R

. »
,partldles as opposed to smaller ones is to be expected The T

'data in Flgufe 9. also emphaslzes that an,lncrease in passage

‘;cvst are able to deform, ‘since a reductlon 1n the effectlve o

'area perpendlcular ta the strl“
. : 2

the passage of smaller particles.‘.’

flow rine 1s equlvalent to
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4.2.5 v Partlcle-51ze Dlstrlbutlons
The results of the Coulter Counter analyses are
‘presented 1n Flgure 10 to’ Flgure‘ls. A channel Vs i
partlcle-81ze chart can be found 1n Appendlx III.
Figure 10 shows: results for the Coulter Counter analySLS

3 of the E. L..Smlth process stream samples taken concufrently K

L]

e w1th the-collectlon of the raw rlver sample water From raw
*

) water to fllter eﬁfluent there appears to be a general

reductlon 1n“part1c1e count in all the size ranges after each‘ '

stage of treatment.

The values obtalned from the E L. Smlth post clarlfler 4

(. 1i. e pre-fllter prlgr to recarbonatlon ) and post fll‘er

4

stages were used for comparlson in order to gauge pllot plant

ot performance..

Flgures 11 and 12- reflect the clarlfler and fllter e

performance of Runs #4 ‘and #5 respectlvely Removal ‘of, - le
’ .

partlcles 1n the 1arg1a cyst 51ze range by the clarlfler.and iip:

SRR

fllter of the lab-scale plant‘ls not as Eff1c1ent as that\of

g;the full—scale plant. A hlgher 11me dosage was. used and thls ~.v;~
. ‘ ] ;' ' .
N \\

‘produced addltlonal 11%% carryover ln the pllot plant S

“»\

lclarifier effluent Slnce the sollds loadlng rate on the
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In Figures 13, and 14, the pilot plant'clarifier dppears

*

to be more efficient in particle .removal than the full-scale
& LA -

operation. Hdwever, no lime was added during these runs so
that this result more likely reflects a Iower‘suspended solid
content ( due to the absence of lime floc ) than more -n

eff1c1ent clarifier behav1our. The pilot fllter in both of .

these runs also appears to produce a hlgher quality effluent‘

'wlth reSpect to the quantity of particles. Thls may be a'

‘ functlon of the: lower quantlty of partlcles in the 1nfluent

or#of better filter performance

4.2.6 Particle Slze Distribution Summary

Comparlng Flgures 15 and 16 w1t§ Flgures 13 and 14
1nd;:ates that the large varlatlon in the quantlty of
particles that are found in the clarlfler effluent is
directly related to the)quantzty-of lime floc produced. In
the absence of lime the particle count in the pllot plant
clarlfler effluent is lower than what was found in the
samples taken from the full —-scale plant. On the other hand
when lime was used, the particle counts in the pilot plant

samples were hlgher than those taken from tHe full-scale

plant. Because the partlcle—51ze dlstrlbutlon in the

clarlfler is strongly related to the quantlty and type of

chemlcals applled in pre-treatment 1t alone cannot act as a

reasonable 1nd1cator of sphere or cyst removals.

Anjexamlnatlon of the partlcle—éYhe‘dietribution of the

\

filtered water by itself shows a similar limltatlon in that

the partlcle count in the effluent is a functlon of the

o
B
&
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‘cyst size range wlth percent removals of spheres 'W\

“ ‘ BT . 8g "

A .
"o

quality of the influent. Fdrthermore observ1ng very,low
u
|

numbers of partlcles in the Glardia size range does not

necessarlly guarantee low cyst concentfatlons A more - 4
. \\ N
liable 1ndlcator of the effectlveness of flltratlon would
R N
be to compare percent removals of partlcles ln the Glard;a

0

, ! |‘. ' ' . \. v
‘ . vl n o v
. a ' s . s . NN }
2.2.7 Particle Reémoval vs Sphere Removal in the Filter

. : A . |- ‘
A comparison of the percentage of péfticles remoVed in

(-\‘ ‘

the Giardia cyst slze range (derlved from the' Coulter Counter

)

data) versus sphere removals appears 1n;F1gure 17.‘The

results show that the percent remoVals of latex spheres

increase with the percent of paqtlcles removed in the cyst

‘Slze range. When greater than nlnety percent of the

partlculates are removed more than ninety percentﬁﬁf the

spheres are'also removed. Additional runs are needed to more

clearly define this relationship but from this data it

\
appears, that measurlng the. percent removals of partlcles in a’

filter could be a useful dlagnostlc tool in predlctlng the

)

removals of Glardlg cysts.

’,
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©4.2.8 Turbldity vs Sphere Removal in the Filter

The temptatlon to relate low cyst concentratlons to low

' turbldlty in the flltét effluent is strong because turbldlty

L]
measurements are performed routlnely at most water treatment

fa0111t1es. An effort has been made by some researchers to
predlct a mlnlmum .turbidity level in a properly operated
water treatment plant below whlch the flltered water would bg,
free of yiableé cysts.v'

‘

The results from thlS experlment show no clear\q

relatlonshlp between the lowest filter effluent turbldltles
«and the lowest sphere concentratlons For 1nstance, the data
' glven in Table 10 shows that the lowest, overall sphere count
was observed in Run #4 when the effluent turbldlty 3.0 hours

into the run was 0. 24 NTU. The next lowest sphere count was"

“'observed ‘in Run #7 when the fllter effluent turbldlty 3. 0'

hours into the un was 0.13 NTU. The highest sphere count was
‘ . =

found 1n Run-#9 len the filter effluent turbidity ﬁ%s‘o .22

‘ .
NTU. Therefore, w__h;n_the parameters of this: experlmentatlon

the lowest- turbldltle are not an absolute 1nd1cator of the‘1

lowest sphere or cys concentratlons. 'S 2
7 ! i ) . " e

Py
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4.2.9. ¢ General Observations

\

\ LI p—

-In run. #11 raw river water was\g:ocessed through the

pilot plant in the absence of eithe lum or lime. The

clarifier -data in Table 7 shows that th1s resulted in the
'lowest removals of\latex spheres of all the runs.‘Removals in

the filter were higher and were comparable with the low alum
s ' “
dose/zero llme dose results observed in Run #9. !
/\

vRendtdorff et‘al ( 1964 ) has determlned that 1t takes
between one and ten cysts 1ngested orally to successfully

k‘\uafect an adult male. ThlS very low threshold for 1nfection '“
: W

places an enormous burden on a- water treatment facility to
\

remove or 1nact1vate as many cysts as p0351ble. er hundred
percent remoxals would of course ensure safe drinking wat?f

but in actual pracalse 100 percent .removal of cysts 1s never

« 5 S "
achieved. Determining what percentage of cyst removal is

‘adequate is dlfflcult because cyst concentrations in natural -

sur;ace waters are largely unknown. There are two main

LI

Ireasons for this Flrstly, the state- ~of- the art methods of

ﬁtyst~c6llection and 1dent1f1cation are Stlll 1heff1c1ent and'
|-

- time consuming. Even if cysts are 1dent1f1ed thelr detection
often- occurs after the 1nfect10n has spread Secondly,
w1tfbut know1ng the source of cyst contamlnatlon an esgtimate

6 ' . \
of their actpal concentratlons in the raw water cannot be
. made. The best approach to the problem then 1s to optlmize
"; the performance of a water treatment plant in order to

.achieve the: hlghest overall removals of,cysts p0551b1e. . t
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Filter Effluent Turbldit‘i(‘m”and' Overall Sphore vRen'm\vn"lu
. " , ) . 4 \l q
“ ‘ : Run # 7 Filter . Effluent Filter Effluent '
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5 6.25 116 .
T .13 )iza ‘ i
o ‘ ‘ N
" i v /
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P ‘
Overall cyst removals are a comblnatlon of clarlfler and

filter performance In thms study, the best removals ‘of

'spheres in the clarlﬁger were observed when 11me softenlng‘

was employed The effect of u51ng alum in comblnatlon wlth‘

"

lime produced no 81gn1flcant reductlon in sphere L .

concentratlons. In the‘fllter the best removals were

Y.
observed when lime ‘was not used concurrently W1th alum 1n

pretreatment the pre-tééatment step.. Therefore the evldence

suggests that a decoupllng ot the 51multaneous addltlon of

these two chemlcals could lead to an overall 1mprovement 1n‘

sphere or cyst removals ‘

\
N~



. . 5. CONCLUSIONS:

o Pl
' . ’ N '
+ v | N
R .

'With respect.to the laboratory‘techniqueg - .
Al ‘ ‘ v
/ ‘ SN—

‘(1) Polystyrene d1v1nyg‘p n ene latex spheres can act as a

practical surrogate for Glardla lamblla cysts in a SpelelC
water treatment environm ht

‘(2) A theoretlcal limit/of 100% recovery of the spheres is .

”

p0551ble wlth vacuum flltratlon that was developed Thls‘
alleviates the probLém of fllterlng and centrlfuglng large i
/

sample volumes in order to collect enough spheres for

: / Co A : ‘ ‘
enumeration. . / oL : Con -
. / ' o . , o
' . /e . =
(3) Epi-fluoescent microscopy 1s .a useful tool for sphere®
- . ' ‘ / . . i ‘ ! ) ‘
.enumeration because the spheres fluoresce in a characteristic

manner. Thts/allows them to be readlly 1dent1f1ed from the

n

other partdculates 1n the treated water

A

" (4) The p0551bllity of u51ng DVB styrene spheres as a.

/

/

"

'substltﬁte for measurlng cyst removal eff1c1enc1es 1n a

full -scale fac111ty exlsts. Clearly, llve cysts could not be

) : ~ e
Suszd for such testlng because of the’ danger they pose to‘
Pyl 11c health. ’f‘“ S L ‘».‘ o ”

,/ o . .o '

,With)reSpectftovthe‘Iaboratory scale pilot plant testing:

(1) Spheres 1n the 12um to 14nm range are more effectlvely

flltered than spheres 1n ‘the Gum to 8um 51ze range.

Therefore, larger cysts that are able to change shape due to

Cow

94 » :
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| g r

'the flex1b111ty of thelr cell walls have an 1ncreased

t;steps are separated 51nce better alum complexrhg of the -

”spheres would result at a lower pH._

S

spheres removed and thls can prov1de a useful dlagnOStlc tool

‘performance can be 1mproved 1f the sttenlng and coagulatlon

‘-\

potentlal to eScape/;emoval by flltratlon

(2) Lowest\effluemt turbldlty and lowest partlcle count in
Qhé 1aggla byst slze range d1d not necessarlly correlate'
W1th the lowest sphere concentratlQns.\The measurement of
turb1d1ty however, 1n the absence of a ‘better technlque is -
Stlll an useful par%peter for gauglng fllter performance if
1ts 11m1tat10ns are recoganed«

(3) A correlatlon wts demonstrated between the percent of

-partlcles removed in the Giardia cyst size range and percent

[

for measurlng fllter performance.

(4) Clarifier performance in the removal of the latex spheres

~improves slgnlflcantly with the addltldn of ca1c1um

- r— -

hydrox1de. However addltlon of ca1c1um hydrox1de appeared to

‘reduce the effectlveness of alum in the removal of spheres in

the flltesfwThe ev1dence suggests that overall plant

,'\ .

Coie
S
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6. RECOMMENDATIONS 7

. C 1

(1) The pOSSlblllty of usrng a Giardia cyst surrogate to

measure the performance of a\full scale plant w1th respect to

oyst removals should be further 1nvestlgated An 1mprovement

Al

v

i

to the reCOvery and enumeratlon technlque could be 'made by e
. :

A

N
Kv
-,

~ . . -

(2) The interactive effects on sphere (' and cyst‘)‘removais

‘ pf using both alum and lime 51mu1taneously in pre= treatment

L
should be further 1nvest1gated Ev1dence fro% thls study . v
lndlcates ‘that- concurrent 11me softenlng and alum coagulatlon :

1s detrlmental to the ablllty of the fllter to remove G;ard;g
lambllagzed spheres

N . R -
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Appendix I

© Summary of Latex Sphere Counts During Experimentation

1. Abbreviations
&a) Sample Ports: Bl and B2 refer to the raw water

storage barrels

3.refers to the post cLarifier location

refers to the post filter locatlon

F-N

"t " refers to the count after
-] ‘

: p q
correction has been made for the dilution factor and/or the

3

background count

2. Sample Calculations

]

(a) Dilution: Liquid alum flow rate 46.5 ml/min

82.5 ml/min

Il

Liquid 1ime flow rate

Raw water flow rate 822.2 ml/min

Dilution ratio = (822.2 + 46.5 + 82.5) | _.
- | 822.2 N N

= 1l.16 ,
0O

(b) Background éount Calculations

:h = Prlor to d051ng the rdw water w1th latex spheres

samples were taken and analyzed for particles that could be
confused w1th latex. spheres based on size,- shape, and
fluorescent characterlstlcs. The follow1ng, using Run #4 data

shows how this count was obtained and dlstrlbuted downstream

-

Raw water background . = 1 per 10.00 m1.  --

i = 100 per 1000 ml.
el arﬁ-'

B
]
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Post clarifier background = Raw water backgiound X

(avgi post clarifier count / avg. raw water count)
. r

o . = 100 x§§az/2500 e D
h ‘ ™
. = 5 per 1000 ml. or ' .
Yd b 3 “
i 2. 1 per 250 0] ml Y,
! CR ,
Post filter backgrouné) =,Post clarlfler background

X (avg. post filter count / avg. post, clarlfler count)

=5 Xx 4/132,= 2 in 1000 ml

(c) Redistribution ( or Bl') Calculations

(Count in size range - ( Background cbunt.x ‘”

Count in size range/ Total count)) / Dilution ratio

(i.e.) m-gm = (1 - (1 x 1/32)) /1.16‘=‘0.84
' ‘ ' : .= or 1
< (i.e.) © 8m-10m = (13 - (1 x 13/32)) /1.16 = 10.85
| e B | = or 11
(i.e) *Idm—igm - 13- a X 13£32)) /1.16 = 10.85
. ) ‘ | | = or 11
(i.e) 12m-14m = (5 - (1 % .5/32)) /1.16 = 4.16

'(d) Calculation of the % of Latex Sﬁheres Removed

Poét Clarifier (tota1)~= (1’— Avg. 'total clarifier'count/
Avg. total raw water count&% X 100%

=(1-198/5800)x%100 ‘

98.29%.



103
Post Filter (total) ~ = (1 - Avg: total filter coupt/
Avg. total clarifier count) x 100%

=(1- 9./ 198 ) x"%100

r
[

90.91%.

il

overall ftotal) (1 - Avg. total filter count/

~ W : d Avg. raw water count) x %100
=(1- "9/ 5800 ) x %100

99.84%.

(e) The values given inside the brackets represent tﬁe
distribution ofjparticles‘that'waé expected based on the
panufacturer's specification which is presented in Appendii

" III. The actual dlstrlbutlon dlffers in the raw water count
due to the pipetting technlque Further on, downwstream the
‘dlfferences are due to the mechanisms of removal. The
bracketed data 1s presented for 1nformat10nal purposes only

“and was not 1ncluded in-any other calculatlons.

L} -~



Table No, At

104

b A’S\
L !

Lime = 88.9 mg/\ -

"Run #4 Alum = 14.9 mg/l,
Sample Sample Number o( Later Spheres Coﬁnled'
i Stze - — ~
Port (ml) Su-op - “Bp-1ap 1ap~12p 12p-14p | Total
nity, | 1a.aa 1)) agra)| aa(is)s 5(2)1 3zt
PL 19.a09 () 11(13) 9(13) 4(1) 28
ni “is_la.na n(2) . 10(13) 19(14) 5(1) g
B2 tq9.aq . 6(2) 16(13) 9(14) “5*1) ag
B2 9.4a9 5(2) 11(14) 19(14) 5(1) 3]
Bz ’j&f" 4(2) 12(14) 11(19) a(1) . 31
Pilutlon = 1.161 Background Count = 1 per 16.44 mi .2
;B 1a.00 [ 1(1) 11(12) 11(12) A1) 20
ni° | 18.an a(1) 9(19) 7(11) 5(1) 24
Bt | 19.99 5(1) B(11) 8(11) 5(1) 24
n2° 19.494 6(1) 8(11) 7(11) 5(1) 24
p2’ 19.a9 5(1) C9(12) 8(12) 5(1) 26
B2’ 16.4ag 4(1) 10(12) 0(12) 4(1) 20
Avg. 14.aq 4(1) 9(11) 8(12) 5(1) 25
Avg. | 190}, | 48a | 49an ‘ 8aa | 5989 | l25ﬁ01$
3 2509 19(2) "11(14). 7(15) a(1) 3z .
3 .| 25a.4 12(2) 15(16) 5(16) 3(1) 35
"3 ‘| 2584 12(2) 11(18) 8(16) 4(1) 35
w ) ‘ Background Count = 1 per 2590.4 ml].?
3’ 250. 9 19(2) 16(14) 7(14) 4(1) 31.
3’ 25a.9 12(2) 11(18) 8{16) : 4(1). 33 |
3’ 250, 9 12(2) 16(15) 8(1e),. a(1) 349
— : O .

v - ) . r L
A%g.- 259.49 11(2) 11(15) 6(15) a(1) 33
4 16(21) .1 J1a(2a) 5(2) 45

s 4 1daq 7(2) 15(18) |’ 14(19) 5(2) 41

4 1d00 (1) 8 (6} . 5(8) 81} 3+
Q'Buckgidund~cOﬁnt‘- 2 per 1004 mi.!

'y e 13(2) ae(21) | 1atzz) [ s(z) [ 43

4 1900 7(2) ©15(18) | 14(r9) . 5(2) 41

' 1968 1 3 | sy 41 8E) 15

"Avg..

14949

15(2) |' 15(19) |«;13(21),|“

% of Latex Spheres Removed

5(<1) | 42

Past Clarifier | 89.00 05.11 | e2.50 | 96.80 | 94.721
Post Fllter 65.91 | “e5.91 | 78.33 | 68.15 | 68,181
Overall, 86.25 | 98.33° | 908.38

99.69 .| 98.321
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fAblé No. A2 ‘ ‘ ! ‘
Rnn #95 Alvm = 15.6 mg/L . Lime = 89.9 mg/L
Sampla Sample Number of Lntex -Sphéreo Counted
, Slre : , :
Port (m)) 8p-ap ‘Ap-gapn 1ap-12p I2p-14p Total
n 19,00 2(2) 11(14) |11 (15) ‘8(1) |- a2
ni 1a.qa 5(2) 11(14) 1a(15) 5(1) 31
(LTI ia.aq " 8(2) ~A8(13) | a(14) 8(1) g
n2 108,00 7(1) 8(13) 8(13) 5(1) 28
n2 1a.08 7(2) 13(18) 12(17) 4(1) . 360
nz C1e.08 6(2) 12(15) 18(15) 5(1) 33
Dilntlon = 1.18 Nackground Connt = 1t per 16.4¢4d ml. 
nr’ 19 ag 201) f(12) 9(12) 8(1) 28
nte 10.aa 5(1) ‘9(12) n(12) 5(1) 21
nt’ 19.09 5(1) 8(11) "T(11) 8(1) 28
p2’ 1a.aa 7¢1) 8(1a) 8 (11) s(1) 24
na’ 1a.an 7(2) 19(13) | e(14). - (1) 1)
B2’ )a.aa 6(1) 1a(12) 7(13) 5(1) 28.
| ave. | 18.aq 5(1) o(12) | aciz). | s(n) 21
Ave. | 1ews | ses | o@a |  sag | ses | ‘214
a’ 280.9 4(2) 19(13) | 11014} 5(1) Y
LY 25a.a 8(2) 9(13) 12(14), 1 ' ag
3 288.0 5(2) 11(12) 11(12) ~ 1y ] 21
| Background Count = 1 per 256.0 ml.
B AN LU A(2)  19(13) 11(13) 5(1) g
3 250.0 8(2) 9(13) 12(13) 1(1) LY
3" 254,49 5(1) 11(12) 11(12) 1(1) & 21
Avg. 25a.49 6(2) 19(13)  11(13)  2(1) 29
Ava. . 24 a9 49 g " 116




i
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" " ” *
‘ ‘ / Table No. A2 (contlinued) o :
Run #5 : Alum = 15,6 mg/L Llme = 89,9 mg/L
Samplte | Sample " Number. of J.atex Spheres Counted
Size ; — -~ ‘ : -
FPort (ml) Gp-8p an-1ap tap-12n IZH"14“ Total
4 jaga 19(2) 14(15) B(16) 2(1) aa
A 1aaa 11(2) 1a(14) | s(ra) 2(1) 3]
4 1999 9(2) 15(15) | J(16) a(t) 34
4 1804 11ge) 11(13) T¢14) 1(1)° 21
4 1900 8(1) 1a9(14) aga) 1(1) 22
© A 1000 A1) 12(12) 6(12) 1(1) 217
y RE.LL 7(1) B8(14) 6(14) 1(1) 22
i ) : '
Background Count = 1 per 1648, ml.
a* | 1ade T1a(2) 14(15) 8(15) 2(1) a4
4 |- 1000 11(2) ta(1d) | s5(149) 2(1) » 31
4’ o 14a4da 9(2) 15(15) 7(15) (1) 34
1’ jaaa 11(2) 11(13) 7(13) 1(1) | g
4’ 1aaa a(t) 19(9) La(le) 1(1) 22
4’ 1ada A1) 12(12) |- 6(12) 1(1) - 27
A% 1999 T7(1) 84(9) 8(19) " 1(1) 22 |
Avg. ' 190G | 9(2) | 12(12)»| 6(13) l', 2(1) l 29
» N ! 3 ‘
% of f.atex Spheres Removed: - S
Post ‘¢lartffer * 95.2“ 95.58 04.50 98.67 95.09
Post Fllter 62.54 16.a4 86.36 75.00 ©15.34
Overall 90.20 98.68 99.25 99.67 " 98.94
. [N ‘.(
) \
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Table No. A3 r
Run #8 ~ - .= Alum = 15.6 ' mg/L.  Lime ='87.5 mg/L
Sample . :‘inmp'le, . Number of (Lnt.ex Sphexres. Counted
Part (m1) | ap-ap -1 | 1ep-12p | 12u-14p | Total
i TR act) a(9) - 6(9) . 2(1) 19
B 19.040 2(1) 9(9) . 18(19) a(1) c21,
n, “1d.04 3(1) o o8(1a) | o1a(11) 2(1) 23
n2 <. 1a.am | 2(1) 6(8) 6(8) ' (1) ' 18
B3 fa. v a(n) 1a(11) . 16(11) . - 1{1) 24
L 19,9 2(1) . 8(8) C1(9) 2(1) ‘19
R3 10.94 "3(1) o 9(9) 7(18) 2(1) 21
Dilutlon = 1.14 o Bnckgrounq Cot;nt‘ = 1 per 19d.99 m).
e oweee | 3y (1) o A1), 2(1). |  1e.
NN Co1a. a9 2(1) "7(0) 8(8) a(1) | T
Nt 19.a9 (1) 6(9) 8(9) | 2(\1) .19
na’ 16.99 “2(1) 5(7) 5(7) 4(1). 186
Ra’ ©1e.00 2(1) < 8(9) B(9) 1(1) | 19
- Ra’ 10,00 2(1) 7(7) 5(7) 1(1) . 15
pa’ | 1atee ag) 7(8) 5(8) 1(1) 16
AVR." 1a.a0 | 2(1) 7(8) 8(8) 2(1) 18
AVR. | 1949 | - 294 | 7ee | .84g | 299 | 1849
' . - .
3y 254.4 . S§(1) "12(12) 9(12) . . 1(1) 27
3 2509 6(2) S11(13) - e{(1p) . 2(1) ‘B 29
T : - ‘ Baékgrto:ik;:;.d': 66;1)‘( s 2 per 250.9 ‘m.l.
At Lzse.@ c S(1) 1111 s(12) - 1(1) 26
3" . ese.d Coe(1) 19(12) 9(13) . 2(1) . 29
Avg. . ase.ac o e(1)  1e(12)  9(13) . 2(1) .21
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) o Tabie No.'An‘o(ennff)
Run #6¢ Aluam = 15,68 mg/L Lime = ‘ﬂ'|l~,5 mg/ I
T Sample Snmpyl\e ‘ " Number of Latex Spheres Counted
i Stze " —— -
‘ rort {(ml) Bp-ap AP~ | adu-g12p | 12zp-dap Total
a YT . 2(@) a(3) 1(3) a(a) 0
4 LY. 1 B a(a) 2(1) ) 1(#) 3
4 509 Coage) | 2(2) 1(2) aqa) 4
A 509 4(3) w(3) age) 8
' a aa 1(9) a(1) 2(1) a(a) 3
4 5049 1(9) -] a2y 1(2) g(q) 5
jaad (1) 8(5) 2(8) a(a) i2
. 4 1909 5 5(5) r2(0) a(d) 12
A igaa ( 6(5) 2(5) a(a) 1
) . Background Count = 1 b(;‘r 1906 ml.
a sag 2(9) 3(2) 1(3) a(a) 6.
4 500 . Coa(e) | 2(1) a(n) 1(d) 3
4° 500 1(d) 2(2) . 1(2) a(a) 4
1’ haa 2(4a) 4(2) g(3) g(a) . ] .
' saa 1(4a) act) 2(1) a(a) L3
i 5084 D 1(9) 3(2)" 1(2) a(g) 5
. 1 .. 1ana A(1) 8(5) 2(5) aCa)
A N L 5 ( 5(5) 2(5) a(a)
4’ aaa a1 6(4) 2(5) o(a)
) Ave. | 1eeY | am) | os() | 2(a) | e(1) |
: P % o latex Spheres Removed
: Post Clarifier | sa.@a . | 9a.71 | 95.58 16
.| Past:.Fllter ©AT.54 - 88.64 94.44. (84
A “Overall” . 08.58 | 90.29 09.175
AN S — - e vie— —

.

e



Run #7

, Table No. A4’
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”

Lime = 264, .8 mg/lL-

AVYum = 46,5 mg/lL
Sﬁm';vlv Sample g Nn_!n.\ber of Latex Spher‘es Counted '
Slre ‘ -
Port (m1) op-8p ap~1ap jap-12p 12p-14p Total
A M 1. 00 1a(3) _25(26) 22(34) 7(3) "84
‘ " 19.aa 1a(4) T 25(31) 24(31) 8(3) 4 o8
1Y Lia, a0 9(3) 22(2n) '23(29) -8(2) 62
Ry 1a.a9 T(3) ‘24(26)" 24(26) - 6(2) 6d
. P2 ha aa 6(7) 23(25) n8(25) 8(2) 55
N2 19.a9 8(2) 24(27) 20(27) 7(2) 59
na2 l1a.aa 6(3) 22(28) | " 21(29) 7(2) 62
Pilotlion = 1.25 ﬂﬁckgrquhd (':‘o‘nhti = 1 per 16.680 ml.
B 19,99 9(3) 19(¢22) | 16(23) | . 8(2) ' 5@
nl’ 1p.ad 9(2) 18(24) 17(25) 8(2) 52 .
“BI’ 19.4d4a B(3) 16(22) 17(22) 7(2) 48
) 14.04a 6(2) 19(21) 15(22) - 5(2) 45 ..
n2* | 10.49 5(2) 18(19) 12(290) 8(2) 43
n2’ tn.ag 7(2) 18(21) 14(21) L 7(2) 46’
p2’ 1d.a0 5(3) 16(22) 21(22) 6(2) 48
Avg. | 14.98 1(3) 168(22) 168(22) 1(2) _| 41
Avg. . | 1898 |T7w799 1889 | 1698 | ted | 4749
"3 _25a.9 5(2) 14(13) 14(14) 2(1) 31 .
-2 250.¢ 2(2) - 18(15) “11(15) 2(1) 33
3 260. 40 . 4(2) 14(14) 13(14) 2(1) 33
.3 250.9 4(2) 13(14) 13(15). . - 2(1) 7 3z
. : ‘ﬁnc(k';zépvbntl' len.t = 1 per 259.0"-r‘|l.‘
ar 254.9 - §(2) - 14(14) . 1e(14) | 2(1) T
L ar 25@.0 2(2) - 18(35)— " 11(15) 2(1) - 33
3’ 2580 4(2) - 14(14) 13.(15): 2(1) "33
3’ 254.0 4(2) 13(14) ©13(15) 2(1) 3z
Avg. 0 250.8 4(2) " 15(14).  12(15) . . 2(1). . . 32




7 110,

o Ve
. ' .
o | | ,
C  Table No. A4 (cont,) . . .
Run #7 S Alum = 46,5 mg/L LJM: = 2044.8 mg/L.
lSTnmrle Sample " Number. of Ln('ex‘W}
. Stze _ ‘ : i - —N
Port (mt) P ep-ap ‘| Bp-1ap | reap-12p 12p-14n | total
4 5009 a(9) L 2(4) S 2(4) 1(49) 8
‘A 500, 9 z(a) A(A) 2(4) . g(9) 8
A naa. @ 1(8) 3(3) 1(3)° 1(9) 6
1 5009 3(9) ' 2(3) 1(3) a(e) L8
4 599 .6 1.(9) 3(2) L 1(2) - e(e) | 5.
4 1000 2(1) s(4) | 2(s) (e 1a.
4 19000 2(1) 6(4) 1(5) g(e) |7 14
4 jaaq (1) 6(5) 2(0) S1(8) 12
—
Background GCaunt =@ per 106¢ ml.
a° - (all same 'as ‘above) ‘
a ! . . \ .
Avg. | 1008 3(9) | 6(8) 2(8) | 1(1) | . 12
~ % of Latex Spheres Removdd
E%%s@ Clarifler | 95.87 '96. 07 n7.a0 .| o8.88 | 97.28
~ Past| Fliter 19.94 99.09 - 95,83 B7.56 90.18
.Overall 99.57 99.67 . 99.88 99.86 09.73
| - ! . R ‘ .

y

il
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, e o ' Table No, A5 ‘
n&&~yn ) Alom = 5.0 ‘mg/L Lime = 203.3 mg/L
=~ —Aﬂ‘h- T
Samp be L Sample Number of fLatex Spheres Counted
) Stza
8 Port (ml) Gp-8p Ap-1ap | 19p-12p 12pu-14p Total
nt 10 . 9a to8(1) . a1(aa) 34(37) T7(3) 8d
Sm " 14.4aa (4, 27(31) 32(32) 5(3) 10
| ny na . ag S(a) "31(32) 31(33) 5(3) 72
w2 1g._aa. 6(4), ~28(33) 12(33) 8(3) 74
B2 19.0a4q T(A) 28(33) 32(34) J 7(3) 73
'nflnilnn‘= 1.25 Nt *Background Count = |} per 10,648 m),
pco e ee | O T(3) " 23(20) 26(29) 6(2) 62
e’ e ag 5(3) 2a(25) 25(25) a(2) 54
ne 1@, g9 4(a 24(25) 24(25) a(2) 56
- ”g" e, e S{ay “21(26) . 25(26) 7(2) 58
" 10.0@° 6(3) 21(20) 25(28) 6(2) 58
{ A = : ﬁ
Avg .t 149, aw (3) 22(20) 25(217) 5(2) 50
Avg | 19aa | SAd | 2200 | 25a0 | 500 | s584aa
3 LI D(5) 44(44) 37(45) 8(4) 98
k| 54a.a 1a(s) 46(44) Ja(aa) 4(4) 08
3 f9a.w 12(5) 13(48) 44(11) 3(4) 142
a faa.a 12(5) 46(44) 36(45) 3(4) - 917
: 2
'%'FH Background Count = 1 per #lo.0 ml
A 5aa.a 9(5) 14(44) 37(45) o(ad’s | 98
Car 500.4a 10(5) 46(44) 3s(an) (4% 98 *
U SAaa. 9 12(5) 43(46) 44(41) i(s) 142
3’ 5da.q 12(5) 46(14) 36(45) 3(4) o1
Avg. | sad.g 11(5) 45(44) 39(44) 5(4) 99
ry paa T
Avg | 1ana | 22 [ od | L 10 | 198
1 Aaa.q 3(a) 1(2) a(2) g(a) q
] 50a.9 2(a) a(2) g(2) a(a) 5
q 504.9 .2(9) 2(2) a(2) , g(a) 4
_______________ PR SRR PRI B IR, SR S
4 1aga 2(a). 3(4) 3(4) a(a) 8
4 1099, »3(0) 4(4) 1(4) g(9) 8
., teda 2(4q) 5(4) aga)’ a(e) 1@
.~ - h . Background Count = @ per 1669 ml.
e A" - ‘ X R
o \ ;% (nll. same as abovey
fﬂ“iaao |» a(9) | 14(4) | -1t | @) | 9
¢ % of Latex Spheres Removed
Pnst~;larlrler 05.60 95.91 06.88 98.4d9 98.29
o Po#t Filter< - A1.R2 95.56 1@ . a9 19d4.0@a 95.62
i%_vernl! : ®' 99.20 89.82 180.409 100.0¢9 98.85
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'Tnhle No, A6
Run 9 ! Alum = @g.@ myg/l, lnime =2 @,8 mg/lL
. - —
Sample Sample Number of Lateox Spheres Counted
Sltze -

Port (m1) G0y {p Bp=2ep | 1Ap-12p 120~ ap | Total
ni 16,949 5(3) 25(20) 2n(29) 1(2) 62
n 14,40 5(a) 19(27) 29(24) (2) 61
ny 19,49 11(a) 21(28) 27(29 . 3(2) 62
B2 1a, aa 7(3) 22(27) 27(27) r2) 62
n2 14,00, 7(2) 27(29) 28(ad) | 3(3) 65
Dilution = 1,43 ' Background Count = 1 per 14,60 ml,
n’ 1a.aa 5(3) 24(27) 27°(27) a(2) 8d
nt 10,00 5(3) 18(26) 20(27) 7(2) 50
LRI 19,00 11(3) 24(27) 26(28) 3(2) [
B2" 14,44 7(3) ° 21(25) 26(26) 3(2) - 59
Bz’ 19.808 | -17(3) T 26(29) 27(29) 3(3) 63
Ave. 19.a0 7(3) 22(27) 27(217) a(2) (Y]

AvR. | 1440 | 149 '| 2208 | 2100 | 4949 | s6eds

3 500.4 ag(z2a) 16G(173)] 172(178) 18(15) 386
ki L 2n(24) 162(168)| 1672(173) 17(15) 74
a - s54ad. a A1(2a) | “t4a8(172)| 179(1177) 18(15) 384
3 500 .4 Is(2t) | 156(183)] 185(182) 17(15) ane
a 160 .9 11(4) o 32(34) 29(35) aa) - 75
3 1080 .4 L 16(4) 23(34) 25(31) 3(3) .87
L Rackground Count = 6 per 5d9.0 ml.
"
(N nAg. A aa(za) 183(170)] 160(175) 18(15) Jaa
3’ 50G.9 28(19) | .159(165)| 184(189) 17(14) 08
ar S54@. 9 A1(28) 1143 (169) | 176(174)] 18(15) 318
3° 500, @ 38(28) |°153(174) 182(179)] . 17(15) Jogd
________ ) .—“‘--“-"‘ """“"“—“"'_‘ ‘““"“_-“/‘- "_““—‘-“-_ _—._“""_‘— _————-—-
3’ ‘10a.90 11(4) 31(33) 28(34) 3(3) 73
3’ 199.4 16(3) 22(29) 24(34) 3(3) 65

Avg’ '| 1aaa ' 9d(38) |‘29¢(329)| 320(339)' 36(349) l' 744 l
. —

3
4
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' Toble No, ‘AG (cont ) .
" Run #9 Alum = 46,2 mg/L Lime = .8 mg/lL
Sample Sample ‘Number of Latex Spheres Counted
Slze
Port (ml) Gp-np 8pn-19an 10p-12p 12pu~14p Total
4 509 4 T(2) 14(13) 8(14) 1(1) 3d
4 50v.d (1) 14(12) 6(12), 2(1) 217 {
A 1900 12(2) 29(206) 4 16(27) 2(2) 59
1 1aaa 19(3) 20(217) 2d(28) a(z) 61
I P )
Backgronnd Count = | per 1960 ml,
' a0, a 7(2) 14(13) s{14) | . 1(1) g
q° 500,49 5(1) 14(12) 6(12) 2(1 217
q° 1a0¢ 12(3) 2p(20) 16(27) (2) 59
%’ 1900 14(2) 28(217) 19(27) 3(2) (.Y
AvVR | 189@ | 12(3) | 28(27) | 18(27) | - 4(2) | 58
) % of Latex Spheres Removed
—
Post Clarifier a87.14 89.49 -88.15 92,50 87.74
Post Fliter ARG .67 B .33 - 85,00 \8'6.67 92.09
Overall 98 .29 98.173 99.41 09.00 99,43



.

)
114
. .
Table No. A7 :
Run Irl? Alwvm = 46,2 mgp/l Jbime = @'g Mg/l
Sample Sample Number of Jatex Spheres Counted
Stze . —_
Port (mt) Gp-Bp Ap~tan 1ap-~12p 12~ 1p Total
"1 1a.ag 9(6) AV(5Q) 52(51) 9(1) e
ni 1a.a9 9(5) aa(11) 15(42) a(4) ¢ 2
n 19,00 A(5) 11(49) 44(40) a(4) 79
m 19,080 7(5) .39(43) 42(44) 7(4) 95
n2 19,.a@a 6(6) T A(49) 5a(5a) 14(4) 109
n2 1a, a0 7(0) 49(49) 49(59) 8(a) 149
n2 10.a0 6(6) a5(49) 51(51) 8(4) 114
Ditution = 1,47 Background Count = 1 per 1W. 90 ml,
ny’ 1. a4a 9(5) 37(48) An(47) 9(4) 142
B 10. a9 n(4) .27(38) 42(239) a(a) A6
ni’ 1a.aa A(5) a8(41) 41(42) 6(4) 93
ne 10. a4 1(5) 36(39) S 39(49) 7(3) no
nz2’ - 10,00 6(5) 19(45) A6(46) |' 18(4) 141
B2’ 1A . ag 7(5) 45(45) 44 (46) A(a) 190
, nz' . | 19.a0 6(5) 41(46) an(471) B(4) 103
"o Ave., [ra.aa 7(5) an(43) an(48) 8(1) .+ A6
Avg. | 1aaa | 700 | agaa | 4800 | saa._-L-::::-.J
a 100, a a(5) 36(42) 46(43) | 3(4) \ 93
3 1a9.a B(8) 42(41) 53(49) 3(1) 106
3 1d0 . a 9(5) 42(49) 48(45) | --6(4) 07
/\ ———————————————————————————— R IO DR DI
1 Na .250.8 15(17) | 14a(142)| 148(1408)] 13(12) e
3 25@4. 4 22(18) 145(154) 160(158) YIG(IG)' 343
r 3 ' 254.0 24(117) 132(1438) 164(152)] 12(13) J29
E . - Rackground Count = 3 per. 25“.# ml.
3 1ga.qa R(H) a5(41) 45(42) 3(4) D ]
kD 196. 0 8(46) 41(47) 52(48)‘ J(4) 194
3 1ad.4a 9(5) 41(48) 39(44) 6(4) 95
fa . 250.4 15018) | 1as(1am)| 147(148)| 13(12) ate
'3’ 2h0.0 22(18) "144(152) 159(157) 16(13) 341
3’ 2540.4. 28417) 131(146) 163(154) 12(13) 326
"TAvg 19469 pa(at) AT1(519) 539(52?) 47(440) 1140 -
. e



115

, Table No. AT (cont.)’
Run 114, “Alum =2 5.8 mg/1. ILime = 6.4 mg/L
Sample Sample Number of Latex Spheres Counted
Size —
Port (ml) Gp-np ap-1ap 19 ~-12p 12pu~-14p {Tot.al
- i . 5 . .-
4 sad.a [ a(1) a(e) a(6) a(1) 13
4 5aa.4q 1(1) 8(6) 6(6) 1(1) 4
4 haa . a 5(1) 6(6) 3(8) g(1) 14 .
4 5aa.a a(1) 4(5) 4(5) g(d) 1 o
q . naa.a 2(1) '6(6) .3(8) 1(1) 13
4 500.a (1) 6(6) 2(6) 1(1), 13
1 1a00 2(1) 12(19) 8(10) (1) 22
4 14aa (1) 13(11) 6(11) 1(1) 24
' }
Background Count = 8 per' . 169¢"ml.
1’ {(nll same as above) -
n S —
Avg ' 1400 , 6(1) ' 12(11) l 77(11) l 1(1) ' 25
R
L'/ . %X of Latex Spheres Removed:
Post Clnarilier AN, 57 BT.61 8B.117 84.13 88.12
l‘nsl,l-‘ll"(nr 02.50° 97.45 8.174 97.87 97.9?
Overall ‘99.l[4 99.68 99.85 99.9'8 89.74 "
. EE—————
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Table No. A8
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Lime = 4.8 mg/l.

Run #1131 Alum éju.a mg/ 1.
Sample Sample Nnmbnr\of lhatex Spheres Counted
' , Stze ‘ >
Port {(ml) 6 -ap Bp-tap | r1ap-12p Total}
Ri 1a.aa 6(3) 21(22) 19(23) 19
n 19, a9 5(3) 23(24) 23(24) 53
nk" 1a_aa 6(2) 20(23) | 2a(22) 51
na 19.aa 7(3) 19(22) 21(23) 50 .
1 . .
No Ditutlon Rackground Count :Oﬂ mi.
ne 190,00 6(3) 24(21) 19(232) a8
nyc 19.aa 5(3) 22(23) 23(24) 52
B2’ ta.aa 6(3) 19(22) 20(23) 50
na’ 14,80 7(3) 18(21) 21(23) 19
Avg. 16.4a 8(3) 2a(22) 21(23) 59
Avg. | .1a4a@ | éag 2009 | 2149 |- s#ea
" ‘ "
3 25.4a 4(2) “18(186) 19 (-16) S
3 25.09 7(2) 12(15) 11(16) . a4
‘3 25,04 1(2) 17(14) 9(15) 32
3 26.040 1(2) 21(17) 12(17) " 31
nuckgfnnnd‘COUnl .49 ml.
3’ 25. a0 a(2) 17(15) 1e(18) 34
3 25.0@ T(2) 11(14) 19(18) KK
3 25.049 4(2) 16(13) n(14) 3t
3’ 25.00 1(2) 2a(18) 11(16) 36
Avg. 25.09 5(2) | . 18015) } 1@(18) 34
AvR. | 1vee | 249
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Tahla No. A8  (cont.) -
‘ Alum = a.a mE/L_“ leg = 0.9 mg/L

S Sample Number of Latex Spheres Counted
Slze
(m1) G- B Bpu-18p | 16p-12pn '12;1—14;1‘ Total
A 250.4 ' 6(2) 17(15) 11(16) a(1) 34
4y 25a.4 a(2) 14(14) | 12(14) 1(1) 31 ,
4 254.@a (2) 16(13) 9(14) 2(1) 3a
4 25a. 0 4(2) L 17(13) - 9(14) (1) 3e
1 250.49 (1) 17(13) 5(13) 1(1) 27
1 250.4a 3(1) ~15(12) S T(12) 1(1) 26
A 254.@ 7(2) | 14(13) 6(13) 2(1) ¢ 29
4 T rana 19(6) 17(49) 49(51) 1(4) 114
1 1900 . 11(8) . 51(48) 45(59) 1(4) 198
- 1aaq \ 9(03 - 47(47) 47(48 N 4(4) 195
Rackground Count = 2 peéer 254.4 ml.
4° 250. 4 6(2) '16(14) 9(15) |  4(1) ar
1’ 25d.4a 4(2) 13(13) 11(13) | 1(1) .29
4’ 250.4 3(2) 15(12) | - .8(13) 2(1) . 28
1’ 250, @ 1(2) 16(12) 8(13) #(4) .28
q’ 25a.4a (1) 16(11)° a(11) (1) - 24
Q' 2509, J3(1) 14(11) 6(11) 1(1) 24
1° 2509 LT(2) 13(12) 5(12) 2(1) 27
1 1409 19(5) 43(45) 45(47) 4(4) 192
4 1aaqa - 11(5) 47(44) 41(a6) | 4a(4) | 103
4 1a9g9 29(5) 43(43) 43(14) 2(4) 07 N
o . ,
Ave. | 1daq 18(08) | .55(47) | 32(49) |  4(4)° | 147
*% of Latex Spheres Removed
 Post Clarifier | 66.67 68.40 ‘| 80.95 | 73.33 | 73.2¢
Post Fllter - 92.5@ " 91.41 91.75 | 95.89 | 92.16
Overall . | 97.88 ©97.25 .98.43 | 98.87 87.87 -

A



Appendix II‘
L Pllot Plant Operatlon
' The follow1ng is a step-by-step gulde to the procedure

used‘durlng a typical run. -In order to maxlmlze the number of

’ runs an effort was made to conserve sample water. Keeping the

1. Run Preparation i o ' - o

water cold was a prlorlty Durlng experimentation all raw
r1ver water was stored in 220 lltre barrels 1n51de a walk in

refrlgerator so as to reduce the p0551b111ty of blologlcal

growth and to fac111tate further cooling before each run. The
.two clarifiers and the alum and llmeytanks were also stored

empty in the refrigerator between runs.

)

!

(1) The Quantity of aluminum sulphate‘and calcium

‘ hydroxxde ( based on the d051ng rate ) that was requlred for

‘overnlght 1n theJrefrlgerator,

the next run was calculated The chemlcals were welghed out

and then stored w1th suff1c1ent dlstllled make-up water

overnlght 1n the refrlgerator ( @5 .;).d o f'. e .
| (11) A barrel of tap water was also stored

(111) Two 10 00 ‘ml. volumes were plpetted from the

latex sphere stock solutlon ( conc. = approx 50 000 per ml )

' 1nto two 220 lltre raw water barrels. Thls yielded a. raw N L
- water latex sphere count of approx. 2300 1n each barrel

(1v) The Splked raw water was v1gorously mlxed w1th?'

e

a mechanlcal stlrrer for 20 minutes. At least three 10 00 ml.“

[
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k samples were collected from each barrel for fluorescent count

: ana1y31s Then 110 lltres was siphoned from each barrel into

»

1

a third and mlxed The two remalnlng halves were comblned

2.. Run Procedure "

[

(i) The tap water was removed from the refrlgerator

and pos1tloned near the coollng tank Regulated pos1t1ve air

‘ pressure was used to force the contents of the barrel into

the 1nsu1ated cooling tank at a controlled rate ( see Flgure

Al ). An air line was connected to the apparatus and the air

o

pressure was turned up to 69 kN/m . The coollng tank was

fllled to approx. 3/4 fulI

(ii) The alr was shut -off to stop fllllng the .

coollng tank and the electrlc cooler was then turned on The-

temperature of the tap water ‘in the coollng tank was reduced

t

to 3°. or 4 C Ice was seen to form on the copper cooling

coil. - ‘ S ’-,_ . j;

(111) The 1nsulated clarlfler tanks that had been

stored in the refrlgerator were 1nstalled and the plplng was =

L J
,o

connected.q - S TL;D’

. " . o

e e e

(1v) The centr1fuga1 raw water pump was started -and

‘ the upper reserv01r was charged by draw1ng tap water from the

; coollng tank The a1r supply was turned on 1n order to

drawn off. The a1r pressure was regulated 1n order to '

malntain a constant suctlon—51de head level

1n the coollng’_

tank The detentlon tlme 1n the coollng tank was . 30 mlnutes."

re .,

‘t replenlsh the tap water in the coollng tank whlch had been_‘f -
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or greater. |
| (v) When the upper reserv01r filled, any overflow
recycled back 1nto the coollng tank At thls polnt the valve
at the base of the reservolr was opened in order to £fill the |

»other downstream un1

approx l 5 to 2. 0 hrs ) Clarlfler §2
effluent was routed bach 1nto the coollng tank to complete

the coollng c1rcu1t Recycllng was contlnued until the
clarlfler effluent dropped to 3° to 4°

| (vi) Meanwhlle, the experlmental raw water flow

rate’ (RWFR) was 'set. The dlscharge of the pump was large
-enough so as to exceed the downstream requlrement of the
.plant _Any extra flow was wasted to the draln. The uppere
‘reservoir acted as an hydraullc devlce that produced constant d
head when overflow1ng and as a result dellvered a |
non- fluctuatlng flow to the system. Total plant flow rate

(TFR) was ultlmately based on the de51red fllter loading .iﬁb
'rate. The calculatlon used to obtaln the raw water flow rate

was ‘a functlon of the alum flow rate (AFR) and the 11me flow

LY

rate (LFR), both. of whlch varled&accordlng to the

,._._

concentratlon of alum ‘and llme in solutlon and the dosages

_needed The equatlons used were-”'

(a) RWFR TFR-—AFR-LFR o - -
e o » ’
et ."where,
- - ; .A'?E,R = TFR %X ALUM d ose 70 ALUMt k]
R '.,‘LFR.=‘4 TFR X' LIME dos e v [ LIME

tank th 't-‘gsf

(b) Con51derat10ns 1n solv1ng tidiformulae were-

'\ TFR was a. functlon of the fllter loadlng ‘f

R R
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rate x 1.2

[ ALUM ank ] was hlgh enough so that

refllllng durlng the run was avolded
.

[ LIME ahk ] was such that the. llme tank

was refllled every two hours thus mlnlmlzlng the oxidation of, o

the llme in solutlon
The dilution ratio ( TFR ) / ( aer”’) ‘was
as low as posslble ; | ‘ o N
’(c) The.actual RWFR was measured by the
1bucket and- stopwatch method at the clarlfler #2 effluent

locatlon and was adjusted by a valve on the upper reservolr

efflgent llne All clarlfler overflow vaives were kept closeg

durlng‘RWFR callbratlon.

(v11) Once the temperature and raw water flow rate
condltlons had been met the raw - water pump, the .air p.
pressure, and draln the, tap water from the coollng tankvwere

‘ all shut off A barrel of rlver water was taken from the
'_walk-ln refrlgerator, connected to the p051t1ve a1r pressure‘
apparaths When the alr pressure was re= applled the coollng

Y

ntank was - refllled w1th sample water. The raw water pump was ,f?

re- started and the system was- charged w1th w1th sample water“‘, .

lnitially,‘all ‘the effluent from clarlfler #2 was wasted to e
"the drain.fDurlng the run, a constant water level was‘

'.‘maintained 1n the coollng tank

O

K (v111) U51ng the cooled d1st111ed make-up water andﬁ‘

C the prev1ously welghed chemlcals a batch of dlssolved alum :

and llme was prepared These solutlons were used for d051ng

?;rthe raw water. The chem1ca1 storage tanks were filled and




connected o the raw water stream The chemlcal feed pumps .
"were then started and d051ng ‘was initiated. AFR and LFR were
‘controlled by callbrated varlable speed pumps and drlves and

~

| were monltored w1th calibrated flowmeters
(ix) The rap1d mlxer paddle and the flOCCUIator
stlrrers were sw1tched on. ‘ .
| (X) . Using the bucket—and—stbpwateh method. the TFR
‘was checked'atlﬁhe‘clarifier #2 effluent'locatien'

(x1) ‘The overflow valves on each of the clarlfler
were epened ’

‘\} (Xll) The flbw was re~d1rected to the fllter when
the tap water was flushed out of the system (i.e. the sum of
the theoretlcal detentlon times of each ofﬁthe units
multlplled by 1 5) Alternatlvely, since the addltlon of ‘lime
dpslgnlflcantly changes the PH, flow to the fllter could be
inltiated when the pH had stabllized at the new h1gher level.
T (xiii). The fllter ‘column was fllled to thﬁﬁoverflow
v,port a:d\then the fllter flow control valve was gently |
tlopened U51ng the fllter flowmeter to gauge flow rate the
g ;control valve was adjusted so’ as to achelve the requlred
‘f1lter loadlng rate. An overflow rate ‘of approx 10% was

.‘malntalned.“

(x1v) After the flrst 10 mlnutes the fllter control

v.ﬂvalve was re—adjusted to achleve the de51red flowrate..“,

(xv) Carbon ledee for recapbonatlon was -

“introduced through the backwash water overflow 11ne.,W1th the

ﬁ‘fbackwash overflow control valve off the co cyllnder :;

Lo

'ﬂ_‘pressure valve was opened Then the backwash overflow control
i o . . 2 D o B ‘ . N ' . ‘,\ “\' ., .



walve was slowly opened and carbon dlodee was allowed to | /pfl
bubble through the water ln the upper portlon of the column.

' Gas flowrate was adjusted as necessary for proper pH values "ﬂz

(xvl) AE thls polnt contlnxous operatlon had been‘;'

establlshed The next barrel was connected to the system when

‘ the flrst became exhausted

3. Shutdown Procedure .;

When the run was completed

it

(1) The carbon dloxlde gas was shut off and tha,backwash

overflow control valve was closed
‘ 0

(il) The coollng system was swltched off “ flrst the
electrlc refrlgeratlon un1t then the ethylene glycol pump )

.

(iii) Next the raw water pump was swltched off
(1V) The flocculator and rapid mlx stirrers. -were
stopped e : "
. (v) The alum and llme chem1cal feed pumps were
., sw1tched off Qpe d051ng tanks were emptled and refllled w1th
tap water.‘The tanks and the pumps were re-= connected and both
’llnes were flushed w1th clean water. | o - | |
(v1) The clarlfler and coollng tank bdttom draln‘vaives
'Z were opened | | | | | |
§ " 4. Backuashing

A, : . L - —

H'\\,p“ (1) If flltered water was collected for backwashlng then
' the raw water pump was connected to the backwash wate; feed
R L ‘~a‘4‘a~ '
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£ (il) If tap water is used for backwashing‘then the

""" backwash water feed line was connected directly to the tap.

i

.

H;}if) The water in the column was drained to a level 150
K "

min afove the media. The air line was connected to the air

-

diffusion unit at the bottom of the column and using the

flcwmeter, air scoured at a rate pf 1.21 m3/ m? for four. to

-~

+ five minutes.

o

%“(iii)lTHeepump“was started or the tap water val;e was
opened.

(iv) The backwash‘water flow control valve located at
the base of the flowmeter.was immedlately opened and the ‘flow \ N
was slowly 1ncreased ‘until the desired flowrate or bed Co
expansion had been reached (i.e 490 to 730 LPM/m2 ) - |
Backwashing was continned for a minimum of 10 minutes or

4

(V) The backwash control valbe‘was then slowly closed.

until the backwash water became visually clean.

b

s (Vl) The pump was switched off or the tap water valve
(. '

was closed ‘ .

\,

(vii) The raw water pump was reconnected to the coollng

tank 1n %ieparatlon for the next run.
f - ) :g"‘ uaw

l- .



Appendax 111
Miscellaneous Data

. (a) Table 10A: Zeta Potentjal Measurements cf the 10mm
Polystyrene Divinyl Benzene latex Spheres.

’ J

nn (b) Figure A2: Manufacturer's Specification for Size:

o

Distribution of the Latex Spheres.

-

(c) Table 11A: Channel # an Lorresponding Size Range
: . : ¢ .

for the 280mm Aperture.

126
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: Table 1RA,
Z¢ta Fotenlial Mennnrementin of the Pnlys(yP«no DVR fLatex
Spheraa -
—
” ..’.--
B -
- ! '
Somple|temp L Ave, 7atn
nmhos| K Valtg]| nA pH L of IMabtlity fotentfal
[] e x1a? x1a? ' Meas |& Ax/Dlvi(milllvolts)
1 2n 2.2 (U] 200 7.Q 3 d k] 4,13 -1 .1
2 21 2.2 65 2qq 1T.¢|74.9 3 2.56 ‘2.5
3 21 2.2 ] a5 | 200 | 78] 5.0 a 416 ~19.5
4 27 2.3 1 85 200 7.2 8.7 3 4.59 -17.8
) 27 2.4 65 epe | 1.4 .8 ¢ 3 4. 84 ~11.9
[ 217 2.4 65 2a0 T.511¢ .8 3 5,07 ~16.8
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.Table 11A

Channcl # and Slxouknngc'[or~2ﬂﬂum Aperturc

Channel Partlicle
- Diameter
Number ( pm )
2 5.04
3 ) 6.35
a. 8.4
5 10.08
6. 12.17
T 16.4
8 20.2
’9 25 4—
10 3z2.@
11 44,3
- . 12 50.8
~ ;
‘ ‘a3 64.80
14 80.6
15 ..'1"(41.3‘
167 -——--
’ . < e

~
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