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ABSTRACT 

The purposes of this study were to evaluate virus removal in 
treatment of water supplies by an in-line direct filtration pilot 
plant system and to suggest a system design to enhance virus removal. 
Isotherm and jar tests were coaducted to evaluate the effects of pH, 
sodium ion concentration, and coagulants (alum and cationic polyelec
trolytes Cat-Floc T, Nalco 8101, 8102, and 8103) on the bacteriophage 
MS2 contained in water. Isotherm studies were also conducted to 
assess the kinetic adsorption of MS2 to sand, anthracite, and garnet. 
Rapid sand, dual-media, and multi-media filters were tested in con
tinuous in-line direct filttation operations. 

Approximately 95 percent reduction in virus concentration was 
observed at pH 9. Zero to 0.5 mg/l of sodium ion present in water had 
no significant effect on the virus. Alum dosages below 20 mg/l did 
not remove the bacteriophage MS2 from water, whereas 50 mg/l of alum 
removed 98 percent of the virus. Two mg/l of Nalco 8101 (the most 
efficient cationic polyelectrolyte with respect to virus removal) 
aggregated 96 percent of the virus. Sand and garnet were not found 
effective in virus removal from water by the isotherm tests. Anthra
cite, however, removed approximately 93 percent of the virus in 
2 hours. 

Based on the continuous filtration experiments, it was concluded 
that in-line direct filtration cannot be counted on to remove virus 
from water. In-line direct filtration, however, met the effluent 
turbidity standard of less than I NTU. No correlation existed between 
turbidity breakthrough and virus breakthrough in the effluent. 
Furthermore, these experiments showed that the effluent quality with 
respect to both turbidity and virus did not change when hydraulic 
loading rate was increased from 7.3 to 12.2 m3/hour/m2 • On a more 
promising note, addition of 2 mg/l of Nalco 8101 to the rapid mix 
basin was suggested as a potential means of virus removal in a water 
treatment system. 
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I NTRO DUCT I ON 

Surface waters designated as sources of 
potable water must be treated to remove 
contaminants which are potential hazards to 
public health. Convent ional water treatment 
systems consist of a rapid mix basin, 
where chemical addition occurs and destabili
zation of colloid particles results; a 
flocculat ion bas in, wbere tbe destabilized 
colloids agglomerate into the ensuing floes 
results; and a sedimentation basin, where the 
agglomerated floc particles are gravimetri
cally removed. Subsequent filtration and 
dis infect ion of the water provide a product 
water ready for distribution to the public. 

Certain aspects of conventional metbods 
are expensive, and perhaps unnecessary, in 
communit ies wh ich are treat ing low turbid ity 
waters « 50 NTU).l New technology bas 
been developed and used which eliminates 
either tbe sedimentation or botb the floccu
lation and sedimentation unit processes. 
These treatment methods are referred to as 
direct filtration water treatment systems. 
An In-Line Direct Filtration System is a 
direct filtration water treatment scheme 
wh icb excludes both flocculat ion and sedi
mentation basins prior to filtration. 

In In-Line Direct Filtration, the water 
containing the destabilized particles flows 
directly from the rapid mix basin to a 
granular media filter bed. Flocculation of 
the destabilized colloids occurs within 
the filtration process. The flocculation 
process is promoted and greatly accelerated 
within the filters because of the tremendous 
number of opportunities for contact as the 
water passes through the granular bed. In 
addi t ion, turbulence caused by the passage 
of water through pumps and channels provides 
incidental flocculation (Stone 1979). Within 
the filter media, the floc particles be-

INTU refers to Nephelometric Turbidity 
Unit. 
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come attacbed or adsorbed to the surface of 
the filter grains (Culp 1977). Product water 
turbidity levels less than 1 NTU have been 
obtained consistently from full scale in-line 
direct filtration systems (Spink and Mon
scvitz 1974; Tredgett 1974b; Harbert 1976). 

The chief advantage of direct filtration 
is the capital cost savings of up to 30 
percent while maintaining the same high 
effluent water quality (Willis 1972; Spink 
and Monscvitz 1973; Culp 1964; Harbert 
1976). The cost saving results from elimina
tion of sludge-collecting equipment, settling 
basin structures, flocculation equipment, and 
flocculation-basin structures. This cost 
reduction greatly eases the financial burden 
of water treatment for small communities 
having low turbidity raw water. 

With direct filtration, there may 
also be savings of 10 to 30 percent In 
chemical costs. Generally less alum is 
required to produce a filterable floc than to 
produce a settleable floc (Culp 1977). The 
costs for coagulant aids, such as polymers, 
may be greater than in convent ional plants, 
but these higher costs are more than offset 
by the lower costs for primary coagulant 
(Culp 1977). Operational and maintenance 
costs are also reduced because there is less 
equipment to operate and maintain. 

The primary concern in treating water 
for human consumpt ion is removal of patho
geniC organisms such as viruses. In conven
tional water treatment facilities, higber 
coagulant dosages required to produce a floc 
part icle which can be removed by sedimenta
t ion removes most viruses contained in tbe 
raw water prior to cblorination. It is yet 
to be demonstrated, however, whether direct 
filtration can achieve the same removal 
efficiency for virus. The purpose of this 
study is to test whether in-line direct 
f ilt rat ion can or cannot remove water borne 
virus part icles. 



OBJECTIVES 

The overall objective of this study was 
to determine the effectiveness of an in-line 
direct filtration pilot plant system in 
removing virus. System variations included 
use of rapid sand, dual-media, and multi
media filters. Aluminum sulfate (alum) and 
polyelectrolytic polymers were employed as 
coagulant and coagulant aids, respect ively. 
The following spec if ic object ives of the 
study were accomplished: 

1. The efficiencies of three different 
filter media (sand, anthracite and garnet) in 
removing a selected virus, bacteriophage MS2, 
from water were compared. 

2 

2. The virus removal efficiency of 
aluminum sulfate, over the dosage ranges used 
in both direct filtration plants « 15 mg/l) 
and conventional treatment plants (> 20 mg/l) 
was evaluated. 

3. The effectiveness of four cationic 
polyelectrolytes (substituted for the alum) 
in removing vi ruses from water was invest i
gated. 

4. 
red u c e 
through 
systems. 

A treatment scheme was developed to 
potential transmission of virus 
direct filtation water treatment 



LITERATURE REVIEW 

Direct filtration is defined as a 
potable water treatment system in which 
f i 1 t rat ion is not pr eceded by sed iment at ion 
(AWWA Water Quality Commission). This defini
t ion includes treatment systems that elimi
nate only the sedimentation basin as well as 
those that eliminate both the flocculat ion 
and sedimentation basins. Direct filtration 
systems which eliminate both the flocculator 
and sedimentation basin in the water treat
ment scheme are termed in-line direct filtra
t ion systems. The direct filt rat ion process 
differs from the conventional flocculation
sedimentation-filtration system in that the 
total solids (both turbidity and coagulants) 
must be removed by, and stored in, the filter 
until it is backwashed. 

The National Interim Primary Drinking 
Water Regulations of the Environmental 
Protect ion Agency now require f iltrat ion of 
all surface water used for public dr ink ing 
water to remove virtually all particulate 
matter, whereas in the past disinfection was 
cons idered to be sufficient (EPA Federal 
Register 1975). To add to the burden of 
meeting this requirement, many existing 
plants are faced with a rapidly increasing 
water demand. Water supply utilities faced 
with costly expansion of their existing 
treatment facilit ies are very interested 
in turning to a water treatment system which 
is more economical than the convent ional 
treatment plants, provided they can still 
achieve the same drinking water quality. 
Direct filtration water treatment systems 
were developed to produce an economical, high 
quality potable water. Direct filtration 
plants report overall savings of as much as 
30 percent when compared to costs of conven
tional plants (Spink and Monscvitz 1973; Culp 
1964; Harbert 1976). 

Interest in direct filtration dates back 
to the turn of the century (Culp 1977). The 
first pilot plant systems were not successful 
due to the use of fine to coarse single 
medium (sand) filters, resulting in rapid 
headloss through the filter. The development 
of coarse to fine dual med ia and mult i
media has enabled the filters to store 
greater quantities of flocculated matter 
without excessive head loss. 
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Anthracite, when used in combinat ion 
with sand, or when used as a single media has 
proven very successful in direct filtration 
(Harbert 1976; Culp 1977; Hutchison 1976; 
DiDomenico 1976; Hutchison and Foley 1974; 
Spink and Monscvitz 1973). These filters 
make a reater port ion of the filter bed 
availab for storage of solids filtered. 
They allow deeper penetration of the deposit 
thus preventing surface clogging which 
reduces the rate of headloss developed. 
Mathematical models demonstrate that water 
production is maximized when the head loss is 
uniformly distributed across the filter 
bed (Letterman et al. 1967). Several studies 
have shown dual media filters (anthracite and 
sand) to have the best distribution patterns 
(least headloss) while maintaining high 
quality effluent (Harbert 1976; Culp 1977; 
Hutchison 1976;' DiDomenico 1976; Hutchison 
and Foley 1974). 

However, high rate direct filtration was 
not very successful unt il organic polymers 
were introduced as filter aids making higher 
flow rates and longer filter runs possible 
(Kleber 1973; Stumm and Morgan 1962; Shea et 
a1. 1971; Adin and Rebhum 1974). These 
polyelect rolytes improve the br idging act ion 
of the primary coagulant (Stumm and Morgan 
1962). Flocculat ion wi th the aid of polymers 
occurs in two stages: neutralization of the 
particles' negative charge by the positive 
hyd roxo-metal complexes, followed by forma
t ion of flocs as a result of polymer-chain 
bridges which form between the particles and 
the polymer (Stumm and Morgan 1962). Polymer 
aids are most effective when added 30 
seconds to 2 minutes after the primary 
coagulant has begun to form flocs, and at the 
height of 60 to 90 cm (2 to 3 feet) above the 
filter med ia, at the inlet to the filter 
(Hutchison 1976). 

As a filtration run progresses, the 
shearing force increases and tends to disin
tegrate the flocs, driving them deeper into 
the filter media and eventually' causing 
breakthrough (Kleber 1973). Polymers are 
able to strengthen the floc and thus delay 
breakthrough. Dosage of the polymer is a 
critical factor because if the flocs are too 
strong penetration into the filter bed is 
hindered and surface clogging results. 
Recommended polymer concentrations are 
usually in the range of 5 to 10 parts per 



billion with the exact dosage depending on 
the tUl:bidity of the influent water (Kleber 
1973). 

Studies have shown that polyelectro
lyles, particularly the cationic types, are 
more effective than the hydrolyzlng salts 
(including alum) used as primary coagulants 
(Shea et al. 1971; Adin and Rebhum 1974). 
When alum is used, often more than 50 percent 
of the sludge is composed of an aluminum 
hydroxide precipitate (Shea et a1. 1971). 
Polyelectrolytes, however, produce flocs that 
have significantly less mass as the sludge lS 
composed almost entirely of particles removed 
from the raw water. The use of polyelectro
lytes, therefore, reduces both sludge han
dling and the cost of the sludge dlsposal. 

The primary factor working against use 
of polyelectrolytes is that they have slower 
destabilization times than do hydrolyzlng 
salts and, therefore, require more mixing, 
part icularly rapid or flash mixing (Kleber 
1973). Water plants deSigned to use hydro
lyzing coagulants usually provide only 10 to 
30 seconds of rapid mix at velocity gradlents 
(G values) of 200 to 300 seconds-I. This 
duration is not sufficient when polyelectro
lyles are used as primary coagulants (Kleber 
1973). A rapid mixing time of 60 to 120 
seconds at veloc ity gradients (G value) of 
400-1000 sec-l is required, followed by ,the 
convent ional rap id mix at a G value of 300 
sec- l pr ior to f locculat ion. Th is provides 
excellent coagulation and clarlflcatlon 
(Kleber 1973). 

Although polyelectrolytes have proved to 
be outstanding primary coagulants, they are 
seldom used due to the high cost of conver
s ion and the relat ively high cost of the 
polymers themselves. Alum cannot produce a 
strong floc (Kleber 1973). Polyelectrolytes 
therefore are often employed as filter aids 
to render the necessary strength to the 
floc. 

Conventional systems produce large flocs 
to enhance sedimentation prior to filtration, 
whereas, direct filtration systems cultivate 
the formation of pinpoint flocs which pene
trate deeper into the filter media thus 
avoiding surface clogging. Pinpoint flocs 
are best achieved with low alum dosage (less 
than 20 mg/l) and a flocculation period of 
less than 10 minutes with a mixing velocity 
gradient (G value) of 20 to 100 sec-l 
(Hutchison 1976; Hutchison and Foley 1974). 

Both headloss and distribution of 
deposited solids within the filter bed are 
s ignif icantly influenced by the alum dosage 
and fil~er aid concentration. Thus an 
effective control system to regulate the 
coagulant dosage improves the f iltrat ion 
process. Pilot plant studies have been 
conducted using control systems to determine 
what dosage is adequate to filter specific 
raw water (Hutchison 1976; Letterman and 
Tanner 1974; Culp 1964). Three control 
methods were used: "zeta potential"; "filter 
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control system"; and the "interface turbidity 
monitor i ng. II 

Zeta potential is a measurement of 
repulsive force between particles. A large 
zeta potent ial inhibits proper floc forma
tion. Polymers reduce the zeta potential to 
the point where colloidal part icles can 
aggregate into strong flocs. A recent 
correlat ion between zeta potent ial and the 
optimum polymer concentration showed that the 
highest quality effluent was ach ieved when 
the zeta potential was 14 millivolts (Letter
man and Tanner 1974). By increasing or 
reducing the polymer concentration during 
periods of turbidity fluctuation, the optimum 
zeta pOLential can be maintained. 

Direct filtration plants incorporating 
flocculation basins are able to monitor raw 
water filterability by means of a control 
filter (Culp 1964). After the addi t ion of 
alum to the raw water, a small portion of the 
coagulated water is diverted to a pilot 
filter where the effluent turbidity is 
monitored constantly with a turbidometer. If 
the turbidity is beyond a satisfactory range, 
extra alum is added, and if the turbidity is 
below the acceptable range the alum dosage is 
decreased. 

A third method monitors the quality of 
the water approximately midway through the 
filter (Hutch ison 1976). A small amount of 
water is drawn off through a port located 8 
cm (3 inches) above the coal-sand interface. 
Sample turbidity is checked and compared to 
the turbidity of the influent raw water. If 
90 percent or more of the turbid ity in the 
raw water has been removed by the time it 
reaches the monitoring port, it is assumed 
that the sand portion of the filter will 
collect the remaining particles. If less 
than 90 percent of the part icles have been 
removed, then an extra dosage of polymer 
should be added (as filter aid) to correct 
the situation. 

Raw water quality must be considered in 
design of a direct filtration system. Pilot 
plant stud i es shoul.d be conduc ted to det:r
mine the best comblnatlon of effectlve Slze 
and uniformity coefficient of the granular 
media, filter bed depth, coagulant type, 
hydraulic loading rates, flocculation periods 
and mixing intensities. Direct filtration is 
only suitable for raw waters of high quality. 
Application of direct filtration to municipal 
plants is feasible if 1) the raw water 
turbidity and color l are each less than 
2 5 un its, 0 r 2) the color i slow and the 
maximum turbidity does not exceed 200 

lColor is determined by visual com
parison of a water sample with known con
centratlons of colored solutions. The 
standard unit of color is the color pro
duced by 1 mg/l of platinum (as K2PtC16). 
A color series ranging from 0 to 70 color 
units is used. 
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turbidity units (TU), or 3) the turbidity is 
low and maximum color does not exceed 100 
color units (Culp 1977). The presence of 
paper fiber or diatoms in excess of 1000 
areal standard units per milliliter (asu/ml) 
require that settling be included in the 
treatment process (Culp 1977). Diatom 
levels in excess of 200 asu/ml may require 
the use of special coarse coal on top 
of the bed in order to extend filter runs 
(Culp 1977). Coliform M.P.N,'s (Most Prob
a b 1 e N urn b e r ) 0 f 90 per 1 00 m 1 h a v e bee n 
handled successfully in direct filtration 
plants (Culp 1977). 

Direct filtrat ion has proved successful 
in removing turbidity, color and coli forms 
(Hutchison 1976; Tate et al. 1979; Spink and 
Monscvitz 1974; Adin and Rebhum 1974; Culp 
1964). The ability of a direct filtra
t ion system, however, to remove pathogenic 
virus has not been established. 

Conventional Water Treatment Processes 
with Respect to Virus Removal 

Coagulation 

Extensive research has been conducted to 
determine the ef fect iveness of metal coagu
lants, synthetic polyelectrolytes, and water 
softening processes on the removal of viruses 
from water (Wentworth et al. 1968; Thayer and 
Sproul 1966; ManwarIng et al. 1970; Chaudhuri 
and Engelbrecht 1970; Thorup et al. 1970; 
York and Drewry 1974). Water softening 
precipitation techniques have been shown 
effective in the removal of viruses (Went
worth et al. 1968; Thayer and Sproul 1966). 
Excess lime-soda ash softening process has 
been shown to be effective in removing 
up to 99.9 percent of the virus present in 
waters with initial total hardness of 300 
mg/l as CaC03 if magnesium is present 
(Wentworth et al. 1968; Thayer and Sproul 
1966) • 

Studies on the effectiveness of coagula
t ion and f locculat ion on virus remova 1 show 
contradictory results. Earlier investigators 
reported no appreciable virus removal with 
alum dosages ranging from 50 to 100 mg/l 
(Carlson et al. 1942; Kempf et al. 1942; 
Neefe et aL 1947) while more recent litera
ture reports high (80 to 99 percent) virus 
removal with alum and ferric chloride dosages 
ranging from 20 to 50 mg/l (Chang et aL 
1958; Pasco 1956; Manwaring et aL 1970; 
Chaudhuri and Engelbrecht 1970; Guy and 
McIver 1977) 

The mechanisms whereby coagulation 
removes virus are not known, but the primary 
mechanism of virus destabilization is thought 
to be a forma t ion of a comp lex between the 
virus and the metal coagulant (Chaudhuri and 
Engelbrecht 1970). When aluminum is used as 
the metal coagulant, it binds with the 
carboxyl group in the vi ruses' protein coat. 
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The viruses, however, were not inactivated 
and could be eluted from the precIpitate 
(Chaudhuri and Engelbrecht 1970). The 
presence of organic matter in water tends to 
decrease the virus removal efficiency of the 
coagulants (Chaudhur i and Engelbrecht 1970). 
The organic matter may compete with the virus 
particles in the complex process. 

Cationic polyelectrolytes have been 
found superior with respect to virus removal 
to the anionic and non-ionic polyelectrolytes 
when used as a primary coagulant (Ghaudhuri 
and Engelbrecht 1970; Thorup et aL 1970). 
Virus removals of 70 to 80 percent have been 
ach ieved us ing cat ionic polyelect rolytes 
as a primary coagulant with a dosage range of 
0.5 to 1 mg/l (Chaudhuri and Engelbrecht 
1970). Cationic polyelectrolytes, however, do 
not increase virus removal efficiency above 
those found with metal coagulants (Chaudhuri 
and Engelbrecht 1970; Thorup et al. 1970; 
York and Drewry 1974). Table 1 summarizes 
the relative effectiveness of various coagu
lants and coagulant aids In virus removal 
(York and Drewry 1974). These results were 
obtained using f2 bacteriophage and a 
standard procedure (York and Drewry 1974). 

Filtration 

Single medium (sand) and dual media 
(sand and anthraci te) filters are commonly 
used in potable water treatment processes to 
remove turbidity. These media remove pin
point floes which have not settled during the 
sedimentation process and have been evalu
ated as to their capacity to adsorb virus 
under various conditions. Virus removals 
greater than 90 percent have been ach ieved 
wi th a combinat ion of coagulat ion, floccula
tion, sedimentation and filtration processes 
(Guy and McIver 1977; Robeck et al. 1962; 
Berg et al. 1968). Filtration alone, how
ever, has not been very effect ive in virus 
removal (Guy and McIver 1977; Robeck et al. 
1962; Jenkins 1978). In general the per
centage of virus removed varies inversely 
with the flow rate (Robeck et al. 1962; 
Jenkins 1978). To enhance virus removal, 
Ca++ ion was used as a filter aid (Jenkins 
1978). Removal of 70 to 80 percent of T] 
coliphage was achieved with 10-3 M Ca+'f 
whereas the removal efficiency was only 20 
percent without the calcium ion. A stoichio
metric relationship existed between the,virus 
titer and concentration of Ca++ necessary 
for producing effective removal of the virus 
by the sand filter. Calcium ion may speci
fically react with the hydroxyl sites of the 
protein and form positive sites. Such a 
reaction may be represented by the following 
formation reaction: 

- Virus - C - OH + Ca +2 -+ - Virus - C - OCa + + H+ 
II II 
o 0 

The formation of positive sites may reduce 
the negative surface charge of the virus to a 
level that the electrostatic repulsive force 



may be overcome by Van deL Waals I forces of 
attraction. The virus can then be easily 
removed by filtration. Table 2 summarizes 

the results of various studies which have 
evaluated virus removal by filtratIon (modi 
f ied from Ami rhor and Enge Ibrech t 1975). 

Table 1. Comparison of the effectiveness of various coagulants on bacteriophage f2.g 

Maxlmum MaXlmum 
Coagulants- Dose Virus Dose Turbidity Dose 

Coagulant Aids mg/l Removal mg/l Removal mg/l 

A12(S04)3 25 99.9 21 96.0 23 40 18 
FeC13 50 99.4 23 92.5 40 38 21 

(S04)3 x H2O 50 92.0 49 89.0 47 
FeS04 and Ca(OH)2 36 93.5 39 
A12(S04)3 and 30 98.6 15 96.5 15 66 11 

Na20AL203 23 12 12 8 
Polyelectrolyte Aa 2.0 76 1.8 40 2.3 

A12(S04)3 and 18 99.2 12 97.2 18 52 18 
polyelectrolyte Bb 1.0 0.5 0.5 0.5 

Polyelectrolyte B 2.0 99.6 0.5 72 4.0 68 0.9 

AIZ(S04)3 and 18 99.8 18 98.Z 10 57 18 
polyelectrolyte B 0.7 O.Z O.Z 0.1 

AIZ(S04)3 and 18 99.3 lZ 96.7 18 60 18 
polyelectrolyte CC 0.4 0.5 0.4 0.5 

AIZ(S04) 3 and 18 99.3 16 98.0 16 48 18 
polyelectrolyte Ee 0.1 0.1 0.1 0.3 

AIZ(S04)3 and 18 99.6 16 98.5 18 77 18 
polyelectrolyte Ff 0.1 0.1 0.4 0.3 

AIZ(S04)3 and 18 99.4 18 98.8 16 46 18. 
polyelectrolyte Dd 1.0 0.7 0.1 0.6 

*At isoelectric point as indicated by colloidal titration. 
aDrewfloc Zl, a product of Drew Chemical Co. 
bCat. Floc, a product of Calgon Corp. 
CCoagulant aid 233, a product of Calgon Corp. 
dMagnifloc 971, a product of Amer. Cyanamid Co. 
eCoagulant aid Z53, a product of Calgon Corp. 
fMagnifloc 860, a product of Amer. Cyanamid Co. 
gFrom York et al. (1974). 
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Table 2. Virus removal from water 

System 

Rapid Sand Filtration 

Impregnated Filter with Alum 

Flocc. & Rapid Sand Filter 

Percolation of 3 ft Soil 

Sand Filtrat ion 

Flocculation and Rapid 
Sand Filtration 

Impregnated Rapid 
Sand Filter 

Sand Filtrat ion 
Sand 
Sand & Anthracite without Alum 
Sand & Anthracite with Alum 

without Settling 
Sand & Anthracite with Alum 

with Settling 

Anthracite & Sand Excluding 
Flocculation & Sedimentation 

Anthracite & Sand Including 
Flocculation & Sedimentation 

Sand Filtration with Ca++ as 
Filter Aid 

Sand Filtration Preceded by 
Lime Coagulation 

Uncoated Diatomaceous-Earth 
Filter (DE) 

Polyelectrolyte Coated DE 
(0.2 - 0.4 mg/ 

Sand 
Sand & Anthracite 

filtration (modified from Amirhor and Engelbrecht 1975). 

FloW-- ~- --virus 
Rate Removed 

l/sec/m2 (gpm/sq ft) Virus % (Or as 
Noted) 

1.36 

0.88 

1.36 

0.14 
1.36 
1.36 

1.36 

0.02 
1.36-4.07 

0.75 

0.75 

0.68-1.36 

1.36 

0.68 

0.68 

1. 36 
2.72 

(2) 

0.3) 

(2) 

(0.2) 
(2) 
(2) 

(2) 

(0.035) 
(2-6) 

1.1 

1.1 

( 1-2) 

(2) 

(1) 

(1) 

(2) 
(4) 

poliovi rus 

(pathogen for 
mice) 
poliovirus (strain 
DG) 

Coxsackievirus 
bacterial virus T4 
Coxsackie and T4 
Coxsackie 
bacterial virus T4 

Coxsackievirus 
bacterial virus T4 

Coxsackievirus 
poliovi rus Type 

Coxsackie & T4 
Virus B3 & B5 

Virus B3 & B5 

Coliophage 

Polio Type 1 

MS2 

MS2 

MS2 
MS2 

poor 

good 

poor 

50 
20 
99 
10 
40 

90 
99 

90 
22-96 

1-50 
90-99 

>99.7 

37.5% 

95% 

70-85% 

80-99.8% 

Insignificant 

good 

96 
92 

III 

Reference 

Carlson et a1. (1942) 

Kempf et a1. (942) 

Gilcreas and Kelly 
(1955) 

Robeck et a 1. (1962) 

Guy and McIver 
(19 

Jenk ins (1978) 

Berg et al. (1968) 

Amirhor and Engel
brecht (1975) 

Sriramulu and 
Chaudhuri (1976) 



MATERIAL AND METHODS 

Virus Assay 

Virus selected for this study was the 
bact er iophage MS2, wh ich is spec i f ic for 
Escherichia coli (C#3000). MS2 was chosen as 
a model viruSltO represent the enteroviruses 
which include polio virus. These two 
virus types share similar physical character
istics (Table 3). 

The initial stock of MS2 was obtained 
from American type culture in Rockville, 
Maryland. This stock was used to propagate 
necessary quantities of the phage. The 
m~thod used for further propagation of 
virus was as follows: 

1. Inoculate 10 ml of Escherichia coli 
(E. coli) culture with 1 ml of MS2 (l~ 
1010~U/ml).1 The optical density of 
the E. coli culture taken at wavelength 450 
nm (o.D'450) on a Bausch and Lomb Spectro
meter was 0.3. 

Incubate for 4 to 5 hours at 

IpFU is Plaque Forming Unit. 

3. Dilute the virus culture with 
one liter of additional culture. 

4. Incubate at 370 C with agitation 
for 12 hours. 

5. Add chloroform to make a 1 percenl 
solution, by volume, in order to lyse any 
remaining ~ i cells. 

6. Centrifuge the suspension (10,000 
rpm/20 minutes) to remove the lysed bacterial 
cells thereby leaving the virus part icles in 
the supernatant. The above method yielded 
virus stock with concentration of 5.4 x 
1012 PFU/ml. 

Med ia 

MS broth and MS agar were used as 
general growth and plating media for MS2 
virus (Peifer et a1. 1964). The MS broth 
contained 10 g of bactotryptone, 8 g of NaCl 
and 1 g of yeast ext ract per li ter of d is
tilled water. After autoclaving and cooling, 
the MS broth was supplemented with 10 ml of 
sterile glucose (10 percent solut ion), 2 ml 
of sterile 1 M CaC12, and 1 ml of thiamine 
(1 percent solution). 

The bottom agar used for plating was MS 
broth with the addition of 10 g of agar per 
liter, before autoclaving. The top agar used 

Table 3. Properties of bacteriophage MS2 and enteroviruses. 

Properties 

Nuc Ie ic Acid 

Size 
Molecular Weight 
Shape 
Envelope 
Tail 
pH Stabili ty 

Single Stranded 
RNA 

26 nm 
3.6 x 106 Daltons 

Icosahedral 
None 
None 
3.9 

Enteroviru 

Single Stranded 
RNA 

20-30 nm 
2.6 x 106 Daltons 

Icosahedral 
None 
None 
3.0 

aSource: "An Introduction to Virology" by C. R. Goodheart. W. B. Saunders Co., 
Philadelphia (1969). 

bSource: "The Biology of Animal Viruses" Second Edition by F. Fenner, B. R. Mcauslan, 
C. A. Mims, J. Sambrook, and D. White. Academic Press, New York, 1974. 

9 



was MS broth with the addition of 8 g of agar 
per liter, before autoclaving. 

Bacteria 

The host in this study was C#3000, a 
strain of The original stock was 
obtained rom e American Type Culture 
Collection, Rockville, Maryland. The E. coli 
culture used in the assays was prepareaOy 
inoculating sterile MS broth with bacteria 
from a slant tube. This inoculated I-lS broth 
was incubated at 37 0 c on a shaker table 
until it reached the optical density (0.0.) 
of from 0.2 to 0.3, as measured by the Bausch 
and Lomb spectrometer 20, at a wavelength 
setting of 450 nm. The concentration of the 
bacteria at O.D. of 0.3 was approximately 3 x 
108 bacteria per milliliter. 

Assay procedure 

The plaque assay was used to determine 
the virus concentrations in the samples in 
all tests. In the plaque assay an appro
priate dilution of a phage preparation was 
mixed with a large excess of bacterial 
suspension in a soft agar tube and the 
mixture was poured over an agar plate. 
During incubation the bacteria grew as a 
film, spotted with circular clear areas or 
plaques produced by lytic actions of the 
bacteriophage. Virus concentration was 
determined by counting the number of visible 
plaques (Adams 1959). The method used was: 

1. Add 3 ml of liquified sterile soft 
agar to sterile tubes which were both main
tained at 470 C in a water bath. 

2. Add 0.5 ml of E. coli culture 
(0.0'450=0.3) with a concentration of about 
3 x 108 cells/mI. 

3. Add 0.1 ml of appropriate virus 
dilution to each tube. 

4. Mix and pour the contents of the 
tube over a bottom agar plate to a uniform 
th ickness. 

5. Incubate the plates at 37 0 C for 
8 to 12 hours. 

6. Count the plaques. 

In this study, three replicate plates were 
poured for each sample in order to have 
information on the variability of the results. 

Batch Studies 

Two types of batch tests were used to 
determine the ability of various coagulants 
and filter media to remove water borne virus. 
Jar tests were used to evaluate virus removal 
attributed to use of alternative coagulants. 
Isotherm tests were used to determine the 
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removal associated with the various filter 
media. 

Jar tests were used to determine the 
effect of coagulants (Aluminum Sulfate, 
Cat-Floc T, and Nalco 8101, 8102 and 8103) 1 
on MS2 in tap water and turbid water. A 
water turbidity of 14 NTU was produced by 
adding locally available top soil Lo tap 
water. Jar tests were also used in deter-
min the optimum dosage of alum for the 
continuous filter runs. 

The number of jars (l liter beakers) 
used in each test varied according to the 
objective of the particular test being 
conducted. Essentially, each jar consisted 
of one liter of either tap water or turbid 
tap water at room temperature. lni§ially, a 
virus concentration of 5.4 x 10 PFU/ml 
was int roduced into the water sample. The 

was then added. Concentrat ions of 
alum ranged from 1 mg/l to 50 mg/l, while 
concentrations of polyelectrolytes ranged 
from 2 mg/l to 10 mg/l. Mixtures were 
st irred mechan ically (laboratory st i r reI', 
Phipps and Bird, Inc., Richmond Virginia) at 
approximately 120 rpm for one nute (G value 
of 110 sec-I), after which the stirring 
rate was reduced to 30 rpm for the remainder 
of the test. The G values introduced to the 
solutions by the stirrer at 30 rpm were 
calculated to be 14 sec-I. The following 
formula by TeKippe (1969) was used to calcu
late the G. values: 

where 

G 

N 

G 0.084 N3/2 

root mean sQ..uare velottiy 
gradient, sec-1 

speed of rotation (rpm) 

Samples of 0.5 ml were drawn from the jars 
periodically and assayed for virus concentra
t ions. 

Isotherm tests 

The isotherm tests were used to assess 
the ability of different granular media 
(sand, anthracite, and garnet) to remove 
viruses from water. They were also used to 
determine the effect of turbidity and 
ch anges in pH levels on the virus. All 
isotherm tests were conducted in an agitated 
system, using a lab-line shaker table (Lab
line Instruments, Inc., Metrose Parks, 
Illinois) at a setting of 100 rpm. 

IThe names and addresses of the venders 
which supplied the coagulants are listed 
under Chemicals. 



Each granular material was washed, 
dried, and autoclaved before the tests. 
Because these materials had been dried, and 
were thus absorptive, a sufficient amount of 
tap water was added to saturate the media 
before the addition of virus suspension. A 
ratio of 1 g granular matter to 1 ml of virus 
suspension was used throughout the tests. 

The virus suspension was added to the 
granular material and allowed to mix for a 
per lod of 24 hours. Th is time s pan was 
assumed to be sufficient to achieve the 
max imum poss ible adsorpt ion of the vi rus to 
t he granular matter. The solut ion was then 
assayed for virus concentration. Kinetic 
studies were conducted on anthracite only, 
us ing the same procedure as above, however 
the solution was assayed at specific time 
intervals during the 24 hour period. 

The effect of pH on the viability of the 
virus was determined by adjust ing the pH of 
tap water by either bubbling C02 gas through 
the water, or adding 0.01 N sodium hydroxide 
(NaOH). Virus was added to tap water at 
various pH levels (pH 5 to 9), in a closed 
system, and assayed after 24 hours. To 
ensure that the decrease in virus concentra
t ion was due solely to pH changes, and not 
sodium ion addition, a study was conducted in 
which the pH was held constant (7.9 + 0.1) 
while the sodium ion concentration was 
varied. Sodium concentrat ions tested were 
equivalent to levels of sodium added as NaOH 
in the previous pH experiments. 

In the turbidity studies, virus was 
added to turbid tap water and assayed after 
24 hours, both before and after centrifuga
tion (at 10,000 rpm for 5 minutes). The 
sample was centrifuged in order to determine 
if the virus had adsorbed to the colloidal 
matter, or had remained in the supernate. 
Turbidity, in all tests, was held constant at 
14 NTU, as measured with Hach turbidimeter, 
model 2100 A. 

An appropriate system of controls was 
used for the batch test being conducted. The 
controls consisted of either virus suspension 
in tap water, virus suspension in turbid 
water, or a mixture of tap water· and the 
particular granular medium being studied 
without addition of virus. 

The virus concentration used in all 
batch tests (jar and isotherm) and in the 
continuous run tests) described in the 
fo~lowing section) was approximately 5.4 x 
10 PFU/ml. This concentration is low 
enough to allow direct assay of the samples, 
and thereby reduce the error involved in 
making necessary serial dilutions before 
assaying. In order to improve reliability, 
each test was run at least twice with three 
replicate samples for each experimental 
condition. 
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Continuous Runs 

Apparatus 

A pilot scale system was designed to 
simulate the functions of an actual in-line 
direct filtration plant. The system was 
composed of three funct ional un its: an 
injection system, a mix tank, and three 
filtration columns. Figure 1 shows the 
schematic design of the system. 

The injection system consisted of three 
storage tanks containing separate concen
trated stock solutions of either alum, virus, 
or turbid ity. Parastalt ic pumps (Monostat, 
New York) were used to inject calibrated 
amounts of these solutions into the mix tank. 

Controlled volumes of the three stock 
solutions and tap water were introduced into 
the mix tank. Mechanical stirrers (Cole 
Parmer, Chicago) were used to mix the in
jected stock solutions with the inflowing tap 
water in the mix tank. The average detention 
time was 2 to 5 minutes. 

Three separate filter columns, fed by 
the common mix tank, were used to evaluate 
rapid sand, dual-media (anthracite and sand) 
and multimedia (anthracite, sand and garnet) 
filters concurrently. The plexiglass 
columns were equipped with 12 equidistant 
sample ports along the length of the filter 
bed (Figure 2). Each sample port was equip-

with a toggle valve, and penetrated the 
ilter media to the center of the column 

so that the flu id regime would not be d is
turbed during sampling. The filter media 
were supported by a plexiglass plate. 

The underdrain system consisted of a 
Flexkleen/Mark II provided by EIMCO, Division 
of Envirotech Corporation, Salt Lake City, 
Utah. To avoid short circuiting and to ensure 
consistent backwash pressure across the base 
of the filter, holes were drilled in the 
plex plate supporting the media, and a 
wi re mesh was used to cover the support ing 
plates. The underdrain system is illustrated 
in F 3. 

The filter media were purchased from 
Neptune Microfloc, Inc. Table 4 shows the 
effective size and the uniformity coefficient 
of the media. The rapid sand filter consisted 
of 81 cm (32 inches) of sand while the 
dual-media filter consisted of 38 cm (15 
inches) of sand and 38 cm (15 inches) of 
anthracite, and the multi-media filter 
consisted of 23 cm (9 inches) of sand, 43 cm 
(17 inches) of anthracite and 13 cm (5 
inches) of garnet. 

Backwashing and air scouring were used 
to clean the filter media between tests. For 
backwashing, the bottom outlets of the 
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Figure 1. Schematic diagram of the laboratory in-line direct filtration system. 
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Figure 2. Dimensional details of each laboratory column. 

Table 4. Media characteristics. 

Media 
Des ign 

Single 
Dual 
Tri 

Anthracite Coal 
Effective Uniformity 
Size (mm) Coefficient 

1.5 1.6 
1.0 - 1.1 

< 1.8 
< 1. 7 

Sand 
Effective Uniformity 
Size (mm) Coefficient 

0.4 - 0.5 
0.4 - 0.5 
0.4 - 0.5 

12 

< 1.4 
< 1.4 
< 1.4 

Garnet 
Effective Uniformity 
Size (mm) Coefficient 

0.18 0.28 < 2 
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Figure 3. Schematic drawing of the underdrain 
system used in the filter columns. 

columns were connected to a tap water line 
(Figure 1). Air scouring was achieved 
by forcing air through the filter bed. 
Compressed air was introduced in the bottom 
section of the filter below the media. 

The backwash water was discharged from 
the filter through a 5 em (2 inch) diameter 
PVC pipe located approximately 91 cm (36 
inches) above the filter media (Figure 2). 
Filter effluent and backwash wastewater 
were piped to a 568 liter (150 gallon) 
reservoir. A water level actuated pump 
ultimately transported the wastewater to the 
Logan, Utah, municipal sewer system. All 
flow rates, in the pilot system, were con
t rolled by means of valves and measured by 
flow meters (Fischer-Porter, Model 10A3500). 

Column run procedure 

To simulate sur face water composit ion, 
modifications were made to the influent 
culinary tap water prior to filtration. 
Stock solutions of turbidity and virus were 
pumped and mixed with the influent tap water 
in the mixing tank. Logan, Utah, tap water, 
used in this study was der ived from spr ing 
water. The spring water normally was not 
treated except for chlorination when needed. 
The tap water, however, was tested for 

13 

residual chlorine periodically and the 
results were negative at all times. 

Top soil was used to generate LurbidIty 
because its composition was representative of 
the turbidity found in the surface waters of 
this area. Top soil was obtained from the 
Utah State University Agricultural Farm, 
Logan, Utah. Table 5 presents the composi
t ion of the top soil used. Top soil was 
sterilized and graded with a #50 sieve. The 
stock turbidity solution was prepared by air 
mixing the top soil in tap water in a 49 
liter holding tank. The virus stock solution 
consisted of suspension of MS2 (5.4 x 107 
PFU/ml) in MS broth. 

Table 5. Top soil composition which was used 
to generate turbidity. 

Parameter Value 

pH 
EGe, mmhos / cm 
NaHC03-p, ppm 
NaHC03-K, ppm 
% O.C. 
B, ppm 
N03-N, ppm 
% GaG03 
Fe, ppm 
Zn, ppm 
C 1, meq/l 
HC03, meq/l 

Ext ractable 
CEC, meq/lOO g 
Na, meq/lOO g 
K, meq/lOO g 
Ca, meq/lOO g 
Mg, meq/lOO g 

Water-soluble 
Na, meq/lOO g 
K, meq/lOO g 
Ca, meq/lOO g 
Mg, meq/lOO g 

Extractable 

Na, meq/lOO g 
K, meq/lOO g 
Ca, meq/lOO g 
Mg, meq/lOO g 
SP, meq/lOO g 

Particle Size 
% Sand 
% Silt 
% Clay 
Texture 

7.6 
1.3 

21 
183 

1.3 
.76 

35.5 
22.1 
4.5 
3.9 
1.3 
1.2 

11.3· 
< .1 

2.8 
* 

2.8 

< .1 
< .1 

.4 

.1 

< .1 
.8 
* 

2.7 
35 

25 
60 
15 

Silt Loam 

*When GaC03 is present in soils, 
extractable Ca is without meaning, and 
extractable Mg is often unreliable. 
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The stock solutions were pumped into the 

mix tank at rates which yielded final concen
trations of 5.4 x 103 PFU/ml of virus and 
turbidity of approximately 14 NTU. 

Aluminum sulfate (alum) was used as 
coagulant for the continuous runs. Stock 
solutions of alum were prepared by dissolving 
powdered alum (Stauffer Chemicals, Salt Lake 
City, Utah) in tap water. The stock solu
tion was pumped into the mix tank to produce 
a final concentrat ion of 6 mg!l of alum. 

To establish whether pre-treatment of 
the filter media with polyelectrolytes would 
enhance the effluent water quality, an 
experiment was conducted treating the filter 
media by saturating it in a solution of 
Nalcolyte 8101 (20 mg/l) for 24 hours. Based 
on batch tests, Nalcolyte 8101 produced the 
greatest reduction of virus in water. 

Before each run, the filters were 
backwashed for 15 minutes at a rate of 
approximately 61 m3/hour/m2 (25 gal/min/ft2) 
followed by air-scouring for 5 minutes. 

The efficiency of the pilot system was 
evaluated for both high hydraulic loading 
rates of 12.2 m3 /hour/m2 (5 gals/min/ft2) 
and low loading rates of 7.3 m3/hour/m2 (3 
gals/mini ft 2 ). These rates were the total 
hydraulic loadings on each column. A 
constant head of approximately 91 cm (3 ft) 
was maintained above the filter bed during 
all runs. 

Th irty minutes to one hour after the 
ini tiat ion of each run, samples were drawn 
fr om every other sampling port and assayed 
for virus concentration and checked for 
turbidIty levels. The total volume of 
samples drawn from the ports each time was 
not more than 50 mL A small volume (10-20 
ml) was wasted from each port prior to 
obtaining samples. Turbidity was measured 
with a Hach turbimeter, Model 2100 A. All 
experiments were repeated twice to ensure 
reliability of results. 

Chemicals 

The following is a list of chemicals 
used in this study: 
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1. Bacto tryptone, Difco Laboratories, 
Detroit, Michigan. 

2. Bacto Agar, Difco Laboratories, 
Detroit, Michigan. 

3. Th iamine, Scher ing Corporat ion, New 
Jersey. 

4. D. glucose, J. T. Baker Chemical 
Co., Phillipsburg, New Jersey. 

5 . Sod i um ChI 0 rid e , 1'1 a 11 inc h rod t 
Chemical Works, St. Louis, Mo. 

6. Yeast extract, Difco Laboratories, 
Detroit, Michigan. 

7. Nalco 8101, 8102, 8103, Nalco 
Chemical Co., Salt Lake City, Utah. 

8. Cat-Floc T, Calgon Corporation, 
Pittsburg, Pa. 

9. Alum, Stauffer Chemicals, Salt Lake 
City, Utah. 

10. Granular media (anthracite, sand, 
garnet), Neptune Microfloc, Inc. 

Glassware 

The following procedure was used in the 
preparation of all glassware used in this 
st udy. 

1. Glassware was first soaked in a 
concentrated solution of chromic acid. 

2. It was rinsed with a baking soda 
solution and tap water. 

3. Deionized water was used for final 
r ins ing. 

4. Glassware was sterilized by means of 
autoclaving. 

No special treatment was used to reduce 
adsorption, if any, of the virus to the 
glassware. 



RESULTS AND DISCUSSION 

Preceding the continuous pilot plant 
tests, batch studies were conducted to 
determine what effects, if any, factors such 
as pH, chemical coagulants, polyelectrolytes, 
and various filter media had on the bacterio
phage MS2. Afterwards, continuous pilot 
plant tests were performed to determine 
the effectiveness of the system as a whole. 

Data obtained from both batch studies 
and the continuous pilot plant runs, were 
stat is t ically analyzed us ing t he "Duncan 
Mult iple Range Test" (Middlebrooks 1976). 
The data were the result of a biologi
cal assay procedure and thus inherently 
variable. The Duncan test was, therefore, 
used to determine if significant differences 
exist between the means of various treat
ments. 

An observat ion was made that, in almos t 
all cases, an initial decrease in virus 
concentration occurred with the addition of 
MS2 to tap water. This reduction of MS2 was 
probably due to virus aggregation that 
could be caused by the difference in the 
ionic strength of the tap water and the 
growth media. A previous study also showed 
aggregation of poliovirus and reovirus when 
these viruses were diluted with distilled 
water (Floyd and Sharp 1977). Aggregat ion 
was related to the lowering of the ionic 
strength of the solution. The basic under
lying mechanism which governs the aggregation 
of vi rus part icles, as reported by other 
investigators, involves 1) the nature of the 
soluble ionic groups in suspension with the 
virus, 2) the charged groups on the surface 
of the virus particle, 3) the isoelectric 
point of the virus, and 4) the ionic double 
layer which results from the interact ion of 
one and two (Floyd and Sharp 1978). Floyd 
and Sharp emphasize that the conditions which 
induce aggregation of one virus will not 
necessarily induce aggregation of another. A 
minimum of two replicates of each experiment 
was conducted to verify results. 

Effects of pH on MS2 Virus 

The senSitivity of MS2 to pH was deter
mined by isotherm batch studies. Approxi
mately 5.4 x 104 PFU/ml of MS2 were added 
to tap water. The pH was varied either 
by bubbling C02 through the solut ion or by 
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adding 0.01 N NaOH (sodium hydroxide). The 
virus was assayed after 24 hours. Results 
obtained from the experiment are presented in 
Figure 4. Virus concentrations increased as 
the pH increased from 5.5 to 7. The virus 
concentration, however, decreased at pH 
levels between 7 and 9. The isoelectric 
point of MS2 is at pH 3.9 (Goodhart 1969). 
Therefore, at pH above 3.9, MS2 has a net 
negative charge and at pH below 3.9 it has a 
net positive charge. Maximum aggregation 
would be expected to occur at the isoelectric 
poi n t • Wh en the sur f ace c h a r g e i s n ear 
neutral i ty, the repuls ive forces between the 
virus particles approach zero. Therefore, 
the low concentration found at pH 5.5 prob
ably resulted from virus particle aggrega
tion. As the pH increased, from 5.5 to 7, 
repulsion of similarly charged virus parti
cles inh ibited aggregat ion. It should be 
emphasized, however, that aggregation is a 
very complex phenomena and may not be ex
plained solely by colloidal chemistry. 

Decrease in virus count from pH 7 to 9 
may be due to the excessive negative charge 
on the virus and on the host cell, thus 
prevent ing at tachment to the host cell. 
Another possibility would be irreversible 
structural changes in the virus' host speci
f ic attachment site. Decrease in virus 
concentration at pH 9 may be attributed to 
the virus protein coat rupture. The possi
bility of the protein coat rupture and 
denaturation, however, has been reported to 
occur at pH levels above 11 (Berg et al. 
1970) • 

To ensure that the reduction in virus 
concentration at pH values above 7 was solely 
due to the pH change and not the sodium ion 
concentration, an experiment was conducted 
varying the sodium ion concentration while 
keeping the pH constant (7.9 + 0.1). Sodium 
concentrations tested were -equivalent to 
levels of sodium added as NaOH in the pre
vious pH experiments. As shown in Figure 5, 
there was no significant difference at 
95 percent confidence level between virus 
concentrations over the range of zero to 0.5 
mg/l of sodium ion. 

Virus sorption on anthracite, 
garnet was investigated. The 

sand, and 
resulting 
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k inel ics of virus adsorpt ion to the anthra
cite and sand are presented in Figure 6. 
Although the graphs appear to indicate some 
virus removal by the sand, the Duncan inter
pretation of the data show that the removal 
over time was insignificant at 95 percent 
confidence level. 

The maximum virus removals achieved by 
the anthracite in Figure 6 was 93+ percent. 
Figure 7 also shows the virus adsorpt ion to 
the anthracite as a function of time. The 
adsorption equilibrium was reached after 
2 hours. The adsorption kinetics, however, 
showed that approximately 30 percent virus 
removal occurred within the first 10 minutes. 
During the pilot plant continuous experi
ments, the contact period between the filter 
media and the virus was less than 10 minutes. 
Therefore, adsorption kinetics limited the 
removal of virus by anthracite coal. Centri
fugation of the fine colloidal particles from 
the supernatant yielded approximately 99 
percent virus removal after 30 minutes of 
contact time (Figure 7). The increase in 
virus reduction was attributed to removal of 
the very fine particles of the anthracite 
which have virus associated with them. 
Although the Duncan test indicated that 
the difference between the centrifuged 
samples and noncent rifuged samples was not 
significant, the rate of virus removal for 
both samples was significant. It appeared 
that virus removal eft iciency was improved 
with smaller size anthracite grains. The 
greater efficiency was probably due to 
increase in surface area. 

The difference between the virus removal 
by sand and anthracite may be due to the 
difference in their surface area (Bitton 
1975). Compared to anthracite, sand is 
relatively a poor adsorbent because of 
its smaller surface area. Previous study has 
shown that sand removes viruses mainly by 
adsorption which is enhanced by electrostatic 
at tract ion and Van der Waals forces between 
sand and virus particles (Bitton 1975). 
Th is find was further confirmed by tests 
uSing egg a in to compete with the bacter-
iophage for the limited amount of active 
sites on the sand surface (Bitton 1975). 

The data obtained in this study describ
ing the adsorption of virus to anthracite 
agree with similar data provided in the 
literature (Oza and Chaudhuri 1976,1977). 
Virus-coal sorption interaction has been 
considered to involve some specific inter
action between the surface functional 
groups of virus and coal (Oza and Chaudhuri 
1976, 1977). This interaction has been 
presumed to involve hydrogen bond ing. Coals 
with greater ratios of hydrogen to carbon 
(H/C) and hydrogen to oxygen (H/O) adsorbed 
greater numbers of MS2 virus (Oza and Chaud
huri 1976, 1977). Therefore, different 
degrees of removal would be achieved with 
different types of coal. 

Since no virus removal was observed with 
garnet after a period of 24 hours, further 
kinetic studies with garnet were not con
ducted. In summary, anthracite coal was the 
most effective media in virus removal. 
Anthracite removed 93 percent of the bacter
iophage MS2 at an initial titer of 5.4 )( 
103 PFU/mL The removal of virus by the 
sand was insignificant at the 95 percent 
confidence level. 

Tap water and water containing turbidity 
were inoculated with approximately 5.4 x 103 
PFU/ml of MS2 phage. Samples were agitated 
at 100 rpm for 24 hours. Samples were then 
assayed before and after centrifugation to 
ensure that virus particles were in the 
supernatant and not associated with the 
solids in the water. Table 6 presents 
the results of five repetitive jar tests. 

Centrifugation did not reduce virus 
concentrat ion (Table 6). Adsorpt ion of MS2 
to colloidal suspension was insignificant at 
95 percent confidence level. Studies re-
ported in the li however, have shown 
that colloidal partic present in water 
provide sites for vi rus attachment, thus 
decreas ing the virus counts (Carlson et al. 
1968; Moore et a1. 1975; Bitton 1975; Berg 
1973; Schaub and ik 1975; Bitton et a1. 
1976) . 

Table 6. Virus concentration in tap water and tap water containing turbidity for centrifuged 
and non-centrifuged samples. 

Trial 
No. 

1 
2 
3 
4 
5 

Virus Conc. 
(PFU/ml) 

in tap water before 
centrifugation 

347 
730 
392 
358 
383 

Virus Conc. 
(PFU/ml) 

in tap water 
after centri

f ugat ion 

503 
657 
389 
460 
367 

17 

Virus Conc. 
(PFU/ml) 

in tap water 
plus turbid 
before centri-

520 
628 
364 
337 
370 

Virus Cone. 
(PFU/m1) 

in turbidity 
water after 

centr ifugat ion 

187 
588 
420 
438 
368 
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The discrepancy between these observed 
resuits and the literature results may be due 
to the difference in the nature of the 
colloidal matter, VIrus, and the cation 
species present. Carlson et al. (1968) made 
a detailed study on the adsorption of bacter
lophage T2 and type I poliovirus to Kao
linite, montmorillonite and illite. It was 
found that the sorption of these viruses 
depended on the type and concentration of 
cations present in the water. It was also 
concluded that c lay minerals vary in their 
ability to adsorb virus particles. The 
surface exchange capacity, determined by the 
surface charge density and clay particle 
geometry, was an important factor which 
governed the adsorpt ion process. Previous 
work reported that viral associat ion to 
inorganic and organic suspended solids 
depended on the type of virus as well as the 
presence of cat ions (Moore et al. 1975). 
According to Moore, both T2 and f2 virus 
show g rea t a f fin i t y for Ben ton i t e in the 
presence of calcium. Their affinity for 
Kaolinite under the same condition, however, 
was much less. 

Effects of Coagulan~~ 

Alum and cationic polyelectrolytes 
(Cat-Floc T, Nalco 8101, 8102, and 8103) were 
tested on the MS2 phage suspension in both 
tap water and turbid tap water. The purpose 
of using two types of water was to investi
gate the role of turbidity in the interaction 
between the bacteriophage and the coagulant. 
Cat ionic polyelect rolytes have been shown to 
be more ef fect ive at removing vi rus from 
water suspensions than are either anionic or 
non-ionic polyelectrolytes (Shea et al. 1971; 
Adin and Rebhum 1974; Chaudhuri and Engel
brecht 1970; Thorup et al. 1970). 

Alum 

Figures 8, 9, and 10 show the effect of 
var ious dosages of alum on the decrease of 
MS2 in tap water. No significant differences 
at the 95 percent confidence level was 
observed at alum dosages from 1 mg/l to 
6 mg/l (Figures 8 and 9). The average 
removal of virus over time when compared to 
the control was 30 percent. When the dosage 
range was increased to between 7 and 10 mg/l, 
no significant difference at the 95 percent 
level was observed between each treatment, or 
the L reatments and the cont rol (Figure 10). 
When alum was added to vi rus suspens ion in 
turbid water, no significant reduction was 
achieved when compared to the control (Fig
ures 11 and 12). In some cases the control 
actually had lower counts than the treatments 
achieved. The Duncan test indicated that 
there was no s ificant difference at the 95 
percent confidence level between the results 
obtained at the different alum dosages (5 to 
10 mg/l) and the controls. 

Virus removal for alum concentrations up 
to 6 mg/l in tap water could be due to 

formation of a coordination complex between 
the virus and the metal coagulanl. The 
aluminum may have been coordinated with the 
carboxyl groups in the virus' protein coal, 
thus resulting in a decrease in virus concen
trations (Chaudhuri and Engelbrecht 1970). 

In a turbid solut ion (14 NTU), virus 
removal did not occur at alum dosages from 5 
to 10 mg/l (Figures 11 and 12). Turbidity 
appeared to interfere with the ability of 
alum to remove the virus at these low 
dosages. 

Results presehted in Figures 8 through 
12 show a relat ive increase in virus counts 
with corresponding increases in the floccula
tion period in almost all cases. This 
increase may have been due to breaking up 
the virus aggregates by mechanical stirring. 
A more uniform distribution of the virus 
particles in the solution achieved by longer 
mixing could have also contributed to the 
increase in virus counts. The difference 
between virus concentration over the floccu
lation period of zero to 45 minutes was nOL 
sign ificant at 95 percent conf idence leve 1. 
Thus it appears that virus reduction is not a 
function of the flocculation period. 

Figure 13 plots virus removal for 
various alum dosages (up to 50 mg/l) after a 
flocculation period of 45 minutes. Following 
a 15 minute sedimentation period, three 0.1 
ml supernatant samples were obtained and 
assayed for virus. Supernatant from the 
settled sample was centrifuged to determine 
if remova 1 of the finer par t icles would 
improve virus removal. Th is sample was 
1 a be led "s up e r na t an t c e n t r i f u g e d • rr H a vi n g 
assayed the supernatant with and without 
centrifugation, the settled floc particles 
were resuspended in the water. Insuffi
cient energy was introduced to the sample to 
disrupt the integrity of the floc particles. 
The resuspended samples were assayed to 
determine whether decrease in vi rus counts 
was due to virus aggregation on the floc's 
surface or nmeshment of the virus in the 
f locs pa rt ic 

Virtually no virus removal occurred with 
. lower dosages of alum (5 - 10 mg/l), whereas 
dosages of 20 to 50 mg/l achieved nearly 
complete virus removal. Figure 13 clearly 
depicts the differences in virus removal by 
alum dosages used in direct filtration plants 
(usually less than 15 mg/l) and conventlonal 
treatment plants (greater than 20 mg/l). 
It appeared that the key to better virus 
removal efficiency was the alum dosages used. 
Flocculation period had no observed effect on 
virus removal. Alum dosage of 50 mg/l 
produced highest removal with maximum 
percent removals of 97, 98, and 93 for 
supernatant, supernatant centrifuged, 
and the resuspension, respectively. However, 
the Duncan analysis indicated that the 
differences in the percent removals for these 
three treatments were not significant at 95 
percent conf idence level. These results 
compare favorably with those reported by 
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at her invesl igators (Chaudhur i and Engel
brechl 1970; Chang et aI. 1958; York and 
Drewry 1974). Since centrifugation and 
resuspension of the floc did not alter virus 
concentrations in the water sample, the 
removal may be due to the entrapment of the 
Virus within the precipitating flocs. 
Furthermore, virus particles which were not 
entrapped in the flocs, remained in the 
supernatant and did not attach to the col
loidal particles present. 

Chaudhuri and Engelbrecht (1970) have 
presented evidence that metal coagulants 
initially form a coordination complex with 
lhe virus (T2 and MS2 phages). The alumi
num was believed to have coordinated with the 
carboxyl groups in the virus' protein coat. 
Subsequently the complex was incorporated 
into the precipitating hydrated aluminum 
oxide. The vi ruses were not inaCl ivated but 
could be partially recovered from the sludge 
(Chaudhur i and Engelbrecht 1970). The pres
ence of organic material was shown to de 
crease the amount of virus removed due to 
compel it ion. 

With respect to turbidity removal, 6 
mg/l of alum was determined to be the optimum 
dosage. Optimum dosage IS def ined as the 
lowest dosage which produced pin point flocs 
while producing the lowest turbidity. 
Figure 14 represents the results of the jar 
test for turbidity removal at alum dosages of 
1 to 10 mg/I. 

Virus and turbidity removal 
with polyelectrolytes 

Figure 15 shows the effect of various 
dosages of Cat-Floc T (2 to 10 mg/l) on the 
virus suspended in tap water. There were no 
significant differences among the various 
Ca t-Floc T dosages with regard to vi rus 
reduction. In each case, a 95 percent 
confidence level was used. In the presence of 
turbidity, greater removal was achieved 
(Figure 16). The effects of all the dosages 
were essentially the same except for the 
dosage of 10 mg/l which shows significantly 
less reduction (35 percent less). Optimum 
virus reduction was achieved by 2 mg/l of 
Cat-Floc T which reduced approximately 75 
percent of the virus. The 75 percent removal 
was calculated based on arithmetic averages 
over time (Figure 7). These data further 
confirm the assumption that virus reduction 
was not a funct ion of flocculat ion per iod. 
The maximum reduction, however, was 98 
percent after a flocculation period of 45 
minutes (Figure 17). Results with Cat-Floc T 
compare with virus removal data obtained 
using alum at higher concentrations (20 -
50 mg/l). 

Figure 17 shows a definite trend toward 
collOIdal restabilization as the dosages of 
Cat-Floc T were increased from 2 mg/l to 
10 mg/l. This ~rocess was best explained by 
the work of 0 Melia (1969) (Figure 18). 
Cationic polyelectrolytes bear positively 
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Figure 14. Turbidity removal at various 

alum dosages. 

charged amino groups which attract the 
negatively charged particles (virus in 
this case). When a polymer molecule comes 
into contact with a colloidal particle, some 
of these colloids adsorb at the posit ive 
sites, leaving the remainder of the molecule 
extending out into the solution. If a 
second particle with available adsorption 
sites contacts these extended segments, 
attachment can occur. A particle-polymer
particle complex is thus formed in which the 
polymer serves as a bridge. Dosages of 
polymer which are sufficiently large to 
saturate the colloidal surfaces produce a 
restabilized colloid, since no sites are 
ava ilable for the format ion of interpart icle 
bridges. The restabilization phenomena 
may explain why no virus removal occurred in 
the absence of turbidity. The dosage of 
polymer may have been so large that ,it 
saturated the virus surfaces, leaving no 
ava ilable sites for the format ion of inter
particle bridging. The addition of turbidity 
increased the number of colloidal part icles 
present thus prevent ing saturat ion of col
loidal surfaces and the virus. 
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Figures 19, 20 and 21 represent the 
resulLs for virus removal with Nalco 8101. A 
96 percent decrease in virus concentration 
was achieved when 2 mg/l Nalco 8101 was added 
to tap water, whereas 97 percent of the virus 
was reduced when this polymer was added to 
Lap water containing turbidity. The Duncan 
lest indicated no significant differences 
among the removal of virus at various 
dosages. The removal of the bacteriophage 
may be explained by formation of virus
polymer-virus complex, as previously ex
plained, leading to aggregation. 

A 2 mg/l concentration of Nalco 8102 
removed 48 and 63 percent of the virus 
in tap water and turbid water, respect ively 
(F igures 22 and 23). Restabilizat ion of the 
virus part icles occurred at 6 mg/l of Nalco 
8102. Approximately 57 percent of the virus 
was reduced with the addit ion of 2 mg/l of 
Nalco 8103 to both tap water and turbid water 
(Figures 24 and 25). Restabilization was 
again observed at the concentration of 6 mg/l 
Nalco 8103 (Figure 24). 

Reduction of virus levels obtained with 
Cat-Floc T, Nalco 8101, 8102, and 8103 futher 
confirmed the finding that flocculation 
period does not affect virus removal effi
e iency. None of the polyelect rolytes pro
duced a visible floc with turbidity. Fur
thermore, they all failed to remove tur
bidity. These polyelectrolytes are not 
manufactured to be used as primary coagu
lants, rather they are intended as coagulant 
aids to coat filter media or be used in 
conjunction with another metal coagulant. 
Polyelectrolytes are usually added to the 
backwash water to cover the sur face of the 
filter media. This process is referred to as 
"coat ing." Whether polyelect rolytes are used 
to coat filter media or in conjunction 
with metal coagulant, their function is to 
form strong bonds when floc is adsorbed on to 
the filter media. 

Table 7 summarizes the efficiencies of 
the various coagulants evaluated to reduce 
the bacteriophage MS2. The dosages reported 
were the dosages which produced the highest 
virus reduction. The efficiencies in virus 
reduction were achieved for turbidity of 14 
NTU's, initial virus titer of approximately 
5.4 x 103 PFU/ml, and flocculation period 
of 45 minutes. No significant differences 
were observed between centrifuged, noncentri
fuged, settled and nonsettled samples (Fig
ures 13,17, and 20). The percentages 
reported are, therefore, for samples without 
sedimentation or centrifugation because they 
are more representative of the processes in 
direct filtration systems. The percentages 
were calculated from the arithmetic averages 
of each dosage over time for two repli
cate tests. Because of the variability of 
results, the percentages based on averages 
over time were more accurate than maximum 
percent reduction. Maximum percent reduction 
would be calculated based on data obtained at 
a part icular point in time during the test. 
Because the data were acquired by a biologi-

24 

Table 7. 

Alum 
Cat-Floc T 
Nalco 8101 
Nalco 8102 
Nalco 8103 

cal assay 
variable, 
enough to 
treatment. 

Reduction of bacteriophage MS2 
concentrations in water by various 
coagulants without sedimentation. 

Optimum 
Dosage 

(mg/l) 

50 
2 
2 
2 
2 

Average % 
Virus 

Reduction 

98 
75 
96 
63 
57 

procedure, and thus inherently 
one data point was not reliable 
be cons idered the result of a 

Pilot Plant Studies 

Initial conditions 

Continuous filtration experiments were 
conducted to evaluate virus removal in a 
pilot scale in-line direct filtration system. 
Top soil was added to the culinary water of 
Logan, Utah, to simulate natural surface 
water. The turbidity of the simulated water 
ranged from 14 to 17 NTU in most cases. The 
flow rates used were 7.3 and 12.2 m3 /hour/m2 
with detention times in the rapid mix basin 
of 5 and 2 minut~s respectively. A virus 
suspension was gravity fed to the mix tank to 
render a final virus concent rat ion of 5.4 x 
103 PFU/ml. A great deal of variability (0 
to 5547 PFU/ml), however, was observed in the 
virus concentration in the rapid mix tank due 
to fluctuation in the flow from the virus 
feed system. Because the desired flow from 
the stock virus suspension in the rapid mix 
tank was only 1 ml/min., it was difficult to 
maintain a constant flow. An alum dosage of 
6 mg/l was used in the continuous filteration 
runs. This optimum dosage for turbidity 
removal was determined by jar test (Figure 
14). Four tests were run with alum alone at 
flow rates of 7.3 and 12.2 m3/hour/m 2 . 

After the data had been collected with 
alum alone as the coagulant, the filters 
were coated with Nalco 8101 as described 
previously in the procedure. Two tests were 
then conducted with Nalco 8101 at a flow rale 
of 7.3 m3/hour/m 2 • In these studies, 2 
mg/l of Nalco 8101 were added to the water 
approximately 61 em (2 feet) above the coated 
filters after 6 mg/l of alum had been added 
in the rapid mix basin. Two mg/l as deter
mined by the jar tests were the opt imum 
dosage of Nalco 8101 for virus removal. The 
samples collected from each filter column 
were analyzed for turbidity and the bacter
i ophage MS2 concent rat ion. The pilot plant 
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studies were repeated twice for each condi 
t ion to ensure validity of the results. 

The intent of these experiments was not 
to determine the opt imum f iltrat ion length, 
but to determine the efficiency of virus 
removal. In all cases, first filter effluent 
samples assayed showed virus breakthrough. 
The filters were, therefore, operated for 9 
hours which was considered sufficient to 
construct virus and turbidity profiles 
through the filter media. 

Turbidity and virus removal by 
the fIlters 

Single sand medium. The results of the 
contlnuous pIlot plant operations for the 
single medium sand with alum alone as the 
coagulant, and at a flow rate of 7.3 m3/hourl 
m2 are presented in Figures 26 and 27. 
Turbidity values less than 0.5 NTU were 
achieved for 5 hours after system start up 
(Figure 26). During the first continuous 
filter operation, the filter plugged after 5 
hours (Figure 26, Run #1). During the second 
continuous filtration experiment, the filter 
was operating for 9 hours (Figure 26, Run 
#2). The effluent turbidity standard 
of less than I NTU was achieved during 
the entire 9 hours. Nonetheless, virus 
breakthrough in the filter effluent was 
observed in the first sample (l hour after 
the system start up). Figure 27 delineates 
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the dlfferences between influent and effluent 
virus concentration over time. The first run 
in Figure 27 shows substantial virus removal 
(72 - 98 percent) while the second run shows 
relatively less (0 - 70 percent). The Duncan 
analysis showed significant difference 
between the influent and efflueot virus 
concentrations over time. The Duncan anal
ysis, however, may not be applied to the 
first run in Figure 27 due to the small 
number of data points. More data points were 
not obtained because of degradation in filter 
product water. Although Figure 27 showed 
virus removal by the sand fIlter, a meanlng-
ful average percent was not established 
due to the high var iUty in the results 
between the two trials runs under the same 
conditions (Table 8). 

The increase in the flow rate from 7.3 
to 12.2 m3/hour/m2 did not change the efflu
ent quality with respect to turbidity and 
virus (Figures 28 and 29). In one run, the 
effluent turbidity standard of less than 
1 NTU was achieved during the first 5 hours 
(Figure 28, Run #2). In the other (Figure 
28, Run #1), the sand filter met the effluent 
turbidity standard only during the first hour 
even though the filtration continued for 
5 hours. The premature failure of the 
filter, during the first run, was due to 
supersaturation of the influent water with 
dissolved oxygen. At thIS column operat lOn, 
the temperature of the influent was 140 C 
and dissolved oxygen was 20 mg/I. When 
supersaturated water enters the filter, if 
the head on the filter is less than the 
atmospheric pressure, oxygen bubbles are 
released and cause air binding. Air binding 
results in short circuiting and clogging of 
the filter, thus causing premature turbidity 
breakthrough. 

Figure 29 shows virus removal by the 
sand filter at a flow rate of 12.2 m3/hour/ 
m2. The Duncan analys is may not be appl ied 
to the results of either run due to the 
scarcity of data points. Virus removal in 
this experiment ranges from 39 to 96 percent 
(Table 9). 

Figures 30 and 31 show the results when 
2 mg/l of Nalco 8101 were added to the 
influent in addition to the 6 mg/l of alum. 
Alum was added in the rapid mix basin whereas 
Nalco 8101 was added just prior to filtra
t ion process, as prescribed by the Nalco 
Chemical Company (Salt Lake City). An 
initial high effluent turbidity (1.1 to 1.5 
NTU) was observed, but 3 hours after the 
initiation of the operation the effluent 
turbidity decreased to less than 1 NTU 
(Figure 30). The in it ial high turbidity 
appeared to be the result of the excess of 
Nalco 8101 washout. Nalco 8101 was used to 
coat the filter media before each operation. 

Figure 31 shows that reduction in virus 
concent rat ion did not occur with Nalco 8101 
as a coagulant aid. The contradiction in the 
virus removal results obtained by the jar 
tests and cont inuous filter runs was due to 
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Table 8. 

Continuous 
Filter 

Operation 
Run 

1 

2 

Virus removal by sand filter at 7.3 
m3 /hour/m2 flow rate. 

Time After 
Initiation of 

the Filter 

1 
3 
5 

1 
3 
5 
7 
9 

% Virus 
Removal 

72 
98 
92 

17 
o 

71 
24 
22 

difference in treatment. In the jar test, 
Na1co 8101 was mechanically stirred with the 
virus (simulating rapid mix condition), 
whereas it was added just prior to filtration 
in the continuous runs. It may therefore be 
concluded that mechanical mixing is a very 
important factor in virus removal when Nalco 
8101 is used. 

The turbidity profiles through the sand 
filter were typical of water treatment 
filters. Most of the turbidity accumulated 
in the top few centimeters (Figures 32, 33 
and 34). The distribution of grain sizes 
for the sand medium after backwashing was 
from small to large. Removal resulted from 
the location of the smaller size grains in 
the top. It is very important, however, to 
bear in mind that filtration is not just 
a straining mechanism. It is a complex 
process involving attachment mechanisms such 
as electrostatic interactions, chemical 
br idging, or specific adsorption. All these 
mechanisms are affected by the coagulants 
used in the treatment system. Removal of 
floc within a bed is accomplished primarily 
by contact of the floc particles with the 
surface of the media or with floc already 
deposited thereon (Camp 1964). Contact is 
brought about by the convergence of stream
lines, and by contractions in the pore 
channels and in the vicinity of curved 
surfaces of the media grains (Weber 1972). 

Table 9. 

Trial 

1 

2 

Virus removal by sand filter at 2a 
flow rate of 12.2 m3 /hour/m • 

Time After 
Initiation 

of the Filter 
Operation 

1 
3 

1 
5 

% Virus 
Removal 

96 
92 

55 
39 
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The virus concentration profiles through 
the sand filter are presented in Figures 35, 
36 and 37. These profiles are indicative of 
the pattern of movement of the virus through 
the filter media, however, some of the 
measured virus concentrations may be in error 
due to sampling procedure. The screened 
sample intake was located in the center of 
the column (Figure 2). Toggle valves were 
used to draw samples. Withdrawal of water 
samples may have influenced the fluid regime 
surrounding the sample intake screens. 
Hydraulic shear forces may have sheared of f 
colloidal matter and the virus particles. 
The volume of the samples taken from each 
port was not more than 30 milliliters, 
nevertheless, hydraulic shearings of col
loidal and virus particles were possible. 
Data, however, represent a relative amount of 
virus present through the filter profile. 

At ins tances when sIgn i f lcant VIrUS 
removal was observed, the virus profiles 
followed the turbidity removal profiles 
closely (Figures 35, Run #1; 36, Run #1 
except for effluent) in that most of the 
retained virus was in the top few centimeters 
of the sand filter column. 

In summary, the sand filter met the 
ef fluent turbidity standard of less than 1 
NTU at flow rates of 7.3 and 12.2 m3/hour/m2 
(Figures 26 and 27) for a filtration period 
of 9 hours and 5 hours, respectively. 
Effluent quality, therefore, was not a 
function of hydraulic loading rate. Virus 
removal by the sand filter at the flow rates 
of 7.3 and 12.2 m3 /hour/m 2 (Tables 9 and 
10) was independent of the flow rate. 
Furthermore, virus breakthrough was not 
related to turbidIty breakthrough. Virus 
breakthrough was observed even though the 
effluent turbidity standard was met (Figures 
27, 29 and 31). 

Dual-media. Dual-media, anthracite and 
sand, filtation was also evaluated for its 
ability to remove virus. The results of the 
continuous pilot plant operations for the 
dual-media filter at a flow rate of 7.3 
m3 /hour/m2 are presented in Figures 39 and 
40. The filter run lengths were predeter
mined 9-hour periods. Turbidity values 
less than 0.5 NTU were achieved (Figure 38). 
F 38 delineates the differences in the 

Table 10. Virus removal by sand filter at a 
flow rate of 12.2 m31 hour 1m2 . 

Time After 
Initiation of % Virus Trial the Filter Removal Operation 

(Hour) 

1 1 96 
3 92 

2 1 55 
5 39 

35 

influent and effluent virus concentration 
over time. The Duncan analysis showed that 
there were no significant differences between 
the influent and effluent virus concentra
tions under the experimental conditions. 

An increase in flow rate from 7.3 to 
12.2 m3/hour/m 2 did not deteriorate the 
effluent quality with respect to turbidity 
(Figure 40, RUn #2). The dual-media filter 
was operating for 35 hours. The efflu
ent turbidity less than 0.5 NTU, however, was 
achieved only during the first 9 hours. The 
influent turbidity in Figure 40, Run #2 
fluctuated greatly (8 to 32 NTU) which may 
have shortened the operation length dur ing 
wh ich ef fluent qual i ty standard was met. 

FIgure 40, Run #1 showed that the 
dual-media fIlter met the effluent turbidity 
standard of less than 1 NTU only during the 
first hour after the initiation of the filter 
operation. The filter plugged after 9 hours 
(far short of the 35 hours of second run). 
The premature failure of the filter, during 
the first run, was due to supersaturation 
of the influent water with dissolved oxygen 
as explained previously in the single-medium 
(sand) section. Run til is not, therefore, 
representative of the dual-media filter 
performance at a flow rate of 12.2 m3/hourl 
m2. Figure 41, Run #2 showed that signifi
cant virus removal was not ach ieved by the 
dual-media filter in this experiment. Duncan 
analysis may not be used to determine the 
significance of the reduction achieved in Run 
#1 because not enough data points were 
available, but superficial inspection of the 
results suggests that much greater reduction 
was achieved than in Run #2. 

When Nalco 8101 was used as a coagulant 
aid, the initial effluent turbidity exceeded 
1 NTU (1.3 to 1.9 NTU) in the first contin
uous filter operation (Figure 42, RUn #1). 
The initial high finish water turbidity 
in the first run was due to Nalco 8101 
washout as explained previously. The second 
filter operation (Figure 41, Run #2), how
ever, met the effluent turbidity standard of 
less than one during the entire filter 
operat ion. Both f iltrat ion run lengths were 
terminated after the predetermined 9-hour 
period. The Duncan analysis showed that 
there were no significant differences between 
the influent and the effluent virus concen
trations (Figure 43). 

The failure of Nalco 8101 to decrease 
virus concentration in the continuous filter 
operat ion again contrasted with the results 
of the jar test. In the jar test the Nalco 
8101 was mechanically mixed wi th the virus 
whereas in procedures outlined by the Nalco 
Chemical Company, the cationic polyelectro
lyte was introduced immediately preceding 
the filtration process. 

All three tests showed that the dual
media filter was not efficient in removing 
virus from water during continuous operation. 
Even though anthracite removed 93 percent 
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of the virus from water in the isotherm 
sludies, the virus removal was kinetically 
lImited. The failure of the virus to adsorb 
to the anthracite in the pilot-plant filtra
tion study may have been due to the short 
contact time between the virus and the media. 
Shear forces caused by the flow velocity 
through pores may have also hindered adsorp
tion. 

The turbidity profiles through the 
dual-media filter showed that the turbidity 
removal occurred at the top of the filter and 
at the interface between anthracite and sand 
due to grain size changes (Figures 44, 45 
and 46). The distribution of grain sizes 
for each medium after backwashing was from 
small to large. A certain degree of inter
mixing between the dual-media was observed 
with the amount depend ing on the dens i ty 
and size differences of the two media. Due 
to the higher porosity of the anthracite on 
top, the dual-media beds allow the suspended 
solids to penetrate further into the filter 
bed and thus use more of the solid-storage 
capacity available within the filter. The 
turbidity removal mechanism involves electro
static interactions, chemical bridging, 
or specific adsorption as previously ex
plained (Weber 1972). 

Figures 47, 48 and 49 represent the 
vi rus concentrat ion prof iles through the 
dual-media. The general observation with the 
dual-media was that virus accumulation, as 
with turbidity accumulation, within the 
filter was observed in the anthracite layer 
and at the interface between the anthracite 
coal and sand (Figures 47, Run #1; 48, Run 
#1). 

In summary, the dual media filter 
produced high effluent quality with respect 
to turbidity. At a flow rate of 12.2 m3/hour 
1m 2 the dual-med ia filter met the water 
quality standard of less than 1 NTU for 9 
hours whereas the sand filter met the stan
dard for 5 hours. The difference between 
sand and dual-media filter operation lengths 
at flow rates of 7.3 m3/hour/m2 cannot be 
determined because all operations were 
terminated at a predetermined period of 9 
hours. Furthermore, turbidity and virus 
removal by the dual-media was not a function 
of hydraulic loading rate. Dual-media filter 
did not show any significant virus removal. 

Tri-media filter. Results obtained from 
the trl-media filter experiments were similar 
to those obtained for the dual-media filter 
with respect to turbidity and virus removal. 
Figures 50 and 51 show the results of tur
bidity and virus removal over time at a flow 
rate of 7.3 m3/hour/m2 • Effluent turbidity 
of less than 0.4 NTU was achieved during the 
continuous filter operation for the predeter
mined run lengths of 9 hours. Although 
influent turbidity fluctuations (6 to 17 NTU) 
were observed in the first run, it did not 
affect the effluent quality (Figure 50, Run 
#1). Significant virus removal did not occur 
during this experiment (Figure 51). 
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An increase in the flow rate from 7.3 to 
12.2 m3/hour/m2 did not change the effluent 
quality with respect to both virus and 
turbidity (Figures 52 and 53). Figure 
52, Run #1 may not be representative of the 
tri-media performance at 12.2 m3/hour/m2 
loading rate. During this filter opera
tion run, air binding occurred which resulted 
in premature turbidity breakthrough and short 
operation length as explained previously. 
During the second filter operation, however, 
effluent turbidity of less than 0.4 NTU was 
produced for 9 hours. There was no signifi
cant difference between the influent virus 
concentrations and effluent virus concentra
t ions (Figure 55). A Type II statistical 
error may have occurred in Run #1 due to 
1 imi ted data (3 points). A Type I I error 
results when the null hypothes is is assumed 
valid when it is not. 

Figures 54 and 55 delineate the results 
when 2 mg/l of Nalco 8101 was added to the 
influent water in addition to the 6 mg/l of 
alum. Figure 54, Run #1 showed high effluent 
turbidity above 1 NTU (1.2 to 1.8 NTU) during 
the first 5 hours after the system start up, 
whereas the second operation run showed high 
effluent turbidity only during the first 
hour. The observed high turbidity was due to 
the excess Nalco 8101 washout as explained 
previously. Figure 55 shows the results of 
virus removal in this experiment. The 
failure of Nalco 8101 to decrease virus 
concentration in the continuous filter 
operation, was again due to the differ
ence in the application procedure as ex
plained previously. 

The turbidity profiles in Figures 56, 57 
and 58 show that most of the turbidity re
moval occurred in the upper few centimeters 
of the filter and at the interfaces be
tween anthracite and sand due to grain 
size changes. As discussed previously, the 
distribution of grain sizes for each medium 
after backwashing was from small to large. A 
certain degree of intermixing in the tri
media beds was observed. Intermixing was 
dependent on the density and size differences 
of the various media. Filtration mechanism, 
however, is not simply due to straining 
mechanism but it involves electrostat ic 
interactions, chemical bridging or specific 
adsorption. 

Figures 59, 60 and 61 represent the 
virus profiles through the td-media filter. 
The general observat ion was the same as for 
the sand and dual-media filters. Increases 
in virus concentrations occurred in the 
anthracite coal (Figure 60. Run #1). 

In summary, the performance of the 
td-media filter was very similar to dual
media filter. The tri-media met the effluent 
turbid ity standard of less than 1 NTU for 9 
hours at 12.2 m3/hour/m 2 loading rate. 
At a flow rate of 7.3 m3/hour/m2, it also 
met the standard during the predetermined 
filter operation length of 9 hours. The 
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Influent ,and effluent turbidity measured during continuous filtration experiments 
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Influent and effluent virus concentrations measured during continuous filtration 
experiments with tri-media at a hydraulic loading of 7.3 m3/hr/m2, using 6 mg/l 
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experiments with tri-media at a hydraulIc loading of 12.2 mj/hr/m~, using 6 mg/l 
alum. 
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effluent turbidity quality was not a function 
of hydraulic loading rate. Tri-media filter 
failed to remove virus from water. 

The overall conclusion derived from the 
pilot plant studies was that while in-line 
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direct filtration was efficient in producing 
low turbidity effluent (less than 1 NTU) it 
did not remove the bacteriophage MS2. 
Furthermore, the higher flow rate of 12.2 
m3/hour/m2 did not influence the effluent 
quality with respect to either turbidity or 
virus. 



CONCLUSIONS AND RECOMMENDATIONS 

The specific scope of this research was 
to conduct a pilot plant study to evaluate 
the effect iveness of in-line direct filtra
t ion in removing the bacter iophage MS2. 
Laboratory and cont inuous run da ta were 
collected to obtain information which can be 
used to develop a treatment system which will 
reduce not only turbidity but the potential 
hazard of pathogenic virus introduced into 
the water supply. 

The overall conclusion derived from the 
pilot plant studies is that while in-line 
direct filtration is efficient in producing 
low turbidity effluent (less than 1 NTU) it 
does not remove the bacteriophage MS2. 
Furthermore, the higher flow rate of 12.2 
m3 /hour/m 2 did not influence the effluent 
quality with respect to either turbidity or 
virus. The sand filter showed better virus 
remov~l efficiency than the dual-media 
and tri-media filters. Nevertheless, virus 
breakthrough was observed in the effluent at 
all times. Dual-media and tri-media met the 
ef fluent turbidity standard of less than 1 
NTU for a longer period at 12.2 m3/hour/ 
m2 loading rate by comparison to the sand 
filter. Dual-media and tri-media met the 
standard for 9 hours, whereas the sand filter 
met the standards for 5 hours. 

From the results obtained in this study, 
the following conclusions were derived. 

1. Virus break through was observed in 
the effluent 30 minutes to 1 hour into 
the continuous filter run. The pilot plant 
system did not consistently succeed in 
removing the virus. 

2. Pilot plant systems produced high 
quality effluent with respect to turbidity 
(less than 1 NTU). 

3. Dual-media and tri-media filters 
performed 4 hours longer filtation length 
than a sand media filter at a higher flow 
rate (12.2 m3/hour/m2). 

4. Aluminum sulfate was not effective 
in removing the bacteriophage MS2 over 
the range of doses from 4 to 10 mg/I. A 
dosage of 50 mg/l of aluminum sulfate reduced 
98 percent of the virus present in water. 

5. The cationic polyelectrolyte, Nalco 
8101, was the most promising coagulant tested 
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for decreasing virus concentrations in water. 
A dosage of 2 mg/l Nalco 8101 decreased virus 
concentration by 96 percent. Cat-Floc Twas 
capable of reducing 75 percent of the virus 
wh ile Nalco 8102 and 8103 reduced 63 and 57 
percent of the virus respectively at a dosage 
of 2 mg/l. 

6. In the jar tests, virus reduction 
was not enhanced by extending the floccula
tion period. 

7. Anthracite adsorbed 92 percent of 
the virus after 2 hours of continuous mixing. 
Only 30 percent virus removal, however, was 
achieved during the first 10 minutes. 

8. Removal of the virus by sand was 
inSignificant at 95 percent confidence 
leve 1. 

9. Garnet did not remove any bacter
i op hage MS2. 

10. Maximum virus concentration (4600 
PFU/ml) was detected at pH 7.5 ~ 0.3, and 
the minimum virus counts (167 PFU/ml) were 
observed at pH's 5 and 9. 

Based on the results obtained during 
this study, highest decrease in virus concen
tration was achieved by either high alum 
dosages (20 to 50 mg/l) or 2 mg/l of Nalco 
8101. Virus removal from low turbidity water 
(approximately 14 to 17 NTU) by alum is 
believed to be due to the entrapment of the 
virus in the precipitating sweep flocs, 
whereas the mechanism involved in virus 
removal by ~alco 8101 was aggregation. 
The general observation was that virus 
removal was not a funct ion of flocculat ion 
period, but rather a funct ion of coagulant 
dosage (aluminum sulfate). Therefore, the 
limitation of in-line direct filtration to 
remove virus is the use of low dosages of 
alum. The results of the experiments con
ducted, however, indicate that addition of 2 
mg/l of Nalco 8101 to the rapid mix basin may 
remove 98 percent of the virus in the raw 
water source. 

Present ly, the burden of virus removal, 
in in-line direct filtration, remains on 
disinfection. Since viruses show different 
degrees of susceptibility to chlorine 
(Engelbrecht et at. 1978), health hazard 



remains a problem unless the suggested 
modification (addition of Nalco 8101 to the 
rapid mix basin) to full scale direct filtra
t ion system proves to be effect ive in virus 
removal. 

Based on the turbidity results obtained 
during continuous filter operations, dual
media and tri-media filters met the effluent 
quality standard of less than 1 NTU for a 
longer period at a flow rate of 12.2 m3/hour/ 
m2 . Furthermore, the effluent quali ty wi th 
respect to turbidity and virus did not 
deteriorate with change in flow rate from 
7.3 to 12.2 m3/hour/m2 . The performance 
of all three filters with respect to virus 
removal was approximately the same. It is 
therefore recommended for the treatment 
plants to use dual-media filters at a rate 
of 12.2 m3/hour/m2. 

Previous studies show that with low 
turbidity water, the flocculation time was 
not a critical factor in turbidity removal 
(Dostal et al. 1966; Conley 1965; Robeck 
196 /+; and Tredgett 1974a). Tate et al. 
(1977) showed that the increase in floccula
t ion (at G 100 sec-I) time from 13 to 26 
minutes did not improve the water quality. 
Hutchison (1976) studied flocculation periods 
of 4.5 minutes to 28 minutes and found that 
flocculation periods beyond 4.5 minutes 
increased the likelihood of turbidity break
through. In a study by Tredgett (1974b), a 
hydraulic detent ion time of 30 sec with a G 
value of 140 sec- 1 in a rapid mix basin 
gave a Similarly excellent filtrate to that 
produced by a G value of 250 sec- 1 for 90 
seconds. In combinat ion, these find ings are 
important in suggesting system design re
tention times and G value. 

Based on the data available in the 
literature and data obtained in this stuqy, 
the water treatment schematic diagram of 
Figure 62 is suggested. This system will 

Alum feed 

pump 

Polyelectrolyte 

feed pump 

potentially result in significant virus 
removal (MS2) and yield low turbidity water. 

Recommendations for Future Research 

Based on the results of this investiga
t ion and a review of the literature, the 
following recommendations for research 
are made. 

1. The effect of other metal coagu-
lants and polyelectrolytes in virus removal 
on a prototype water treatment system needs 
to be investigated. 

2. The effec t of vary ing G values in 
the rapid mix basin on virus removal should 
be evaluated. 

3. The ability of Nalco 8101 to remove 
vi rus when added to a full-scale rapid mix 
basin needs to be verified. 

4. The eva luat ion of vi rus remova 1 by 
the recommended direct filtration system as 
shown in Figure 62 should be made. 

5. The effect of Nalco 8101 on other 
virus types should be examined. 

6. The synergic effect of alum and 
Na1co 8101 should be evaluated to determine 
if alum interferes with Na1co 8101 to reduce 
virus concentration. 

7. A research effort should be con-
ducted to assess the viability of virus in 
chemical sludges and their potential public 
health hazard. 

8. An investigation needs to be con-
ducted concerning virus removal by coagula
tion-flocculation processes at various 
levels of turbidity with known composition. 

Hydraulic 

loading rate = 12.2 m3, hour' m2 

Rapid Mix Basin Floculation basin Dual media filters 

Recommended detention 
time: 30 to 60 sec 

Recommended G value: 
150-200 sec-I 

Recommended detention 
time: 10 minutes 

Recommended G value: 
20-100 sec-I 

I Post'Chlorination 

To 
distribution 
system 

F 62. Flow sheet for a direct filtration plant for potential virus removal. 
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Appendix A 

Table A-l. Experiment No. 1: Effect of pH on bacteriophage MS2. 

Condition: pH varied with 0.01 NaOH or bubbling CO2 through the solution 

Initial Titer: ~5.4 x 104 PFU/ml 

Test No. 1 Test No. 2 

Repljcate 10- 2 Dilution Replicate 10- 2 Dilution Samples Samples 

Replicate Plates Mean Standard Replicate Plates Standard Deviation pH pH Mean Deviation 
2 3 2 3 

MS 1 (broth)~ 73 57 43 MS 1 (broth)~ 65 62 75 
MS2 75 129 122 7183 2873 MS2 122 135 146 8328 3052 
MS3 63 52 69 MS 3 107 91 96 

5.46 0 3 2 5. 461 22 33 31 
5.46 5 8 15 467 447 5. 46 2 47 56 49 3478 1264 
5.46 3 4 2 5. 463 23 27 25 

7.01 19 23 30 5.991 34 36 55 
7.01 37 48 58 3300 1265 5.992 58 49 56 5556 2246 
7.01 25 27 30 5.993 48 53 111 

TaPl (pH~7.35) 56 43 45 7. 01 1 51 52 59 
TaP2 64 85 70 5589 1467 7.01 2 68 84 70 5433 1776 
TaP3 40 49 51 7.013 30 35 40 

8.01 33 30 30 TaPl (7.3) 31 47 40 
8.01 28 26 25 3044 416 TaP2 (7.3) 53 64 63 5111 1086 
8.01 32 39 31 TaP3 (7.3) 48 59 55 

9.01 0 0 1 8. 01 1 41 42 36 
9.01 1 0 0 44 53 8.01 2 58 48 70 4300 1367 
9.01 1 0 8. 01 3 32 31 29 

9. 01 1 2 2 0 
9.01 2 5 3 4 289 162 
9. 01 3 3 5 2 
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Table A-2. Experiment No. 2: Effect of sodium ion concentration on MS2. 

Condition: TaP1• 2,3 (Control): Tap water without sodium ion 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test No. 1 No.2 

Replicate Replicate 
Samples Replicate Samples Replicate 

Plates Standard Plates Standard Sodium Ion Mean Deviation 
Sodium Ion Mean Deviation Concentration Concentration 

(mg/l) 2 3 (mg/l) 2 3 

Tap 1 (Control) 140 121 107 Tap 1 (Control) 112 149 168 
TaP2 86 152 173 135 27 TaP2 82 58 71 120 42 
TaP3 145 139 156 Tap 3 125 155 161 

0.1 256 216 197 0.1 118 109 157 
0.1 141 125 117 168 47 0.1 179 171 181 166 33 
0.1 140 146 176 0.1 179 188 211 

0.2 132 85 63 0.2 212 179 181 
0.2 183 162 138 142 45 0.2 159 153 165 166 25 
0.2 19S 176 145 0.2 120 162 167 

0.3 296 216 193 0.3 194 196 199 
0.3 146 201 117 180 55 0.3 169 158 145 177 23 
0.3 147 132 171 0.3 a a a 

0.4 248 257 228 0.4 45 60 44 
0.4 72 76 99 lSI 76 0.4 129 143 147 82 44 
0.4 203 229 215 0.4 60 46 62 

0.5 142 113 231 0.5 110 138 81 
0.5 202 190 99 149 47 0.5 105 156 86 112 23 
0.5 127 103 130 0.5 IDS 113 112 

aContaminated. 
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Table A- 3. Experiment No. 3: Kinetic study-- Table A-4. Continued. 
adsorption of MS2 to anthracite 
and sand. Dilution 10-2 

Condition: Tap (control): Virus suspension in tap Time Replicate water without any filter media. Al ,A2: Samples in Plates 
Replicate samples of 6 g anthracite in 6 Minutes M Standard 
ml virus suspension in tap water. Sl,S2: 2 3 ean Deviation 
Replicate samples of 6 g sand in 6 ml 
virus suspension in tap water. Sl 0 44 41 50 61 18 

Initial titer: '" 5.4 x 103 PFU/ml S2 0 82 78 73 

Tap 2 96 101 a 99 4 
Dilution Al 2 32 32 42 56 24 

Time Replicate A2 2 65 84 82 
Samples in Plates Standard SI 2 60 59 51 68 16 

Hours 
Mean Deviation S2 2 65 78 94 

1 2 3 

(Control) 
Tap 4 103 99 a 101 2 

Tap 0 37 30 20 29 9 Al 4 48 44 31 
Al 0 36 24 20 55 20 

34 7 A2 4 54 64 89 
A2 0 38 30 31 Sl 4 51 46 60 
Sl 0 34 47 44 70 24 

42 18 S2 4 70 110 86 
S2 0 25 34 75 

46 
Tap 6 110 92 a 101 13 

Tap 53 51 50 4 Al 6 31 47 33 
Al 7 8 5 56 26 

5 2 A2 6 56 68 100 
A2 4 3 4 

SI 6 50 66 65 
Sl 45 51 69 79 23 

49 11 S2 6 112 93 90 
S2 50 39 42 

83 66 74 
Tap 8 75 95 a 85 10 

Tap 2 74 8 Al 8 39 42 33 
Al 2 7 12 11 55 23 

8 3 A2 8 69 94 54 
A2 2 6 4 5 

Sl 8 61 52 36 
Sl 2 112 113 110 83 31 S2 8 98 98 104 75 29 
S2 2 51 61 52 

3 65 42 62 56 12 
Tap 10 123 138 a 130 11 

Tap Al 10 33 40 53 
Al 3 4 6 4 4 2 A2 10 73 83 86 

61 23 
A2 3 3 2 6 Sl 10 54 49 46 
Sl 3 99 98 102 

67 37 S2 10 102 98 80 72 25 
S2 3 35 41 25 

55 64 
Tap 20 98 87 a 92 8 

Tap 4 80 56 14 Al 20 34 31 48 
Al 4 3 5 3 58 25 

3 A2 20 96 67 69 
A2 4 2 1 2 

Sl 20 53 51 84 
Sl 4 114 71 74 66 27 S2 20 78 87 96 75 19 

S2 4 47 42 48 
Tap (Control) 30 97 97 a 97 

30 42 26 33 33 7 30 25 37 .36 
Table A-4. Experiment No. 4: Kinetic study-- 30 104 84 88 86 13 adsorption of MS2 to anthracite 30 65 83 89 

and sand. Tap 40 124 101 a 112 16 
Condition: Tap (control): Virus added to tap water 40 19 15 29 13 5 

without any filter media. A1,A2: 40 17 18 9 
40 115 75 82 Replicate samples of 6 g anthracite in 6 40 92 86 80 88 14 

ml virus suspension in tap water. Sl,S2: 
Replicate samples of 6 g sand added to 6 Tap 50 110 105 a 108 
ml virus suspension in tap water. Al 50 13 5 a 9 

5.4 x 104 A2 50 a a a 
Initial titer: PFU/ml S 50 89 90 94 95 6 

50 104 100 95 

Dilution 10-2 
aContaminated. Time 

in Replicate 
Samples 

Minutes Plates Standard Mean 
1 2 3 Deviation 

Tap (Control) 0 125 101 a 113 12 
Al 0 46 52 41 

60 19 A2 0 85 53 81 
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Table A- 5. Experiment No. 5: Kinetic study--adsorption of MS2 to anthracite. 

Condition: Tap (Control): Virus added to tap water without any filter media. Al ,A2: Replicate samples of 50 
g anthracite in 50 ml virus suspension in tap water. 

Initial titer: '" 5.4 x 10
4 PFU/m1 

Test No. 1 

Before Centrifugation After Centrifuga tion 

Time Dilution Dilution 
Samples in 

Minutes Replicate Plates Standard Replicate Plates Standard Mean Deviation Mean Deviation 2 3 2 3 

Tap 0 371 382 371 875 6 371 342 327 347 22 
Al 0 186 158 172 161 16 233 190 157 166 40 
A2 0 142 162 146 120 37 159 

Tap 10 415 383 352 383 32 413 379 352 381 31 
Al 10 l12 114 88 109 11 100 97 68 91 12 
A2 10 106 120 116 85 98 97 

Tap 20 427 407 426 420 l1 401 354 364 373 25 
Al 20 101 79 76 82 10 4 12 5 14 8 
A2 20 81 78 74 18 23 20 

Tap 30 439 438 426 434 7 378 371 303 351 41 
Al 30 128 113 102 100 22 2 2 2 

3 1 
A2 30 76 72 108 4 1 2 

Tap 40 472 420 397 430 38 395 436 366 399 35 
Al 40 l16 113 119 94 26 1 0 0 2 2 
A2 40 90 56 72 6 1 1 

Tap 50 458 399 344 400 57 384 386 384 385 
Al 50 73 83 88 84 16 9 1 3 2 3 
A2 50 71 75 l14 1 0 0 

Tap 60 453 452 415 440 22 398 387 352 379 24 
Al 60 116 106 98 98 20 13 17 10 

7 7 
A2 60 90 63 l16 1 0 0 

Tap 120 369 322 274 322 48 383 330 218 310 84 
Al 120 49 62 35 47 9 

1 0 1 
1 

A2 120 47 43 48 2 0 

Tap 180 323 369 285 326 42 364 387 344 365 22 
Al 180 65 56 58 60 9 1 0 0 2 2 
A2 180 46 62 73 1 2 0 

Tap 240 238 212 213 221 15 245 229 216 230 15 
Al 240 11 17 13 14 2 0 0 0 0 
A2 240 13 16 14 0 0 0 
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Table A- 6. Experiment No.6: Kinetic study--adsorption of MS2 to anthracite. 

~~ Condition: Tap (Control): Virus added to tap water without any filter media. Al Replicate samples of 50 
g anthracite in 50 ml virus suspension in tap water. 

Initial titer: '" 5.4 x 104 PFU/ml 

Test No. 2 

Before Centrifugation After Centrifugation 

Time Dilution 
Samples in 

Minutes Replicate Plates 
Standard 

Replicate Plates 
Standard Mean Deviation Mean Deviation 1 2 3 2 3 

Tap 0 274 311 378 321 53 365 335 269 323 49 
Al 0 134 92 120 128 22 144 86 182 122 38 
A2 0 129 132 160 84 107 130 

Tap 10 342 344 312 333 18 395 392 338 375 32 
Al 10 158 144 142 142 16 103 386 119 153 115 
A2 10 116 160 135 95 107 106 

Tap 20 386 395 361 381 18 423 388 343 385 40 
Al 20 128 102 85 95 18 10 12 13 28 19 
A2 20 84 92 81 31 51 49 

Tap 30 413 418 450 427 20 365 395 399 386 19 
30 98 100 90 85 15 1 0 3 2 30 73 87 62 3 3 4 

Tap 40 395 411 398 401 8 366 405 414 395 26 
Al 40 95 105 101 87 16 1 0 0 2 2 
A2 40 83 64 74 5 5 4 

Tap 50 431 428 368 409 36 392 413 421 409 15 
Al 50 129 107 141 108 24 3 4 6 2 2 
A2 50 88 78 102 0 1 0 

Tap 60 411 413 415 413 2 370 457 389 405 46 
Al 60 113 100 95 94 16 0 0 0 2 
A2 60 104 80 71 2 2 1 

Tap 120 284 211 184 226 52 328 275 241 281 44 
Al 120 34 33 20 29 6 5 0 1 

2 2 
A2 120 34 26 29 0 0 0 

Tap 180 330 314 258 301 38 283 367 275 308 51 
Al 180 72 58 73 62 10 1 0 0 0 
A2 180 46 58 62 0 0 0 

Tap 240 240 226 173 213 35 210 186 172 189 19 
Al 240 16 26 30 22 7 

0 0 0 0 
A2 240 24 12 24 0 0 0 
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Table A- 7. Experiment No.7: Kinetic study--adsorption of MS2 to anthracite. 
~ 

Tap (Control): Condition: Virus added to tap water without any filter media. A1,A2: Replicate samples of 50 
g anthracite in 50 ml virus suspension in tap water. 

Initial titer: " 5.4 x 10
4 PFU/ml 

Dilution 

Sample Time Replicate Plates Standard Time Replicate Plates Standard in Mean Deviation in Mean Deviation Minutes 2 3 Minutes 2 3 

TaPl 0 410 395 324 359 36 30 434 424 408 415 16 
TaP2 0 342 325 360 30 392 426 404 
Al 0 241 270 326 288 32 30 164 173 207 154 36 
A2 0 319 298 276 30 102 129 149 

TaPl 2 415 381 368 370 35 40 453 456 384 436 29 
TaP2 2 364 383 308 40 425 435 464 

2 241 205 243 223 20 40 149 121 l15 106 28 2 228 192 227 40 73 88 88 

4 407 412 398 404 14 50 382 411 436 439 37 4 385 395 425 50 466 481 457 
4 262 259 247 245 24 50 141 101 98 100 21 4 214 217 269 50 94 85 84 

TaP1 6 394 366 367 
386 24 60 484 386 476 483 56 

TaP2 6 420 363 408 60 481 518 553 
6 186 229 287 229 38 60 93 100 121 l12 13 6 202 259 213 60 115 113 129 

TaPl 8 426 438 382 425 25 
120 380 353 386 358 22 TaP 2 8 437 454 411 120 357 350 324 

8 217 210 218 201 17 
120 78 44 60 60 13 8 185 197 179 120 72 58 48 

TaPl 10 436 427 .383 402 24 180 388 425 410 414 29 
TaP 2 10 382 387 396 180 396 467 399 

10 238 217 205 198 26 180 55 68 64 60 8 10 177 174 176 180 63 46 66 

TaP1 20 432 414 439 422 18 240 326 341 337 333 8 
TaP2 20 408 441 397 240 341 327 325 

20 198 201 209 190 27 240 40 33 50 41 6 20 145 170 215 240 40 47 37 
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Table A-B. Experiment No. 8: Effects of alum on virus contained in water without turbidi ty. 

Condition: Coagulant: Alum. Virus suspension in tap water without turbidity. Tap (Control): Virus suspen-
sion in tap water; no alum added. 

Initial titer: ~ 5.4 x 104 PFU/ml 

Tes t III Test 112 

-1 
Alum Time 

Dilution 10 Dilution 

Dosage in Replicate Plates Replicate Plates 
(mg/l) Minutes 

Mean 
Standard Mean 

Standard 

2 3 Deviation 2 3 
Deviation 

Tap (0 mg/l) 0 96 119 110 108 12 95 112 103 103 9 
4 0 71 75 53 66 12 45 39 71 52 17 
5 0 56 37 60 51 12 43 48 46 46 3 
6 0 55 85 82 74 17 49 47 34 43 8 

Tap 15 133 116 155 135 37 84 115 113 104 17 
4 15 88 86 91 88 3 68 67 78 71 6 
5 15 90 92 83 88 5 72 56 65 64 8 
6 15 81 103 94 93 11 96 78 55 76 21 

Tap 30 88 103 113 101 13 113 103 108 108 5 
4 30 93 66 94 84 16 78 98 77 84 12 
5 30 95 84 93 91 6 103 88 90 94 8 
6 30 94 85 98 92 7 98 102 112 104 7 

Tap 45 120 126 107 118 10 109 123 118 117 7 
4 45 105 98 67 90 20 74 76 95 82 12 
5 45 87 68 69 75 11 96 83 94 91 7 
6 45 87 77 83 82 5 82 85 88 85 3 

Table A-9. Experiment No. 9: Effects of alum on virus contained in water without turbidity. 

Condition: Coagulant: Alum. Virus suspension in tap water without turbidity. Tap (Control): Virus suspen-
sion in tap water; no alum added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test III Test il2 

Alum Time Dilution Dilution 
Dosage in 
(mg/l) Minutes Replicate Plates 

Standard Replicate Plates 
Standard 

Mean Deviation Mean Deviation 2 3 2 3 

Tap (0 mg/l) 0 10 2 5 65 4 33 26 30 30 4 
7 0 1 6 6 4 3 4 18 25 16 11 
8 0 4 15 17 12 7 26 11 53 30 21 
9 0 11 40 38 30 16 48 51 

10 0 38 47 69 51 16 77 76 
Tap 15 47 42 20 36 14 60 65 49 58 8 

7 15 38 57 32 42 13 44 57 48 50 7 
8 15 52 47 38 46 7 50 43 62 52 10 
9 15 54 51 59 55 4 67 84 74 75 9 

10 15 46 69 90 22 74 
Tap 30 74 56 29 53 23 91 103 62 85 21 

7 30 69 70 75 71 3 78 82 80 80 2 
8 30 48 58 70 59 11 93 94 73 87 12 
9 30 66 65 66 66 1 90 76 76 81 8 

10 30 73 82 71 75 6 89 86 95 90 5 

Tap 45 103 90 78 90 13 126 96 102 108 16 
7 45 34 55 69 53 18 79 107 86 91 15 
8 45 61 86 54 67 17 a 98 65 82 23 
9 45 62 54 67 61 7 86 88 72 82 9 

10 45 77 100 84 87 12 76 69 85 77 8 

8Contaminated. 
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Table A-lO. ~xperiment No. 10: Effects of alum on virus contained in water without turbid
lty. 

Condition: Coagulant: Alum. Virus suspension in tap water without turbidity. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test ill 

Dilution 
Alum 

Dosage 
(mg/I) 

Time 
in 

Minutes 
Replicate Plates 

Tap (0 mg/l) 
1 
2 

1 
2 

1 
2 

Tap 
1 
2 

o 
o 
o 

15 
15 

30 
30 

45 
45 

aContaminated. 

112 
79 
67 

94 
101 

92 
78 

2 3 

130 
47 
58 

85 
117 

91 
88 

152 
53 
65 

81 
88 

98 
81 

Mean 

131 
60 
63 

87 
102 

94 
82 

Standard 
Deviation 

20 
17 

5 

7 
15 

4 
5 

12 

Tes t i/2 

Replicate Plates 

115 
a 
a 

83 
91 

109 
90 

2 3 

122 
a 
a 

81 
89 

104 
90 

131 
a 
a 

68 
89 

101 
96 

Dilution 

Mean 

123 

77 
90 

105 
92 

Standard 
Deviation 

8 

8 
8 

8 
1 

4 
3 

Table A-II. Experiment No. 11: 
turbid icy. 

Effects of alum on virus contained in water with 14 NTU 

Condition: Coagulant: Alum. Virus suspension in turbid water (~ 14 NTU). Tap (Control): Virus suspension in 
tap water; no alum added. Susp. (Control): Virus suspension in turbid water; no alum added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test ill 

Dilution Alum 
Dosage 
(mg/l) 

Time 
in 

Minutes Replicate Plates 

Susp. 
5 
6 

Susp. 
5 
6 

Susp. 
5 
6 

Suap. 
5 
6 

o 
o 
o 

15 
15 
15 

30 
30 
30 

45 
45 
45 

50 
62 
35 

71 
81 
68 

55 
77 
54 

63 
77 
60 

2 3 

54 
62 
54 

48 
67 
57 

62 
96 
55 

75 
72 
54 

50 
94 
44 

73 
61 
54 

49 
69 
62 

57 
77 
52 

Mean 

51 
73 
44 

64 
70 
60 

55 
81 
57 

65 
75 
55 

68 

Standard 
Deviation 

2 
18 
10 

14 
10 

7 

7 
14 
4 

9 
3 
4 

Test il2 

Replicate Plates 

34 
59 
65 

41 
69 
58 

65 
91 
78 

106 
83 
61 

2 3 

40 
93 
53 

56 
75 
78 

73 
93 
80 

82 
73 
62 

46 
96 
71 

64 
98 
71 

81 
115 

70 

90 
71 
46 

Dilution 

Mean 

40 
83 
63 

54 
81 
69 

73 
100 

76 

93 
76 
56 

Standard 
Deviation 

6 
21 

9 

12 
15 
10 

8 
13 

5 

12 
6 
9 



--

Table A-12. Experiment No. 12: Effects of alum on virus contained in water with 14 NTU 
turbidity. 

Condition: Coagulant: Alum. Virus suspension in turbid water (~ 14 NTU). Tap (Control): Virus suspension in 
tap water: no alum added. Susp. (Control): Virus suspension in turbid water; no alum added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Tes t 111 Test li2 

Alum Dilution 1 Dilution 

Dosage Flocculation 

(mg/l) Time Replicate Samples Standard Replicate Samples Standard (min) Mean Deviation Mean Deviation 2 3 2 3 

Tap 0 10 25 29 21 10 36 18 17 24 11 
Susp. 0 37 22 39 33 9 18 21 17 19 2 

8 0 8 26 28 21 11 27 44 26 32 10 
9 0 35 33 28 32 4 48 64 38 50 13 

10 0 62 56 89 69 18 58 74 93 75 18 

Tap 15 19 29 24 24 5 32 32 34 33 1 
Susp. 15 33 57 55 48 13 83 50 43 59 21 

8 15 24 34 33 30 6 36 42 55 44 10 
9 15 40 39 47 42 4 42 69 72 61 17 

10 15 42 46 62 50 11 66 77 92 78 13 

Tap 30 36 31 28 32 4 40 35 31 35 5 
Susp. 30 59 68 51 59 9 64 84 65 71 11 

8 30 36 28 46 37 9 35 46 50 44 8 
9 30 38 49 40 42 6 58 42 64 55 11 

10 30 41 46 29 39 9 54 73 59 62 10 

Tap 45 45 36 37 39 5 47 56 37 47 10 
Susp. 45 52 63 58 58 6 97 90 84 90 7 

8 45 32 20 28 27 6 36 47 41 41 6 
9 45 33 47 32 37 8 32 46 30 36 9 

10 45 32 23 26 27 5 24 28 26 26 2 

Table A-l3. Experiment No. 13: 
turbid ity. 

Effects of alum on virus contained in water with 14 NTU 

Condition: Coagulant: Alum. Virus suspension in turbid water (~ 14 NTU). Tap (Control): Virus suspension in 
tap water: no alum added. Susp. (Control): Virus suspension in turbid water: no alum added. 
Samples centrifuged at 10,000 rpm for 3 minutes. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Before Centrifugation 

Dilution Alum 
Dosage 
(mg/l) 

Flocculation 
Period in 

Minutes Replicate Samples 

Tap 
Susp. 

6 
8 

10 

Tap 
Susp. 

6 
8 

10 

45 
45 
45 
45 
45 

45 
45 
45 
45 
45 

10 
22 

2 
12 
3 

12 
31 
24 
23 
12 

2 3 

10 
24 
17 
16 
13 

8 
40 
19 
22 
19 

9 
35 
15 
17 

5 

9 
48 
22 
25 
25 

Mean 

10 
27 
11 
15 

7 

10 
40 
22 
23 

69 

Standard 
Deviation 

7 
8 
3 
5 

2 
9 
3 
2 
7 

After Centrifugation 

10- 1 Dilution 

Replicate Samples 

1 

5 
12 
21 

9 

10 
30 
28 
22 
12 

2 

2 
26 
20 

5 
3 

7 
36 
21 

9 
24 

3 

4 
32 
17 

7 
3 

6 
33 
30 
12 
18 

Mean 

4 
23 
19 

7 
2 

8 
33 
26 
14 
18 

Standard 
Deviation 

2 
10 

2 
2 
1 

2 
3 
5 
7 
6 



Table A-14. Experiment No. 14: Effects of alum on virus contained in water witb 14 NTU 
turbidity. 

Condition: Coagulant: Alum. Virus suspension in turbid water (~ 14 NTU). Tap (Control): Virus suspension in tap water; no alum added. 
Susp. (Control) : Virus suspension in turbid water; no alum added. Flocculation period 45 minutes. Settling Period: 15 minutes. 
Samples centrifuged at 10,000 rpm for 3 minutes. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Supernatant Supernatant Centrifuged Resuspension 

Alum 10- Dilution Dilution Dilution 
'osai?e 

Replicate Plates Standard Replicate Plates Standard Replicate Plates Standard 
Mean Deviation Mean Deviation 

Mean Deviation 
2 3 2 3 2 3 

Tap 57 54 49 53 4 63 73 65 67 5 66 48 49 53 7 
-..J 

Susp. 47 59 31 46 14 72 72 90 78 10 48 34 43 42 7 0 

5 51 75 60 62 12 58 49 44 50 7 38 45 52 45 7 
6 55 41 51 49 7 54 51 51 52 2 39 46 47 44 4 
7 42 58 53 51 8 53 47 57 52 5 56 42 46 48 7 

20 5 1 3 3 2 3 1 1 2 1 10 12 4 9 4 
30 1 1 2 1 1 1 1 1 a 10 15 20 15 5 
40 0 0 0 a 1 0 0 0 1 4 5 3 2 
50 0 0 1 0 0 0 1 0 1 1 2 1 1 

Tap 73 77 65 72 6 74 70 76 73 3 52 84 60 65 17 
Susp. 60 64 46 57 9 75 63 78 72 8 54 75 72 67 1 

5 65 62 51 59 7 58 47 48 51 6 73 51 89 71 19 
6 45 44 44 44 1 79 76 62 72 9 59 72 56 62 9 
7 41 27 35 34 7 36 39 32 36 4 35 45 35 38 6 

20 5 2 6 4 2 1 2 4 2 2 17 14 7 13 5 
30 1 3 0 1 2 2 0 0 1 1 4 1 8 4 4 
40 0 0 2 1 1 1 0 a 0 3 2 0 2 2 
50 2 3 0 2 2 0 0 0 0 0 2 0 1 1 



Table A-lS. Experiment No. 15: Effects of Cat-Floc T on virus contained in water without 
turbidity. 

Condition: Polyelectrolyte: Cat-Floc T. Virus suspension in tap water without turbidity. Tap (Control); 
Virus suspension in water; no Cat-Floc T added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test 111 Test 112 

Cat-Floc T Flocculation Dilution Dilution 
(mg/I) Time ------~-~ 

(Minutes) Replicate Plates Standard Replicate Plates Standard Mean Deviation Mean 
Deviation 1 2 3 2 3 

Tap 0 15 14 6 12 5 Oa 8 Oa 3 5 
2 0 9 6 14 10 4 9 17 14 13 4 
4 0 26 31 48 35 12 28 32 28 29 2 
6 0 1 1 9 4 5 2 1 11 5 6 
8 0 23 18 14 18 5 33 16 24 24 9 

10 0 33 34 37 35 2 19 30 45 31 13 

Tap 15 30 32 18 27 8 41 15 10 22 17 
2 15 17 17 21 18 2 10 19 21 17 6 
4 15 44 31 34 36 7 31 65 43 46 17 
6 15 37 27 32 32 5 53 30 39 41 12 
8 15 26 22 21 23 3 37 30 35 34 4 

10 15 15 19 17 20 4 30 24 10 21 10 

Tap 30 49 38 46 44 6 76 47 35 53 21 
2 30 29 36 25 30 6 21 39 37 32 10 
4 30 17 28 36 27 10 29 45 68 47 20 
6 30 44 25 25 31 11 37 57 60 51 13 
8 30 11 25 10 15 8 27 45 55 42 14 

10 30 16 11 20 16 5 33 30 27 30 3 

Tap 45 55 67 44 55 12 93 68 83 81 13 
2 45 17 23 27 22 5 45 33 68 49 18 
4 45 24 26 37 29 7 44 52 69 55 13 
6 45 22 10 22 18 7 42 39 46 42 4 
8 45 25 18 27 23 5 42 55 47 48 7 

10 45 26 37 39 34 7 43 36 48 42 6 

aContaminated. 
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Table A-16. EXBer iment No. 16: Effects of Cat Floc T on virus contained in water with 14 
NT turbidity. 

Condition: Polyelectrolyte: Cat-Floc T. Virus suspension in turbid water (14 NTU). Tap (Control): Virus 
suspension in tap water; no Cat-Floc added. Susp. (Control): Virus suspension in turbid water; no 
Cat-Floc added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test III Test 112 

Dilution Dilution 
Cat-Floc T Flocculation 

(mg/l) Time Replicate Plates Standard Replicate Plates Standard (Minutes) Mean Deviation Mean Deviation 1 2 3 2 3 

Tap 0 84 67 54 68 15 109 88 87 95 12 
Susp. 0 37 44 42 41 4 74 68 50 64 12 

2 0 18 10 6 11 6 25 41 39 35 9 
4 0 17 8 9 11 5 25 26 19 23 4 
6 0 15 12 13 14 2 32 52 41 42 10 
8 0 15 12 14 14 2 32 41 45 39 7 

10 0 31 45 43 40 8 28 36 42 35 7 

Tap 15 53 70 69 64 10 94 81 84 86 7 
Susp. 15 40 51 46 46 6 86 85 72 81 8 

2 15 9 14 10 11 3 23 20 31 25 6 
4 15 14 9 16 13 4 24 26 27 26 2 
6 15 26 27 37 30 6 42 42 42 42 0 
8 15 10 12 14 12 2 30 23 21 25 5 

10 15 32 17 28 26 8 19 23 31 24 6 

Tap 30 55 62 63 60 4 85 92 70 82 11 
Susp. 30 44 35 47 42 6 73 60 85 73 13 

2 30 7 8 9 8 1 14 19 16 16 3 
4 30 13 17 20 17 4 12 17 18 16 3 
6 30 4 9 15 9 6 18 15 14 16 2 
8 30 21 14 11 15 5 12 18 24 18 6 

10 30 28 32 38 33 5 36 43 35 38 4 

Tap 45 54 73 75 67 12 83 69 84 79 8 
Susp. 45 39 61 65 55 14 79 72 61 71 9 

2 45 9 8 8 8 1 6 9 9 8 2 
4 45 13 12 22 16 6 10 9 7 9 2 
6 45 11 16 4 10 6 11 8 8 9 2 
8 45 25 30 26 27 3 1 13 17 10 8 

10 45 24 23 29 25 3 35 32 15 27 11 

Tap 45 57 60 66 61 5 67 68 76 70 5 
Susp. 43 44 49 45 3 61 80 76 72 10 

2 
-0 

1 4 3 2 8 1 4 <Ii 3 1 3 
4 

000", 
9 8 ;:l0 7 8 1 3 1 8 4 4 

ro ""' 0 ~ 6 <Ii .", ~ 0 11 7 5 8 3 10 a a 10 
r-lJ...tO'+4 

8 0.. .......... 19 18 16 18 2 13 11 24 16 7 
10 S P S 21 9 12 14 6 27 14 12 180 8 m <Ii W 0.. 

'" <I m ~ 

aTop ajar had not so lid if ied. 
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Table A-17. Experiment No. 17: 
NTU turbidity. 

Effects of Cat-Floc T on virus contained in water with 14 

Condition: Polyelectrolyte: Cat-Floc T. Virus suspension in turbid water (= 14 NTU). Tap (Control): 
Cat-Floc T added. Susp. (Control): Virus suspension in turbid water; no Cat-Floc T added. 
settling period of 15 minutes, samples centrifuged at 10,000 rpm for 3 minutes. 

Virus suspension in tap water; no 
Flocculation period of 45 minutes, 

Initial titer: ~ 5.4 x 103 PFU/ml. 

Supernatant 

Cat-Floc T Dilution 
Dosage 
(mg/l) Replicate Plates 

Mean 
2 3 

Tap 356 395 435 395 
Susp. 342 355 330 342 

2 16 9 18 14 
4 32 39 32 34 
6 55 62 58 58 
8 84 80 64 76 

10 128 214 170 171 

Table A-18. Ex})er iment No. 
NTU turbidity. 

18: 

Condition: POlyelectrolyte: Nalco 8101. 

Supernatant Centrifuged Resuspension 

Dilution Dilution 

Standard Replicate Plates Standard Replicate Plates Standard 
Deviation Mean Deviation Mean Deviation 2 3 1 2 3 

40 345 380 413 379 34 413 450 412 425 22 
13 310 378 406 365 49 375 352 407 378 28 

5 1 1 2 1 1 5 3 4 4 1 
4 10 14 16 13 3 9 17 20 15 6 
4 38 45 62 48 12 33 48 30 37 10 

11 92 112 78 94 17 85 74 88 82 7 
43 159 144 155 153 8 142 146 162 150 11 

Effects of Nalco 8101 on virus contained in water with 14 

Virus suspension in turbid water (= 14 NTU). Tap (Control): Virus suspension in tap water; no 
Nalco 8101 added. Susp. (Control) : Virus suspension in turbid water; no Nalco 8101 added. Flocculation period of 45 minutes, 
settling period of 15 minutes, samples centrifuged at 10,000 rpm for 3 minutes. 

Initial titer: = 5.4 x 103 PFU/ml 

Supernatant Supernatant Centrifuged Resuspension 
Nalco 
8101 Dilution Dilution Dilution 

Dosage 
(mg/l) Replicate Plates Standard Replicate Plates Standard Replicate Plates Standard 

Mean Deviation 
Mean Deviation 

Mean Deviation 
2 3 1 2 3 2 3 

Tap 462 441 457 453 11 491 508 467 489 21 499 511 456 489 29 
Susp. 428 524 455 469 50 455 481 440 4S9 21 510 468 514 497 25 

2 18 24 28 23 5 19 10 13 14 S 31 20 21 24 6 
4 15 20 16 17 3 18 17 8 14 6 23 36 21 27 8 
6 53 26 45 41 14 2S 28 21 2S 4 51 28 29 36 13 
8 47 50 36 44 7 22 16 25 21 5 40 49 46 45 5 

10 47 43 34 41 7 21 43 29 31 11 35 38 31 35 4 

I 
I. 



Table A-19. EXBeriment No. 19: Effects of Na1co 8101 on virus contained in water with 14 
NT turbidity. 

=~ Condition: Polyelectrolyte: Nalco 8101. Virus suspension in turbid water (14 NTU). Tap (Control) : Virus 
suspension in tap water; no Nalco 8101 added. Susp. (Control) : Virus suspension in turbid water; 
no Nalco 8101 added. 

lni tia1 titer: ~ 5.4 x 103 PFU/ml 

Test III Test 112 

Nalco Dilution 10- 1 Dilution 8101 Flocculation 
Dosage Time Replicate Samples Replicate Samples (mg/l) (min) Mean Standard Mean Standard 

2 3 
Deviation 

2 3 
Deviation 

Tap 0 54 46 32 44 11 336 368 420 375 42 
Susp. 0 23 27 20 23 4 342 351 357 350 8 

2 0 4 2 4 3 1 19 30 21 23 6 
4 0 4 0 2 2 2 17 16 19 17 2 
6 0 1 1 2 1 1 29 31 44 35 8 
8 0 1 0 3 1 1 15 25 30 23 8 

10 0 3 1 33 35 26 31 5 

Tap 15 55 27 0 41 20 352 435 402 396 42 
Susp. 15 29 33 39 34 5 386 336 399 374 33 

2 15 0 0 0 0 0 29 15 18 21 7 
4 15 1 3 1 2 1 16 8 16 13 5 
6 15 1 0 3 1 2 16 35 33 28 10 
8 15 1 2 0 1 1 11 12 7 10 3 

10 15 0 1 1 1 1 28 13 16 19 8 

Tap 30 38 44 33 38 6 408 392 391 397 10 
Susp. 30 34 34 31 33 2 397 368 379 381 15 

2 30 2 0 0 1 1 9 10 5 8 3 
4 30 0 0 1 0 1 12 6 13 10 4 
6 30 4 0 1 2 2 11 18 17 15 4 
8 30 2 3 1 2 1 12 12 11 12 1 

10 30 0 2 0 1 1 16 13 19 16 3 

Tap 45 40 47 48 45 4 366 425 386 392 30 
Susp. 45 60 38 41 46 12 367 353 373 364 10 

2 45 0 2 2 1 1 11 12 6 10 3 
4 45 0 0 1 0 1 4 1 2 2 2 
6 45 0 0 1 0 1 11 14 19 15 4 
8 45 0 0 0 0 0 14 16 8 13 4 

10 45 0 0 0 0 0 12 11 10 11 1 

Tap 45 41 36 67 48 17 396 384 389 390 6 
Susp. 

'0 37 40 41 39 2 414 462 386 421 38 
2 Q) 0 0 0 0 0 0 0 4 1 2 bllOC") 
4 ::lO 0 0 1 0 1 1 0 1 1 1 00 l.H 0 J...I if) 

6 Q) 'M • 0 Q) 1 0 0 0 1 10 8 10 9 1 
M~01.!-l+J 

8 ""''-l ..... ::l 0 0 0 0 0 3 2 9 5 4 S t:: S t:: 
10 roQ)'-l"""M 0 0 0 0 0 9 9 4 7 3 tIluro!-lS 
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Table A-20. Experiment No: 20: Effects of Nalco 8101 on virus contained in water without 
turbidity. 

Condition: Polyelectrolyte: Nalco 8101. Virus suspension in tap water without turbidity. Tap (Control): 
Virus suspension in tap water; no Nalco 8101 added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test III Test 112 

Nalco Flocculation Dilution Dilution 8101 
Dosage Time 

(min) Replicate Plates Replicate Plates (mg/l) Mean Standard Mean Standard 

2 3 
Deviation 

2 3 Deviation 

Tap 0 382 395 398 392 9 66 64 58 63 4 
2 0 31 25 41 32 8 8 2 4 5 3 
4 0 63 78 30 57 25 2 6 5 4 2 
6 0 59 70 62 64 6 8 11 8 9 2 
8 0 68 58 57 61 6 8 4 7 6 2 

10 0 104 72 77 84 17 4 4 3 4 1 

Tap 15 363 369 397 376 18 88 86 79 84 5 
2 15 23 27 20 23 4 3 4 2 3 1 
4 15 58 43 38 46 10 3 4 7 5 2 
6 15 48 47 26 40 12 19 8 10 12 6 
8 15 71 62 58 64 7 7 2 2 4 3 

10 15 45 27 39 37 9 3 3 6 4 2 

Tap 30 423 435 447 435 12 90 74 63 76 14 
2 30 30 17 15 21 8 4 1 2 2 2 
4 30 44 21 23 29 13 1 0 2 1 1 
6 30 33 23 39 32 8 2 3 5 3 2 
8 30 39 54 46 46 8 5 3 3 4 1 

10 30 27 15 31 24 8 5 2 1 3 2 

Tap 45 462 437 513 471 39 94 77 87 86 9 
2 45 16 11 8- 12 4 1 0 0 0 1 
4 45 14 19 12 15 4 3 0 1 1 2 
6 45 30 24 20 25 5 2 1 2 2 1 
8 45 25 27 28 27 2 1 2 3 2 1 

10 45 27 28 23 26 3 1 2 3 2 1 
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Table A-21. Experiment No. 21 : Ef fect s of Nalco 8102 on virus contained in water without 
=-= turbidity. 

Condition: Polyelectrolyte: Nalco 8102. Virus suspension in tap water without turbidity. Tap (Control): 
Virus suspension in tap water; no Nalco added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test ill Test 112 

Nalco Dilution 10- 1 Dilution 8102 Flocculation 
Dosage Time Replicate Plates Replicate Plates (mg/l) (min) Mean Standard Mean Standard 

1 2 3 Deviation 2 3 
Deviation 

Tap 0 435 393 358 395 39 410 417 385 404 17 
2 0 278 235 212 242 34 215 173 202 197 22 
4 0 200 207 195 201 6 210 217 208 212 5 
6 0 415 311 344 357 53 297 275 238 270 30 
8 0 281 276 256 271 13 273 229 257 253 22 

10 0 205 243 282 243 39 216 243 240 233 15 

Tap 15 409 442 367 406 38 {134 368 397 400 33 
2 15 241 189 210 213 26 205 211 228 215 12 
4 15 215 221 209 215 6 202 246 260 236 30 
6 15 337 332 298 332 21 299 273 274 282 15 
8 15 315 249 224 263 47 241 225 199 222 21 

10 15 187 224 275 229 44 206 232 237 225 17 

Tap 30 423 413 411 416 6 428 422 426 425 3 
2 30 219 213 212 215 4 203 205 199 202 4 
4 30 230 241 232 234 6 231 217 274 241 30 
6 30 158 183 241 194 43 275 311 268 285 23 
8 30 211 225 229 222 9 254 231 262 249 16 

10 30 271 269 285 275 9 245 255 278 259 17 

Tap 45 421 432 412 422 10 436 404 431 424 17 
2 45 211 226 204 214 11 177 186 207 190 15 
4 45 224 252 258 245 18 257 240 221 239 18 
6 45 246 317 345 303 51 286 264 271 274 11 
8 45 272 316 298 295 22 260 256 268 261 6 

10 45 235 271 279 262 23 265 259 303 276 24 

76 



Table A-22. Experiment No. 22: Effects of Nalco 8102 on virus contained in water with 14 
NTU turbidity. 

Condition: Polyelectrolyte: Nalco 8102. Virus suspension in turbid water (z 14 NTU). Tap (Control): Virus 
suspension in tap water; no Nalco added. Susp. (Control): V~rus suspension in turbid water; no 
Nalco added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test 111 Tes t 112 

Nalco Dilution Dilution 8102 Flocculation 
Dosage Time Replicate Plates Replicate Plates (mg/l) (min) Mean Standard Mean Standard 

2 3 
Deviation 2 3 Deviation 

Tap 0 395 402 398 398 4 442 414 406 421 19 
Susp. 0 296 314 399 336 55 392 381 346 373 24 

2 0 162 163 133 153 17 205 172 245 207 37 
4 0 132 140 99 124 22 172 231 272 225 SO 
6 0 240 253 297 263 30 341 314 256 304 43 
8 0 205 210 186 200 13 214 245 168 209 39 

10 0 188 215 187 197 16 238 184 267 230 42 

Tap 15 405 422 401 409 11 454 438 406 433 24 
Susp. 15 301 282 355 313 38 434 435 421 430 8 

2 15 104 105 103 104 1 201 244 205 217 24 
4 15 132 104 104 113 16 171 210 258 213 44 
6 15 215 244 262 240 24 366 356 286 336 44 
8 15 201 172 177 183 16 287 281 228 265 32 

10 15 189 142 186 172 26 280 289 312 294 17 

Tap 30 357 358 422 380 37 435 423 463 440 21 
Susp. 30 283 366 362 337 47 396 572 449 472 90 

2 30 74 76 78 76 2 198 199 170 189 16 
4 30 135 88 78 100 30 171 196 246 204 38 
6 30 201 200 248 216 27 354 342 311 336 22 
8 30 177 169 181 176 6 299 283 284 289 9 

10 30 234 186 190 203 27 272 313 354 313 41 

Tap 45 406 434 438 426 17 451 496 495 481 26 
Susp. 45 367 385 379 377 9 435 448 426 436 11 

2 45 57 36 72 55 18 158 156 203 172 27 
4 45 90 85 73 83 9 224 271 282 259 31 
6 45 215 199 219 211 11 312 325 336 324 12 
8 45 189 148 215 184 34 314 296 323 311 14 

10 45 273 172 188 211 54 285 299 339 308 28 

Tap 45 425 421 464 437 24 455 506 491 484 26 
Susp. 

'0 
423 400 354 392 35 578 450 485 504 66 

2 (j) 17 16 31 21 8 76 85 90 84 7 
000 "" 4 ;:l0 37 32 23 31 7 203 225 216 215 11 

fJjtHO~to 

6 (j) 'M • 0 (j) III 141 158 137 24 326 310 256 297 37 
.....-l~O'4-l.w 

8 p...u .... ;:l 173 182 147 167 18 264 325 248 279 41 s p s c: 
10 ell (j) .u p.. 'M 196 177 193 189 10 284 302 294 293 9 

U) <.l '" ,... S 
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Table A-23. Experiment No. 23: Effects of Nalco 8103 on virus contained in water without 
~ turbidity. 

Condition: Polyel ectrolyte: Nalco 8103. Virus suspension in tap water without turbidity. Tap (Con trol): 
Virus suspension in tap water; no Nalco added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Test III Test 112 

Nalco 10 -
8103 Flocculation Dilution Dilution 

Dosage Time Replicate Plates Replicate Plates (mg/l) (min) Mean 
Standard Mean Standard 

2 3 
Deviation 

2 3 
Deviation 

Tap 0 365 358 346 356 10 395 386 352 378 23 
2 0 197 171 185 84 13 207 195 179 194 14 
4 0 175 210 181 189 19 174 178 185 179 6 
6 0 276 272 224 257 29 276 270 242 263 18 
8 0 188 200 186 191 8 202 219 215 212 9 

10 0 185 186 155 175 18 170 189 204 188 17 

Tap 15 378 330 325 344 29 415 392 406 404 12 
2 15 178 159 147 161 16 155 143 138 145 9 
4 15 132 170 156 153 19 117 130 147 131 15 
6 15 249 236 233 239 9 211 254 202 222 28 
8 15 193 208 206 202 8 196 185 230 204 23 

10 15 182 169 201 184 16 161 162 183 169 12 

Tap 30 376 344 391 370 24 393 381 366 380 14 
2 30 197 168 204 190 19 165 177 157 166 10 
4 30 196 147 157 167 26 131 202 156 163 36 
6 30 219 238 235 231 10 203 200 169 191 19 
8 30 159 176 157 164 10 160 194 168 174 18 

10 30 168 182 192 181 12 134 146 120 133 13 

Tap 45 394 368 386 373 19 317 398 383 366 43 
2 45 142 121 132 132 11 128 115 103 115 13 
4 45 123 135 185 148 33 149 133 145 142 8 
6 45 261 216 208 228 29 185 173 168 175 9 
8 45 183 186 188 186 3 161 172 180 171 10 

10 45 191 162 215 189 27 128 116 122 8 

78 



Table A-24. Experiment No. 24: Effects of Nalco 8103 on virus contained in water with 14 
NTU turbidity. 

Condition: Polyelectrolyte: Nalco 8103. Virus suspension in turbid water (~ 14 NTU). Tap (Control): Virus 
suspension in tap water; no Nalco added. Susp. (Control): Virus suspension in turbid water; no 
Nalco added. 

Initial titer: ~ 5.4 x 103 PFU/ml 

Nalco 
8103 

Dosage 
(mg!l) 

Tap 
Susp. 

2 
4 
6 
8 

10 

Tap 
Susp. 

2 
4 
6 
8 

10 

Tap 
Susp. 

2 
4 
6 
8 

10 

Tap 
Susp. 

2 
4 
6 
8 

10 

Tap 
Susp. 

2 
4 
6 
8 

10 

Flocculation 
Time 
(min) 

o 
o 
o 
o 
o 
o 
o 

15 
15 
15 
15 
15 
15 
15 

30 
30 
30 
30 
30 
30 
30 

45 
45 
45 
45 
45 
45 
45 

45 

Test ill 

Replicate Plates 

432 
395 
224 
184 
344 
232 
199 

415 
354 
184 
166 
309 
232 
223 

406 
426 
230 
189 
341 
259 
187 

398 
417 
130 
163 
338 
261 
241 

359 
384 
114 
179 
285 
225 
189 

2 3 

397 
406 
202 
239 
312 
218 
218 

405 
368 
207 
149 
325 
229 
248 

392 
411 
184 
179 
303 
215 
241 

406 
413 
126 
158 
317 
242 
228 

397 
425 
116 
197 
227 
254 
258 

389 
349 
192 
179 
281 
212 
204 

388 
382 
161 
143 
258 
199 
221 

385 
389 
159 
185 
254 
239 
242 

383 
409 
116 
176 
310 
255 
219 

389 
411 

89 
201 
251 
244 
230 

Dilution 

Mean 

406 
383 
206 
201 
312 
221 
207 

403 
366 
184 
153 
297 
220 
231 

394 
409 
191 
184 
299 
238 
223 

396 
413 
124 
166 
322 
253 
229 

382 
407 
106 
192 
254 
241 
226 
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Standard 
Deviation 

23 
30 
16 
33 
32 
10 
10 

14 
14 
23 
12 
35 
18 
15 

11 
19 
36 

5 
44 
22 
31 

12 
4 
7 
9 

15 
10 
11 

20 
21 
15 
11 
29 
15 
35 

Test 112 

Replicate Plates 

366 
383 
175 
132 
309 
177 
170 

361 
341 
133 
118 
244 
176 
183 

367 
393 
112 
114 
255 
186 
168 

385 
358 

90 
102 
236 
198 
174 

335 
349 

61 
144 
261 
202 
163 

2 3 

337 
247 
198 
192 
239 
217 
189 

365 
330 
139 
142 
242 
169 
167 

378 
315 
106 
156 
246 
217 
187 

372 
303 

85 
144 
244 
231 
177 

367 
338 

65 
127 
185 
182 
196 

387 
359 
183 
173 
261 
179 
197 

312 
222 
134 
137 
232 
179 
185 

370 
358 
122 
145 
228 
228 
214 

356 
325 
120 
163 
217 
173 
189 

357 
301 

66 
102 
132 
213 
194 

Dilution 

Mean 

363 
330 
185 
166 
270 
191 
185 

346 
298 
135 
132 
239 
175 
178 

372 
355 
113 
138 
243 
210 
190 

371 
329 

98 
136 
232 
201 
180 

353 
329 . 

64 
124 
193 
199 
184 

Standard 
Deviation 

25 
73 
12 
31 
36 
23 
14 

30 
66 

3 
13 
6 
5 

10 

6 
39 

8 
22 
14 
22 
23 

15 
28 
19 
31 
14 
29 

8 

16 
25 

3 
21 
65 
16 
19 



Appendix B 

Table B-1. Continuous filter operation. Table B-2. Continuous filter operation 

Run No. 1 Run No. 1 
Conditions in the rapid mix basin: Conditions in the rapid mix basin: 

Coagulant: 6 mg/l alum Coagulant: 6 mg/l alum 
Virus titer: '" 1397 to 1480 PFU/ml Virus titer: ~ 897 to 1480 PFU/ml 
Turbidity: '" 16 to 21 NTU .Turbidi ty: 15 to 21 NTU 

Filter: Single-medium Sand 
12.2 m3/hour/m 2 

Filter: Dual-media (anthracite and sand) 3 2 
Hydraulic loading rate on the filter: Hydraulic loading rate on the filter: 12.2 m /hour/m 

Time Virus Concen- Time Virus Concen-
Filter Turbi- After tration, PFU/ml Virus Filter Turbi- After tra tion, PFU/ml 
Depth dity System Cone. Standard Depth dity 

Standard 

(em) (NTU) Start Deviation (em) (NTU) 
Deviation 

Up 

84 0.34 1 30 50 80 53 25 84 0.46 80 90 110 93 15 
76 0.89 1 40 40 30 37 5 76 4.7 130 150 90 123 30 
61 0.79 1 70 70 80 80 10 61 7.7 1 350 190 350 297 93 
46 2.6 1 100 90 160 117 38 46 90 1 2310 2110 1950 2123 180 
31 13 1 360 380 430 390 36 31 75 1 2460 2380 2600 2480 III 
15 64 1 1470 1380 1750 1533 193 15 132 1 3760 3790 3300 3617 275 

0 23 1 1520 1350 1220 1363 151 0 20 1 1170 1130 1050 1117 61 
Rapid Rapid 
Mix Mix 
Tank 21 1490 1540 1410 1480 66 Tank 21 1490 1540 1410 1480 66 

84 2.2 3 20 100 80 67 42 84 1.3 5 20 50 50 40 17 
76 8.4 3 30 10 30 23 11 76 48 5 110 110 200 140 52 
61 26 3 50 10 10 23 23 61 87 5 230 200 290 240 46 
46 18 3 10 0 0 3 5 46 390 5 3200 2720 280 3500 265 
31 23 3 160 200 200 187 23 31 341 5 4810 3600 3700 4037 672 
15 244 3 550 1180 1010 913 326 15 362 5 2860 4330 4250 3813 826 

0 16 3 660 1130 930 907 236 0 15 5 1580 1670 2110 1787 284 
Rapid Rapid 
Mix Mix 
Tank 16 3 1770 1270 1150 1397 329 Tank 15 5 1770 1270 1150 1397 329 

84 4.9 9 170 110 140 140 30 
of three replicate plates. 76 45 9 170 140 180 163 20 

61 27 9 120 120 190 143 40 
46 195 9 1300 1540 1750 153 225 
31 223 9 3600 3250 320 3350 218 
15 37 9 370 550 280 400 137 

0 15 9 180 210 410 267 125 
Rapid 
Mix 
Tank 16 9 910 950 830 897 61 

~ean of three replicate plates. 
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Table B-3. Continuous filter operation. Table B-4. Continuous filter operation. 

Run No. 1 Run No. 2 
Conditions in the rapid mix basin: Conditions in the rapid mix basin: 

Coagulant: 6 mg/l Coagulant: 6 mg/l 
Virus titer: 1397 to 8970 PFU/ml Virus titer: 33 to 4340 PFU/ml 
Turbidity: " 16 to 21 NTU Turbidity: " 12 to 13 NTU 

Filter: Tri-media (anthracite, sand, and garnet) Filter: Single-medium (sand) 
12.2 m3/hour/m2 

Hydraulic loading rate on the filter: 12.2 m3/hour/m2 Hydraulic loading rate on the filter: 

Virus Virus 

Time Concentration Time 
Concentration 

Fil ter Turbi- After PFU/ml Filter Turbi- After PFU/ml 

Depth dity System Virus Standard Depth dity System 
Virus Standard 

Replicate Cone. Replicate Conc. 
(em) (NTU) Start Plates PFU/ml Deviation (em) (NTU) Start Plates PFU/ml Deviation 

Up Up 

2 3 2 3 

84 0.25 40 60 30 43 16 84 0.5 290 230 180 233 55 
76 1.2 50 80 60 63 16 76 9.8 200 200 210 203 5 
61 2.7 250 160 350 253 95 61 29 170 260 110 180 75 
46 27 370 470 510 450 72 46 24 120 210 170 167 45 
31 33 1160 1570 1290 1340 210 31 10 470 460 330 420 78 
15 ll5 1740 2200 2130 2023 248 15 30 350 260 250 287 55 
0 23 1200 1080 1320 1200 120 0 12 490 460 610 520 790 

Rapid Rapid 
Mix Mix 
Tank 21 1490 1540 1410 1480 66 Tank 12 60 40 0 33 30 

84 2.5 5 20 10 10 13 5 84 0.67 5 3120 2450 2170 2580 488 
76 112 5 10 100 140 83 66 76 3.2 5 1850 2230 1720 1933 265 
61 130 5 130 110 120 120 10 61 7.0 5 1880 1730 1490 1700 197 
46 202 5 120 590 470 393 244 46 Plugged 5 Plugged 
31 250 5 620 740 1430 930 437 31 6.2 5 620 740 1070 810 233 
15 362 5 350 270 570 397 156 15 80 5 5180 4650 4210 4680 486 

0 18 5 450 490 360 433 66 0 14 5 4240 4120 4390 4250 135 
Rapid Rapid 
Mix Mix 
Tank 15 5 1770 1270 ll50 1397 329 Tank 13 5 4810 4550 3660 4340 603 

84 5.6 9 50 110 50 70 35 
76 75 9 390 240 190 273 104 aMean of three replicate plates. 
61 52 9 370 360 300 34.3 38 
46 132 9 1490 1970 2610 2023 562 
31 188 9 1860 1890 1560 1770 182 
15 77 9 340 300 260 300 40 
0 15 9 250 220 300 257 41 

Rapid 
Mix 
Tank 16 9 910 950 830 8970 61 

aMean of three replicate plates. 
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Table B-S. Continuous filter operation. Table B-S. Continued. 

Run No. 2 
Virus Conditions in the rapid mix basin: 

Concentration Coagulant: 6 mg/l Time PFU/ml Virus titer: ~ 33 to 5547 PFU!ml Filter Turbi- After 
Turbidity: " 10 to 18 NTU Depth dity System Virus Standard Filter: Dual-media (anthracite and sand) (em) (NTU) Start Replicate Cone. 

m3!hour!m
2 Plates Deviation Hydraulic loading rate on the filter: 12.2 Up PFU!ml 

2 3 Xa 

Virus 
Concentration 84 2.2 15 1690 1250 1200 1380 270 

Time PFU!ml 76 16 15 1430 1420 1690 1513 153 
Filter Turbi- After 61 29 15 1860 1480 1700 1680 191 

Replicate Virus Standard 46 118 15 5740 6020 5920 5893 142 Depth dity System Cone. Deviation 31 73 15 3850 4140 b 3995 205 (ern) (NTU) Start Plates 
Up PFU!ml 15 49 15 5890 5340 5410 5547 300 

2 3 Xa 0 12 15 3070 3580 3580 3410 294 
Rapid 

84 0.46 210 180 160 183 25 Mix 
76 5.8 170 40 110 107 65 Tank 13 15 3150 2670 2860 2893 241 
61 5.5 0 200 70 90 101 84 2.1 19 300 190 340 2770 78 
46 91 90 120 100 103 15 76 41 19 250 300 70 207 121 
31 45 890 600 440 643 228 61 46 19 0 0 0 0 0 
15 34 450 430 330 403 64 46 350 19 0 0 0 0 0 
0 32 140 160 150 150 10 31 313 19 1590 910 690 1063 469 

Rapid 15 313 19 650 330 30 337 310 
Mix 0 10 19 20 30 40 30 10 
Tank 12 60 40 0 33 30 Rapid 

84 0.44 5 3530 2660 2330 2840 620 Mix 
76 7. 1 5 2680 2490 1980 2383 362 Tank 10 19 0 0 0 0 0 
61 28 5 1890 2050 1860 1933 102 84 3.9 24 40 80 90 70 26 
46 125 5 4380 4740 5370 483 501 76 46 24 150 160 110 140 26 
31 37 5 4350 4100 3210 3887 600 61 73 24 0 20 20 130 11 
15 82 5 3920 3730 3870 3840 98 46 89 24 20 0 0 70 12 
0 14 5 2850 3260 4290 3467 742 31 118 24 170 120 90 127 41 

Rapid 15 293 24 320 220 210 250 61 
Mix 0 28 24 0 0 0 0 0 
Tank 13 5 4810 4550 3660 4340 603 Rapid 

84 0.38 8 150 220 320 230 85 Mix 
76 6.8 8 0 0 0 0 0 Tank 15 24 0 0 0 0 0 
61 15 8 0 0 0 0 0 84 6.8 35 420 250 310 327 87 
46 118 8 3470 3850 4150 3823 340 76 108 35 260 320 240 273 41 
31 91 8 450 540 600 530 75 61 108 35 540 900 270 570 316 
15 209 8 790 490 570 617 156 46 334 35 730 630 260 540 248 

0 11 8 120 50 90 87 35 31 293 35 1800 1570 1260 1543 271 
Rapid 15 223 35 530 560 480 523 40 
Mix 0 27 35 90 50 140 93 45 
Tank 12 8 100 150 170 140 36 Rapid 

84 3.7 12 4550 4290 4210 4350 178 Mix 
76 27 12 4230 4300 3640 4057 363 Tank 16 35 280 330 110 153 119 
61 35 12 4810 4580 4940 4790 201 
46 107 12 5850 5670 6180 5900 259 aMean of three replicate plates. 
31 116 12 6510 656 TNTC 6535 35 

bContaminated. 15 209 12 TNTC 654 554 6040 707 
0 27 12 5810 5630 6010 5817 190 

Rapid 
Mix 
Tank 18 12 5660 5560 5420 5547 121 

~ean of three replicate plates. 
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Table B-6. Continuous filter operation. Table B-6. Continued. 

Run No. 2 
Conditions in the rapid mix basin: Virus 

Coagulant: 6 mg/l Time 
Concentration 

Virus titer: ~ 0 to 5547 PFU/ml PFU/ml 
Turbidity: 10 to 18 NTU 

Filter Turbi- After Virus Standard 
Filter: Tri-media (anthracite, sand and garnet) Depth biCy System Replicate Cone. Deviation 
Hydraulic loading rate on the filter: 12.2 m3/hour/m2 (em) (NTU) Start Plates PFU/ml 

Up 

2 3 
Virus 

Time 
Concentration 84 8.7 15 1830 1950 1600 1793 178 

Fil ter Turbi- After 
PFU/ml 76 26 15 2920 2750 2490 2720 217 

Depth dity System 
Virus Standard 61 45 15 3380 3450 3550 346 85 

(em) (NTU) Start 
Replicates Cone. Deviation 46 120 15 5670 6290 6830 6263 58 

Up Plates PFU/ml 31 104 15 5160 5100 5260 5373 344 

Xa 15 75 15 TNTC TNTC TNTC 7000 50 
2 3 0 15 15 2640 2700 3140 2827 273 

Rapid 
34 0.23 160 130 130 140 17 Mix 
76 5.6 1 30 80 50 53 25 Tank 13 15 3150 2670 2860 2893 241 
61 4.0 1 60 0 10 23 32 
46 12.0 1 0 60 0 20 35 84 2.3 19 740 600 450 597 145 

31 16 1 310 350 450 370 72 76 29 19 100 0 50 50 50 

15 34 1 140 100 110 117 21 61 79 19 10 50 10 23 23 

0 13 1 80 200 190 157 67 46 125 19 0 0 0 0 0 

Rapid 31 118 19 910 420 390 573 292 

Mix 15 334 19 10 0 30 13 15 

Tank 12 60 40 0 33 30 0 10 19 Plugged 

84 0.34 5 2350 3250 2980 2850 452 
Rapid 
Mix 

76 6.5 5 1590 1880 1850 1773 159 Tank 10 19 0 0 0 0 0 
61 22 5 1780 1250 1830 1620 321 
46 39 5 2360 2150 1450 1987 477 84 2.8 24 0 0 0 0 0 

31 16 5 3940 3420 2920 3427 510 76 32 24 0 0 0 7 12 

15 90 5 3550 3780 3920 3750 187 61 101 24 70 80 10 53 38 
0 14 5 2680 2310 3270 2753 484 46 119 24 730 550 250 51 242 

Rapid 31 116 24 390 170 150 237 133 
Mix 15 264 24 150 100 80 110 36 

Tank 13 5 4810 4550 3660 4340 603 0 36 24 0 0 0 0 0 

84 0.30 8 300 100 290 230 113 
Rapid 
Mix 

76 4 8 80 30 70 60 26 Tank 15 24 0 0 0 0 0 
61 15 8 40 120 60 73 41 
46 88 8 0 30 40 23 20 84 8.3 35 460 620 240 440 191 

31 101 8 1150 550 920 873 302 76 102 35 300 180 130 203 87 

15 3.3 8 620 960 1150 910 269 61 102 35 90 70 140 100 36 
0 14 8 40 60 20 40 20 46 265 35 230 50 60 113 101 

Rapid 31 265 35 510 380 460 450 66 
Mix 15 265 35 140 300 530 323 196 

Tank 12 8 100 150 170 140 36 0 29 35 70 70 60 67 6 

84 5.5 12 4330 3640 3920 3963 77 
Rapid 
Mix 

76 76 12 4350 3880 4030 4087 240 Tank 16 35 280 330 110 153 119 
61 76 12 3920 3790 3820 3843 68 
46 114 12 3350 3780 3190 3440 305 

aMean of 31 87 12 5480 5360 5260 5367 11 three replicate plates. 

15 112 12 TNTC TNTC TNTC 6690 270 
0 23 12 4560 4200 4170 4310 217 

Rapid 
Mix 
Tank 18 12 5660 5560 5420 5547 121 

aMean of three replicate plates. 
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Table B-7. Continuous filter operation. Table B-8. Continuous filter operation. 

Run No. 1 Run No. 
Conditions in the rapid mix basin: Conditions in the rapid mix basin: 

Coagulant: 6 mg!l Coagulant: 6 mg!l 
Virus titer: ~ 997 to 1717 PFU!ml Virus titer: z 997 to 5227 PFU/ml 
Turbidity: " 13 to 14 NTU Turbidity: " 12 to 14 NTU 

Filter: Single-medium (sand) 3 2 
Hydraulic loading rate on the filter: 7.3 m /hour/m 

Filter: Dual-media (anthracite and sand) 3 2 
Hydraulic loading rate on the filter: 7.3 ill /hour!m 

Virus Virus 

Time Concentration 
Time Concentration 

Filter Turbi- After PFU/ml Fil ter Turbi- After PFU/ml 

Depth bity System 
Virus Standard Depth dity System Virus Standard 

(em) (NTU) Start Replicate Cone. Deviation (em) (NTU) Start Replicate Cone. Deviation 

Up Plates PFU/ml 
Up Plates PFU/ml 

2 3 -X a 
2 3 -X a 

84 0.26 1 790 810 710 770 53 84 0.18 600 410 390 467 116 
76 9.2 1 430 480 400 437 41 76 0.39 480 340 550 457 107 
61 0.72 1 540 560 420 507 76 61 0.64 350 600 400 450 132 
46 1.0 1 310 410 730 483 219 46 51 110 1420 1070 1197 194 
31 6.6 1 740 720 600 687 76 31 20 870 990 810 890 92 
15 115 1 3250 2790 2430 2823 411 15 79 990 750 1290 1010 271 

0 13 1 2040 1650 2070 1920 234 0 15 1640 1190 1120 1317 283 
Rapid Rapid Mix 

Mix Tank 13 1 1100 1230 1050 1127 93 
Tank 13 1100 1230 1050 1127 93 84 0.25 3 40 30 40 37 6 

84 0.2 3 10 20 10 13 5 
76 14 3 50 110 80 80 30 

76 1.1 3 10 20 10 13 5 
61 14 3 160 170 160 163 5 

61 3.3 3 90 40 50 60 26 
46 383 3 1230 1140 1280 1217 71 

46 16 3 110 240 100 150 78 31 130 3 2420 2010 1920 2117 267 

31 45 3 890 560 700 717 166 
15 118 3 1170 1410 1270 1283 12 

15 313 3 5150 5050 4630 4943 276 
0 14 3 1090 980 1120 1063 73 

0 15 3 730 760 730 740 17 
Rapid Mix 

Rapid Tank 14 3 1700 1560 1890 1717 166 

Mix 84 0.23 5 90 90 80 87 6 
Tank 14 3 1700 1560 1890 1717 166 76 12 5 150 120 180 150 30 

61 28 5 440 390 310 380 66 
84 0.27 5 40 90 50 60 26 46 116 5 1970 1440 2380 1930 471 
76 4.8 5 60 20 40 40 20 31 133 5 2950 2790 2440 2727 261 
61 24 5 450 260 210 307 127 15 127 5 2920 2640 1970 2510 488 
46 97 5 320 520 440 427 101 0 14 5 940 1080 790 937 145 
31 132 5 1450 1470 1540 1487 48 Rapid Mix 
15 334 5 5940 6260 6120 6107 161 Tank 14 5 990 920 1080 997 81 
0 14 5 600 760 690 683 80 84 0.57 7 1200 1110 960 1090 121 Rapid 76 23 7 830 1120 1020 990 147 Mix 61 89 7 1900 1790 1720 1803 90 Tank 14 5 990 920 1080 997 81 46 383 7 4020 3910 3310 3747 382 

31 0.32 7 3610 3120 3060 3263 301 
aMean of three replicate plates. 15 334 7 4160 3930 3680 3923 24 

0 19 7 1970 1750 1790 1837 118 
Rapid Mix 
Tank 14 7 2540 2060 2010 2203 292 

84 0.44 9 3820 3970 3420 3737 285 
76 25 9 4280 4560 4540 446 156 
61 47 9 4490 4780 3890 4387 454 
46 139 9 6710 7100 6890 6900 195 
31 III 9 6750 7320 7380 7150 348 
15 306 9 7200 6640 7030 6957 287 
0 13 9 4450 4240 3780 4157 343 

Rapid Mix 
Tank 12 9 5350 5090 5240 5227 l31 

.. --.. -~-~ .. 

aMean of three replicate plates. 
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Table B-9. Continuous filter operation. Table B-IO. Continuous filter operation. 

Run No. 1 Run No.2 
Conditions in the rapid mix basin: Conditions in the rapid mix basin: 

Coagulant: 6 mg/l alum Coagulant: 6 mg/l alum 
Virus titer: ~ 997 to 5227 PFU/ml Virus titer: " 1127 to 4047 PFU/ml 
Turbidity: " 12 to 14 NTU Turbidity: ~ 7 to 17 NTU 

Filter: Tri-media (anthracite, sand and garnet) 2 Filter: Single-medium (sand) 
7.3 m3/hour/m2 Hydraulic loading rate on the filter: 7.3 m3/hour/m Hydraulic loading rate on the filter: 

Virus Virus 

Time Concentration 
Time Concentration 

Filter Turbi- After 
PFU/ml Filter Turbi- After PFU/ml 

Depth dity System Virus Standard Depth dity System Virus Standard 
Replicate Conc. Deviation Replicate Conc. Deviation (cm) (NTU) Start Plates PFU/ml (cm) (NTU) Start Plates PFU/ml Up Up 

2 3 Xa 2 3 xa 

84 0.13 290 410 330 343 61 84 0.24 1 1650 1370 1400 1473 153 
76 0.55 350 270 320 313 40 76 0.55 1 1270 1120 1480 1290 181 
61 0.97 780 430 350 520 229 61 1 1 1000 1190 1630 1273 323 
46 3.6 1 1160 860 790 937 197 46 6.9 1 1340 1570 1310 1407 143 
31 32 1 830 870 650 783 117 31 14 1 1350 1030 1370 1250 191 
15 88 1 1650 1380 1200 1410 226 15 89 1240 1360 1540 1350 105 
0 12 1 1240 910 1110 1087 167 0 17 1760 1860 1730 1783 68 

Rapid Mix Rapid Mix 
Tank 13 110 1230 1050 1127 93 Tank 17 730 1060 1590 1127 434 

84 0.24 3 10 10 30 17 12 84 0.37 3 2590 2540 1830 2320 4250 
76 0.33 3 10 10 30 17 12 76 0.48 3 1590 1400 1840 1610 221 
61 9.0 3 70 80 80 77 6 61 2.1 3 1850 2280 2250 2127 24 
46 91 3 1010 800 870 893 107 46 6.0 3 1550 1590 1380 1507 112 
31 95 3 1640 980 790 1137 446 31 14 3 1710 1560 1660 1643 76 
15 123 3 3640 3410 3040 3363 302 15 123 3 1990 1730 1910 1877 133 
0 16 3 480 440 390 437 45 0 13 3 1860 2160 1990 2003 15 

Rapid Mix Rapid Mix 
Tank 14 3 170 1560 1890 1717 166 Tank 13 3 1290 1180 1860 1443 365 

84 0.14 5 70 40 30 47 21 84 0.22 5 480 630 430 513 104 
76 1.3 5 70 110 30 70 40 76 0.79 5 630 780 810 740 96 
61 28 5 260 150 190 200 56 61 2.1 5 810 1250 710 923 287 
46 109 5 1110 980 1210 llOO ll5 46 7.4 5 830 820 850 833 15 
31 115 5 1720 1590 1550 1620 89 31 26 5 1880 2290 1450 1873 42 
15 101 5 3020 2540 2630 2730 255 15 130 5 3160 2760 2730 2883 24 

0 16 5 710 620 560 630 75 0 9 5 1880 1890 1590 1787 171 
Rapid Mix Rapid Mix 
Tank 14 5 990 920 1080 997 81 Tank 9 5 1810 1840 1890 1847 41 

84 0.2 7 1120 980 830 977 145 84 0.48 7 3260 3310 3140 3237 88 
76 8.4 7 720 850 790 787 65 76 4.1 7 3220 3310 3150 3227 81 
61 87 7 890 920 1050 953 85 61 11 7 3690 4140 4160 3997 266 
46 133 7 2510 2470 2130 237 209 46 36 7 4560 3840 3930 4110 392 
31 116 7 1920 2070 1740 191 165 31 104 7 3990 4640 4370 4333 326 
15 348 7 3550 260 3280 3143 489 15 348 7 5210 4650 4100 4653 555 
0 16 7 180 150 160 163 15 0 12 7 3530 4280 4880 4230 676 

Rapid Mix Rapid Mix 
Tank 14 7 2540 2060 2010 2203 292 Tank 12 7 3720 4420 3990 4043 353 

84 0.16 9 3570 3810 3340 3573 235 84 0.48 9 5420 4840 5180 5147 292 
76 15 9 3640 3320 3090 3350 281 76 1.1 9 4810 527 538 5153 302 
61 95 9 4020 3820 4560 4133 382 61 5.9 9 527 618 611 5853 506 
46 132 9 610 5710 6070 5960 217 46 34 9 538 646 590 5913 540 
31 130 9 6150 5880 5210 5747 484 31 97 9 6470 6040 6640 6383 309 
15 334 9 6820 720 670 6907 26 15 334 9 7440 7600 7360 7467 123 
0 16 9 3330 3720 3590 3547 199 0 4.1 9 6350 6750 6740 6613 228 

Rapid Mix Rapid Mix 
Tank 12 9 5350 509 524 5227 131 Tank 7.4 9 290 3020 4510 3477 897 

aMean of three replicate plates. ~ean of three replicate plates. 
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Table B-ll. Continuous filter operation. Table B-12. Continuous filter operation. 
~".-~ 

Run No. 2 Run No. 2 
Conditions in the rapid mix basin: Conditions in the rapid mix basin: 

Coagulant: 6 mg/] alum Coagulant: 6 mg/l 
Virus ti ter: ~ 1127 to 4047 PFU/ml Virus titer: ~ 1127 to 4047 PFU/ml 
Turbidity: ~ 7 to 17 NTU Turbidity: " 7 to 17 NTU 

Filter: Dual-media (anthracite and sand) 
m3jhour/m2 Filter: Tri-media (anthracite, sand and garnet) 

Hydraulic loading rate on the filter: 7.3 Hydraulic loading rate on the filter: 7.3 m3/hour/m2 

Virus Virus 

Time Concentration Time Concentration 

Fil ter Turbi- After PFU/ml Filter Turbi- After PFU/ml 

Depth dity System 
Virus Standard Depth dity System Virus Standard 

Replicate Cone. Deviation Replicate Cone. Deviation (em) (NTU) Start Plates PFU/ml (em) (NTU) Start Plates PFU/ml 
Up Up 

2 3 -X a 2 3 xa 

84 0.34 1 1510 1370 990 1290 269 84 0.36 1 980 1010 930 973 40 
76 0.75 1 1070 1280 1050 1133 127 76 0.37 1 950 1100 1070 1040 79 
61 2.2 1 1330 1380 1020 1243 195 61 1.6 1 1150 1120 1380 1217 143 
46 28 1 1540 1860 1990 1797 232 46 6.2 1 1120 960 930 1003 102 
31 25 1 1580 1480 1200 1420 197 31 19 940 980 880 933 50 
15 37 1 1080 1130 1050 1087 41 15 104 1210 1390 1450 1350 125 

0 16 1080 1380 1680 1380 300 0 17 No samples 
Rapid Mix Rapid Mix 
Tank 17 730 1060 1590 1127 434 Tank 17 730 1060 1590 1127 434 

84 0.32 3 1170 1260 1610 1347 233 84 0.26 3 2150 1780 1910 1947 188 
76 0.73 3 1690 1860 1550 1700 155 76 0.66 3 1680 2030 1920 1877 179 
61 7.7 3 1680 1870 2330 1960 334 61 4.0 3 1410 1520 1590 1507 91 
46 133 3 2490 2400 1950 22130 289 46 29 3 1030 1300 1030 1120 156 
31 84 3 2020 1720 1810 1850 154 31 45 3 1340 1230 1270 1280 56 
15 112 3 2190 1910 2630 2243 363 15 123 3 1800 1620 1270 1563 269 
0 10 3 1640 2110 1860 1870 235 0 15 3 360 280 400 347 61 

Rapid Mix Rapid Mix 
Tank 13 3 1290 1180 1860 1443 365 Tank 13 3 1290 1180 1860 1443 365 

84 0.29 5 1750 1540 1410 1567 172 84 0.16 5 1610 1460 1450 1507 90 
76 1.6 5 1350 1630 1520 1500 141 76 0.78 5 1720 1180 1430 1443 270 
61 8.8 5 1540 1740 1690 1657 104 61 2.6 5 440 490 480 470 26 
46 139 5 2710 2510 3290 2837 405 46 23 5 1570 1130 1340 1347 220 
31 52 5 2060 2350 1980 2130 195 31 39 5 1440 1490 1830 1587 213 
15 93 5 930 1140 1020 1030 105 15 125 5 2410 2380 2740 2510 200 

0 10 5 440 490 440 457 29 0 11 5 1050 1160 1460 1223 212 
Rapid Mix Rapid Mix 
Tank 9 5 1810 1840 1890 1847 41 Tank 9 5 1810 1840 1890 1847 41 

84 0.30 7 2690 3290 2120 2700 585 84 0.23 7 3400 2680 3450 3177 431 
76 3.2 7 2550 2910 2130 2530 390 76 1.2 7 2560 3260 2750 2857 362 
61 12 7 3120 3650 3610 3460 295 61 7.3 7 2960 3450 3430 328 277 
46 137 7 5080 4760 4140 4660 478 46 39 7 3440 2680 2750 2957 420 
31 91 7 4410 4880 3730 4340 578 31 101 7 2830 3300 3780 3303 475 
15 125 7 4080 3270 3290 3547 462 15 279 7 4230 3410 3450 3697 463 
0 11 7 2930 330 4220 3483 664 0 12 7 2600 3540 3580 3240 555 

Rapid Mix Rapid Mix 
Tank 12 7 3720 4420 3990 4043 353 Tank 12 7 3720 4420 3990 4043 353 

84 0.46 9 4850 4910 4960 4907 55 84 0.37 9 4760 3940 4060 4253 443 
76 0.97 9 4690 4730 5190 4870 278 76 0.63 9 3840 4240 4830 4308 503 
61 4.6 9 5740 5280 5360 5460 246 61 1.8 9 4750 5480 5350 5193 389 
46 127 9 8340 7780 7170 7763 585 46 43 9 4810 4200 4150 4387 368 
31 101 9 5810 6210 6650 6223 42 31 46 9 3840 4430 4690 4320 4360 
15 115 9 5380 5540 5630 5517 127 15 116 9 6340 7070 6650 668 it) 367 
0 6.5 9 5250 5760 5780 5597 301 0 6 9 5410 5090 5650 5383 281 

Rapid Mix Rapid Mix 
Tank 7.4 9 290 3020 4510 3477 897 Tank 7.4 9 290 3020 4510 3477 897 

aMean of three replicate plates. ~ean of three replicate plates. 
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Table B-13. Continuous filter operation. Table B-14. Continuous filter operation. 

-""---= Run No. 1 Run No. 1 
Conditions in the rapid mix basin: Conditions in the rapid mix basin: 

Coagulant: 6 mg/l alum and 2 mg/l Nalco Coagulant: 6 mg/l alum and 2 mg/l Nalco 8101 
Virus titer: ~ 627 to 2697 PFU/ml Virus titer: ~ 627 to 2697 PFU/ml 
Turbidity: " 12 to 15 NTU Turbidity: ~ 12 to 15 NTU 

Filter: Single-medium (sand) 
7.3 m3/hour/m2 Filter: Dual-media (anthracite and sand) 2 

Hydraulic loading rate on the filter: Hydraulic loading rate on the filter: 7.3 m3/hour/D 

Virus Virus 
Time Concentration Time Concentration 

F11 ter Turbi- After PFU/ml F11 ter Turbi- After PFU/ml 
Depth dity System Virus Standard Depth dity System Virus Standard 
(em) (NTU) Start Replicate Cone. Deviation (em) (NTU) Start Replicate Cone. Deviation 

Up Plates PFU/ml Up Plates PFU/ml 

1 2 3 }fa 2 3 }fa 

84 1.1 1 0 0 0 0 0 84 1.3 0 0 10 3 5 
76 1.2 1 10 0 10 3 5 76 2.1 0 10 10 7 6 
61 1.7 1 0 0 0 0 0 61 5.4 1 0 0 0 0 a 
46 4.7 1 0 10 0 3 5 46 26 1 0 40 0 13 14 
31 6.7 1 10 0 10 7 8 31 52 0 10 0 3 5 
15 101 1 10 0 10 7 8 15 107 0 0 0 0 a 

0 14 1 0 0 0 0 0 0 14 0 0 0 0 0 
Rapid Mix Rapid Mix 
Tank 13 1 1040 850 650 847 195 Tank 13 1040 850 650 847 195 

84 1.5 3 0 0 0 0 0 84 1.9 3 0 0 0 0 0 
76 1.8 3 0 20 10 1 1 76 2.2 3 0 0 0 0 a 
61 2.3 3 0 10 10 7 6 61 8.1 3 0 0 0 0 0 
46 2.7 3 10 20 10 13 5 46 10 3 0 0 0 0 0 
31 5.4 3 0 0 0 0 0 31 12 3 0 0 10 3 5 
15 86 3 20 0 0 7 12 15 36 3 0 0 10 3 5 

0 15 3 0 0 0 0 0 0 15 3 10 0 0 3 5 
Rapid Mix Rapid Mix 
Tank 15 3 760 700 420 627 182 Tank 15 3 760 700 420 627 182 

84 1 5 0 10 30 13 15 84 1.3 5 10 0 20 10 10 
76 1.5 5 0 0 0 0 0 76 3.8 5 0 10 10 7 6 
61 3.1 5 0 0 0 0 0 61 18 5 0 0 0 0 0 
46 6.3 5 0 10 10 7 6 46 36 5 10 10 0 7 6 
31 19 5 0 0 10 3 5 31 51 5 0 10 10 7 6 
15 122 5 10 0 110 40 61 15 107 5 10 0 0 3 5 
0 16 5 10 0 0 3 5 0 15 5 0 10 0 3 5 

Rapid Mix Rapid Mix 
Tank 14 5 1050 690 610 783 234 Tank 14 5 1050 690 610 783 234 

84 0.80 7 110 110 180 133 40 84 0.24 7 140 170 100 137 35 
76 1.1 7 140 60 90 97 41 76 3.4 7 180 80 250 170 85 
61 2.7 7 210 110 100 140 61 61 24 7 40 80 90 70 26 
46 10 7 160 180 110 150 36 46 36 7 140 120 120 127 12 
31 34 7 40 110 130 93 47 31 39 7 120 160 110 130 26 
15 209 7 190 110 80 127 57 15 119 7 140 180 120 147 31 
0 15 7 280 140 180 200 72 0 14 7 150 60 130 113 47 

Rapid Mix Rapid Mix 
Tank 13 7 2460 2390 2380 2410 44 Tank 13 7 2460 2390 2380 241 44 

84 0.83 9 340 390 360 363 25 84 0.88 9 220 300 330 283 57 
76 1.1 9 390 350 200 313 100 76 3.0 9 380 280 230 297 77 
61 2.6 9 460 230 310 333 116 61 17 9 370 390 350 370 20 
46 9.9 9 300 420 430 383 7 46 31 9 300 530 480 437 121 
31 34 9 440 190 320 317 125 31 100 9 350 500 310 387 100 
15 112 9 590 260 300 383 180 15 116 9 530 340 170 347 180 
0 13 9 510 470 470 483 23 0 13 9 210 350 290 283 70 

Rapid Mix Rapid Mix 
Tank 12 9 2750 3010 2330 2697 343 Tank 12 9 2750 3010 2330 2697 343 

aMean of three replicate plates. aMean of three replicate plates. 
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Table B-15. Continuous filter operation. Table B-16. Continuous filter operation. 
~-

Run No. 1 Run No. 2 
Conditions in the rapid mix basin: Conditions in th~ rapid mix basin: 

Coagulant: 6 mg/l alum and 2 mg/l Nalco 8101 Coagulant: 6 mg/l alum and 2 mg/l Naleo 8101 
Virus titer: ~ 627 to 2697 PFU/ml Virus ti ter: ~ 213 to 4300 PFU/ml 
Turbidity: " 12 to 15 NTU Turbidity: ~ 11 to 13 NTU 

Filter: Tri-media (anthracite, sand and garnet) Filter: Single-medium (sand) 
Hydraulic loading rate on the filter: 7.3 m3/hour/m2 Hydraulic loading rate on the filter: 7.3 m3/hour/m2 

Virus Virus 

Time Concentration 
Time Concentra tion 

Filter Turbi- After PFU/ml Filter Turbi- After PFU/ml 

Depth dity System Virus 
Standard Depth dity System Virus Standard Replicate Cone. Replicate Cone. (em) (NTU) Start Plates PFU/ml Deviation (em) (NTU) Start Plates PFU/ml Deviation 

Up Up 

2 3 Xa 
2 3 xa 

84 1.4 10 10 20 13 5 84 1.3 30 60 40 43 15 
76 2.1 1 10 20 20 17 6 76 1.4 50 30 40 40 10 
61 8.3 1 10 10 10 10 0 61 2.2 60 60 50 57 6 
46 6.6 1 10 10 10 10 0 46 4.5 10 30 50 30 20 
31 13 1 10 0 0 3 5 31 8.2 130 60 100 97 35 
15 75 1 0 0 0 0 0 15 37 90 140 70 100 36 
0 14 1 0 10 10 6 0 13 130 110 50 97 42 

Rapid Mix Rapid Mix 
Tank 13 1040 850 650 847 195 Tank 13 110 270 260 213 89 

84 1.8 3 0 0 0 0 0 84 0.92 3 460 420 510 463 45 
76 3 3 0 0 0 0 0 76 1.1 3 520 350 310 393 III 
61 6.2 3 0 0 0 0 0 61 1.5 3 310 310 210 277 58 
46 7.3 3 0 0 0 0 0 46 4.3 3 450 290 360 367 81 
31 10 3 0 0 0 0 0 31 12 3 320 340 300 320 20 
15 36 3 0 0 0 o· 0 15 118 3 550 430 360 447 96 
0 15 3 0 10 10 7 6 0 13 3 360 430 630 473 140 

Rapid Mix Rapid Mix 
Tank 15 3 760 700 420 627 182 Tank 12 3 2640 2870 2970 2827 170 

84 1.2 5 20 20 10 17 6 84 0.79 5 30 30 40 33 5 
76 3.3 5 10 10 20 13 5 76 0.87 5 10 0 10 7 6 
61 15 5 20 20 40 27 12 61 1.7 5 0 30 10 13 15 
46 23 5 30 10 0 13 15 46 5.4 5 20 0 30 17 16 
31 27 5 10 10 20 13 5 31 19 5 30 20 0 17 16 
15 115 5 0 0 0 0 0 15 126 5 50 20 0 23 25 
0 16 5 0 0 20 7 12 {) 12 5 10 30 20 20 10 

Rapid Mix Rapid Mix 
Tank 14 5 105 690 610 783 234 Tank 11 5 30 0 20 2333 391 

84 0.93 7 150 180 290 207 74 84 0.37 7 130 180 130 147 29 
76 3.4 7 130 190 250 190 60 76 0.53 7 120 180 200 167 42 
61 24 7 130 60 120 103 38 61 2.4 7 170 100 60 110 56 
46 36 7 150 130 90 123 30 46 13 7 130 80 170 127 45 
31 39 7 210 220 280 237 30 31 29 7 190 180 120 163 38 
15 119 7 160 140 180 160 20 15 122 7 480 430 490 467 32 

0 14 7 160 140 150 150 10 0 13 7 280 230 320 277 45 
Rapid Mix Rapid Mix 
Tank 13 7 2460 2390 2380 2410 44 Tank 13 7 4210 3870 4660 4247 397 

84 0.90 9 440 430 310 393 72 84 0.69 9 210 460 590 420 193 
76 2.9 9 300 480 340 373 94 76 1 9 450 410 470 443 30 
61 20 9 490 450 480 473 20 61 4.6 9 600 420 710 577 147 
46 32 9 470 590 600 553 72 46 25 9 460 580 860 633 205 
31 37 9 390 550 590 510 106 31 53 9 450 430 630 503 110 
15 122 9 600 780 420 600 180 15 209 9 1010 1190 1020 1073 101 

0 13 9 540 470 500 503 35 0 12 9 No sample 
Rapid Mix Rapid Mix 
Tank 12 9 2750 3010 2330 2697 343 Tank 13 9 4280 4610 4010 4300 300 

aMean of three replicate plates. aMean of three replicate plates. 
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Table B-17. Continuous filter operation. 

Run No. 2 
Conditions in the rapid mix basin: 

Coagulant: 6 mg/l alum and 2 mg/l Nalco 8101 
Virus titer: ~ 213 to 4300 PFU/ml 
Turbidity: ~ 11 to 13 NTU 

Filter: Dual-media (anthracite and sand) 
Hydraulic loading rate on the filter: 7.3 m3 /hour/m2 

Time 
Filter Turbi- After 
Depth dity System 
(em) (NTU) Start 

Virus 
Concentration 

PFU/ml 
------- Virus 
Replicate 

Plates 
Cone. 

PFU/ml 

84 
76 
61 
46 
31 
15 
o 

0.94 
1.6 
2.7 

42 
11 
17 
13 

Rapid Mix 
Tank 13 

84 
76 
61 
46 
31 
15 
o 

0.9l 
1.2 
5.4 
130 

77 
102 

13 
Rapid Mix 
Tank 12 

84 0.74 
76 1 
61 3.9 
46 80 
31 32 
15 87 
o 10 

Rapid Mix 
Tank 11 

84 0.32 
76 0.68 
61 3.3 
46 83 
31 79 
15 86 
o 13 

Rapid Mix 
Tank 13 

84 0.53 
76 0.93 
61 5.2 
46 98 
31 76 
15 ll8 
o 12 

Rapid Mix 
Tank 13 

Up -------------

1 
1 
1 
1 
1 
1 
1 

3 
3 
3 
3 
3 
3 
3 

3 

5 
5 
5 
5 
5 
5 
5 

5 

7 
7 
7 
7 
7 
7 
7 

2 3 

10 0 0 
20 10 10 
10 10 10 
10 40 20 

110 90 50 
100 100 60 

50 80 30 

30 
13 
10 
23 
83 
87 
53 

110 270 260 213 

310 290 410 337 
420 310 290 340 
230 310 300 280 
380 440 680 500 
780 350 470 533 
450 410 380 413 
310 340 290 313 

2640 

60 
10 
lO 
40 
30 
10 
o 

2870 2970 

50 10 
20 10 
10 30 
50 60 
40 20 
20 60 
40 0 

2827 

40 
13 
17 
37 
30 
30 
13 

2740 2300 1960 2333 

160 190 220 190 
100 60 100 87 
130 150 60 113 
330 230 230 263 
750 1180 500 810 
220 230 320 257 
310 240 300 283 

7 4210 3870 4660 4247 

9 330 470 330 377 
9 320 200 360 293 
9 330 320 360 337 
9 450 510 760 573 
9 470 220 530 407 
9 490 480 900 623 
9 480 470 550 500 

9 4280 4610 4010 4300 

~ean of three replicate plates. 

Standard 
Deviation 

5 
5 
o 

1',5 
3 

23 
25 

89 

65 
70 
44 

159 
222 

35 
25 

170 

26 
5 

12 
16 
10 
26 
23 

391 

30 
23 
47 
57 

344 
55 
38 

397 

81 
83 
21 

164 
165 
239 

44 

300 

90 

Table B-18. Continuous filter operation. 

Run No. 2 
Conditions in the rapid mix basin: 

Coagulant: 6 mg/l alum and 2 mg/l Naleo 
Virus titer: 213 to 4300 PFU/ml 
Turbidity: ~ 11 to 13 NTU 

Filter: Tri-media (anthracite, sand and garnet) 
Hydraulic loading rate on the filter: 7.3 m3/hour/m2 

Virus 
Concentration 

Time PFU/ml 
Filter 
Depth 
(em) 

Turbi- Af ter ----. - Virus 
Conc. 

PFU/ml 
dity System Replicate 
(NTU) Start Plates 

84 
76 
61 
46 
31 
15 
o 

1.1 
3.1 
6.8 
8.3 
7.8 

20 
13 

Rapid Mix 
Tank 13 

84 
76 
61 
46 
31 
15 
o 

0.89 
1.7 
7.3 

34 
29 

118 
13 

Rapid Mix 
Tank 12 

84 0.56 
76 0.99 
61 4.6 
46 28 
31 28 
15 107 
o 14 

Rapid Mix 
Tank 11 

84 0.28 
76 0.58 
61 4.1 
46 29 
31 44 
15 123 
o 13 

Rapid Mix 
Tank 13 

84 0.44 
76 0.68 
61 4.4 
46 38 
31 46 
15 122 
o 12 

Rapid Mix 
Tank 13 

Up 

1 
1 
1 
1 
1 
1 

3 
3 
3 
3 
3 
3 
3 

3 

5 
5 
5 
5 
5 
5 
5 

5 

7 
7 
7 
7 
7 
7 
7 

2 3 

40 30 20 
20 30 0 
20 20 20 
40 0 20 
30 60 40 
30 30 60 
70 20 60 

30 
17 
20 
20 
43 
40 
50 

110 270 260 213 

630 560 480 557 
320 310 290 301 
340 280 300 307 
490 450 560 500 
770 590 710 690 
560 680 600 613 
610 450 350 470 

2640 2870 2970 

70 20 20 
10 30 10 
10 0 20 
10 20 20 
20 30 20 
50 50 40 
30 0 20 

2827 

37 
16 
10 
16 
23 
46 
16 

2740 2300 

160 340 
180 110 
230 210 
490 750 

1200 1000 
1370 1200 
360 720 

1960 2333 

330 277 
260 183 
310 250 
490 577 

1310 1170 
1170 1247 
1030 703 

7 4210 3870 4660 4247 

9 290 580 460 443 
9 160 360 300 273 
9 370 340 330 347 
9 440 710 690 613 
9 310 430 370 370 
9 560 370 200 377 
9 430 440 740 537 

9 4280 4610 4010 4300 

aMean of three replicate plates. 

Standard 
Deviation 

10 
16 
o 

20 
15 
17 
26 

89 

75 
10 
31 
56 
92 
61 

131 

170 

29 
11 
10 
5.8 
5.7 
5.8 

15 

391 

101 
75 
53 

150 
157 
108 
335 

397 

145 
102 

21 
15 
60 

180 
176 

300 



Appendix C 

I) U N CAN 
:: :: :; :: -: : 

orMENSION GROW (15,30),SQ(75I,P(161 ,R(lOvJ,SlG(7S,~S,1)'ID(15) 
? , ALPHA(15,4J 

1)014 :,;(f;I'jtJ2".' '/ 
REA () ( :, , I, (; NO::. I ) P 

CQNTINUE 
READ(5,/)flAEAT,lTTME 
DO 5 J=I,ITIME 
00 10 l:l.ITREAT 
READ(5,lOOlGR0W(I,Jl 

(.*".***.**.*****~****i.' •• ' •• i* •• \~~*i**' •• +**.i* •• *.'* ••• *'·*·' ••••• 
c 
c 
(; 

C 
r. 

FORMAT STATEMENT 

C •••• **.t •••• ****** •• * •• ~t* •••• ~ •• ** •• * •••••• *.i** •••• ••••••••••• 4 ••• ** 
SQ (J)=SQ(J)+GROIHl"J) 
rCT=TQ'+GROW[I,J)*~2 

10 COIHi'JIiE 
XSQJ:xSQJ.SQ(JJ~·2 

CO~,,: CGRRtSGlJJ 
SQ(J):Q 

5 CONTIIIUE 
DO b I=I,ITREAT 
REA~ (~,500J(.LPHA(1,J),J=I,4) 

500 FOR~AT(SX,QA6) 
" C JNTl ~.L'E 

rORR"Cf1RR**2 
DO 15 J:l.lTREAr 
00 cO J=I,1TIME 
SQ(IJ=SQllltGROW(l,J) 

21) CON Tl NUE 
ID(l1:(1) 
XSQ!=XSQI+SQ(I)**2 
SQ(IJ=SQ(I)/ITIME 

IS CONTINUE 
DO 2 1 = I, q 
Rlll:P(Il 

" CGNT l:JUf. 
RlIOl:P(Q) 
1<;:0 
DO 3 1::10,13 
1<:1(+ 1 
J::. 1 + ~ 
L =J + 1 
R(J):J:.II) 
R(U=P(Il 

3 CON 1 l'HJE 
00 4 J=19,311 
i«J)rP(1Ql 

~ CONTINUE 
i:<O 40 J:3".),73 
i'.?lJPPllS) 
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START OF SEGMENT 9D2 
C 002:0000:0 
C 002:0000:0 
C (l02:0000:l) 
C f'02:00f)1):r: 

C I' 0 2 : () a () I:> : " 
C !) fJ 2 : 0 ,1 () B ; II 
C (lOc:OOI2:0 
C f\ Q!: :) r: 1 :3: I) 

C002 : n :, 1 4 : I: 
C eG2:f' 1[:2 ( I, 0 2 : 0:,) J !) : 2 
C (. 0 2 : C ,) 1 D : 2 
C (02:00ID:2 
C 'n2:fHilD:2 
C (, ,)? : f) () 1 P : 2 
C :1I'2:1JC'ID:2 
C ',"rlJ2;l)ill~):2 

C ;;OZ:()Dl;J:2 
C 11112:'JII21:2 
C 111.'2:0"24:5 
C ";)2: l' ')27: 0 
(~ )',12:(1()2 o :2 
C I\n2;or'2B:2 
C II02:0('2C:5 
C \) n 2 : 0 (; 2 F : 0 
C 1'1l2:()030:(' 
C ,d) 2:!l t, 3E : 2 
( "f.2:o) f1 3f:2 
I.. " I) 2 : 0 t; Ii 0 : 3 
C ,11.l2:0(;Q!:/l 
C () r 2 : 0 II Q 3 : (l 
C .' I) 2 : 0 'J Q I.j : '1 
r " 0 2 : 0 :) 4 8 : 0 
C Ii I) 2 : 0 Ii Q A : I 
C f'o2:oc>'lC;(\ 
C O()2:0(l4f:2 
C <)(12:0050:3 
C ,) (I 2 : 0 G 5 2 : 4 

<.:; 1:02:0054:0 
C 1)(12:0056:2 
C [;02:0058:3 
C (;02:005A:! 
C IlU2:00SA:5 
C n(l2:0 f)5C:(' 
C ,102:0050:2 
C I'02:0D5E:5 
C (:o2:00SF:5 
C noz:0062:1 
C o02:00M:3 
C 002:0066:4 
C [>02:0060:0 
C 'I02:(;Ob~:(I 

C oo2:v06C:l 
C o(j2:0;J6D:O 



iJ(· t.UNT {"IIf: 
(}U Ij'; J=7'I, tOil 
wIJ)ai'( 10) 

<.Ie, L(lH T J :.l'f 
,', F t f! ,< ::: ( L T I, EAT .. I ) • (T r p . f • t ) 
L df< ,,=L II fH11 ( I T iH /> 1 .. r Tl '\F' ) 
TOT:(1.J!-COf-iiol) 
TREAT: (X5f.Ji It T U,t ~CrRR) 
BLOCKc(-S0J/fTREAT-rnwR} 
ERR:lfOT-(TREATtbLOCK1)/DFfRR 
DFTRf:::iTR~ .U-I 
S~.SQHT(fRR/D~TRE) 
1)0 25 M:;1.I1RfAT 
uO 30 r:; I, DFTRE. 
Kart I 
IF(SQ(I).LT.SQ(Kl) ~o fO In 
SAVt,=5Ql I) 
5lH I 1 ::: sa (I() 
SQO,);: SAVE 
lSAvE:=IIl(I) 
ID(TUID(I<J 
0(' 7 J:I,14 
.,1> \I~ == Al PHA (1 "I) 
AlPHAII,J): 4LPH4(K,Jl 
ALI' HA (I'; , J ) OIl S A V E 

1 (ONl p.JUE 
IOClO=I$AV[ 

~., (. ONT I rJUE 
,'<, CONT HIVE 

IlREA=ITREn+t 
DO 50 l==t,lTfiE4 
R(Il=R(O-SM . 

':>0 tONTlNUf 
14,=0 
DFTRfA=OI'TRE 
1)(1 71) 1 =1 ,OFflJi' A 
Nil: IT fiE A r-I<. 
TEST:SQ(Nl-R(N-!) 
KOlJNTaO 
Oil 75 J"'l,N 
T ~ ( T I:. S 1 .. S rH J l J 20 d , 3 II Q , q 0 II 

2"0 If(1';0UN1.fQ,fJ.A~D.J.E~.ICHFC~)bO TO J I 
IF(KDU~T.eQ.O)l(HfCK=J 
1\ nUN T =K UUN Tt t 
SIGU,J,I).'.' 
("i! II) 7<; 

-; II C: S 1 (, ( r , J , 1 ) = I I 

I'U hI 1"" 
~nr SIGCI,J,!):' , 

15 CGNTIIWE 
GO Tv 1& 

\7 1=1-1 
Df Tl<f AcDFTRlA-l 

)>1 111:11+1 
'1(1 (ONT JNUE 

WRITE(b,2000) 

;;>01111 Fl'f./M.AT(T'51,'OUN(A'lS M~jLJlPU PANl:oE. TESTI) 
.. 1<T1t ll'l,?')OO) 

l~on ~np"AT(IO',T4~,ITqFAT~fNTt,T74'IAVEWIGE',16S,IRANKING'1 
CIJ 8 I=l,JTRE.r 
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O()?:OObF:(, 
(1u2:0071 ~ I 
()(li':n;J7~:i' 

L (1:';;>:OQ74:l1 

c (1:17:0010;! 
C 0'\;;>:11018: I 
C OOt':007t~: i 

C 00<':1)01>'1:", 
r 002:"~H':1 

l\('l 2 : 1\ I' 7 r : j. 
r. II 1) l: \) (),~ 1 : I',J 

r; O(J":OGIU:~ 

r ()o2:0084:; 
C '': (12 : () 0 01) : I, 

e " ,I 2 : 0 08 1 : c 
( H(\?:('(jI'P:i 
rill';:> : (I" f;S : ., 
L ,}()c':OC,o,c::. 
C n \1 2 : I) I; "E : 'i 
C ')';2:0f<,o:3 
t ,,')t':O('q?l'l 
L "r.?:U I 't4:,> 
C O\)/:tlil,,~:r 

C 002:00'11:4 
C I)J2:o09C.:c' 
( O')(l:009F:1 
C OU2:00AI:2 
r ()'lc:uOi\1:0 
C c ,1 ~ : 0 0 II ':>: 1 
c OUi:OOA7:2 
C OIl2:00A8:4 
(' OO.!:OOAA:O 
C {lO?:O(lM: 1 
L O<'2pJ"IIE:<' 
L () (\ t! ; 0 \' A F : " 
L ou2:0 " AF':<' 
[ 002:()081:0 
r; 0 (1.2: 0 062: 3 
c 0112:001'\",:0 
r. 002:()u8,:>:lj 
C o,J;UOIJS7/0 
C Ilt2:0I'B8:'" 
C (1(12: ')08D: 1 
C OIl2:00t;!F:l 
C 0 IJ ;> : (l (; C (l : S 
r OI).?:OfJ(ll:l 
( (1fj2:UlI(1l:_ 
( O'.J~:O,jC9: I 
C OI\2:0!)(;9:~ 

C O,)Z:O()CE:I 
C O()2:0IlLl,):2 
r:; Ofl2:00Df':S 
C OI)~:0I11)2:1 

C O')2:00D3:c 
c 0.12;U(1D4:" 
r 002:0\)f}O:~ 

F!!:S [S 1\('°0 ll",I, 
(.0112:[)t,D"':'-
L II I) 2: 0 l) Ih : " 
l 002: 0 "\iF :.! 
C 002tovnF: i 



W R ITf (6, l4 0 0) I D ( I ) , (AL I> HA ( 1 t J .1 t J = 1 t 4 ) t S Q ( 1) , I 
2q~O FORMAT(' I,T38,I2t4X,4Ab.~X,Gll.5t4X,I2) 

8 C.ONTTNlJE 
~R1TE (6,2300) 

23()O FO~MAT(ll') 
00 90 J:I,ITREAT 
WRIT E (6,2200) I D { J J t l AL PHA ( J t r ) , 1= 1 t q ) , ( 51 G ( 1 , J t 1 ) , I == ! , DF ff~E A) 

2~OO rORHA1( I I,I2,lt,44b,lX,7~(At,1~» 

WRITf(ot2100}(SIG(I,J.I).1=1,DFT~EA) 
1100 FORMAT(' ',)~X,7~{Al,tl») 

90 CONT lNUt 
E.N!) 
002:012210 (~THE LOCATION FrR lXCEPitONAL ACTTON GN THE 1/0 
tHJ2:012S:1 IS TI-1t- UICt.1l0,1 FO\:.> f'~ctPT10NAL AC.TI!'t"l m~ rhF 1/0 
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'~'12:(\()EC:O 

!' r, 'J 2: (' OF ~: 2 
nni::OOF \:2 
on,'.: 00 F '5 : 3 
(\!J2:'OFII:2 

r ,) I) 2. : tl OF II ; 2 
",li:GOFA:C 

" ., ftc:~: 0 1 ! 1 :. 2 
iL,(.': u 11 1: 2 

'. () \I t! : .. t·1 ~. : 2 
I, ,; -' : ,. liE: " 

" Uv2:01?():) 
STATEMENT ., 0021~~n~ 
STATEMENT AT 0021"000 

~ECMEN I /)0<' I:; i I ~(' I C' ,>. 
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