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FOREWORD 

The u.s. Enviror.mental ~otection Agency was created because of 
increasing public and government concern about the dangers of pellution to 
the health al'ld welfare of the American i:eople. Noxious air, foul water, and 
spoiled land aie tragic testimonies to the deterioration of our natural 
environment. '!he complexity of that envirorment and the interplay of its 
components require a concentrated and integrated attack on the problem. 

Research and developnent is that necessary first step in problem 
solution; it involves defining the problem, measuring its impact, and 
searching for solutions. The Municipal Envirormental Research La.OOratory 
develops new and improved technology and systems to prevent, treat, and 
manage wastewater and solid and hazardous waste pollutant discharges f ran 
municipal and canmunity sources, to preserve and treat public drinking water 
supplies, and to minimize the adverse econanic, social, health and aesthetic 
effects of pollution. This publication is one of the products of that 
research and provi&s a most vital oommunications link between the researcher 
and the user camnunity. 

Giardiasis is an intestinal disease reported with increasing fr0:;1uency, 
especially in the western and northeastern United States • . The disease is 
caused by ingestion of cysts of the protozoan Giardia larnblia. The cysts are 
ccmronly found in the cold, clear streams of mountain environments, which are 
used as a source water supply ~ many communities. This report investigates 
the effectiveness of rapid-rate filtration in removal of ~jg cysts and 
other substances of concern; it delineates the role of selected design 
criteria and operating conditions. '!he problems associated with rapid-rate 
filtration are examined as a :Eart of the EPA research program focused on the 
water treatment problems of snall camnunities. Special reference is made to 
the difficulties with cold, low turbidity r;;w waters .. 

Francis T. Mayo 
Director 
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FILTRATION OF GIARP!A CYSTS AND O'IHER SUBSTANCES 
VOLUME 3: RAPID RATE FILTRATION 

The efficiency of rapid rate filtration for removal of .Giat.dia lamblia 
cysts, standard plate count bacteria, total coliform bacteria, and turbidity 
was determined experimentally under a wide range of o:r;:erating conditions. 
Percent removals were :gaiuated by means of a lab-scale pilot plant at 
temperatures of 4°c and 18 c, fo2 low turbidity water, at 2qydraulic loading 
rates of 8 an/min (2 gprn/ft > , 24 an/min (5 gp:n/ft ) and 33 an/min CB 
gp:n/ft2> , for "in-line" filtration, for three filter media, and using three 
chanicals. Testing was perfo:r.med also using a 1.3 I/s (20 gpn) field-scale 
rapid rate filtration pilot plant. The range of testing was narrower and 
focused on ascertaining the findings at the lab-scale. 

The study has shown, that rapid rate filtration is a highly efficient 
treatment process for low turbidity waters when pro~r che:nical pretreatment 
is used. Certain polymers, such as Magnifloc 572C@ or Magnifloc 573C@ in 
conjunction with alum will effectively coagulate low turbidity, low 
tanperature water, i.e .. when saw water turbidity level is less than 1 NTU, 
and when temperature is 0-4 c. Lab-scale results, for example, shOW'ed that 
using 5 mg/L of alum as Al2 cso4r3.14H20 followed l:1j 1.5 mg/L Magnifloc 57'2C, 
Gianlia cyst removals werf! 99, percent:, and standard plate count . bacteria and 
total colifoon bacteria renovals were greater than 99 percent. At the same 
time, oorresp:mding turbidity re:novals of a.rout 80 percent were obtained 
using raw water having less than 1 mu turbidity.. With no chemical 
pretreatment, removals of all substances, including Giardia cysts, ranged 
from only 10 percent to 70 percent. 

The resu.lts shov1ed that rapid rate filtration will effectively treat low 
turbidity water, and will removal Giardia, cysts if proper chemical 
pretreatment is used. Pro~r che:nical pretreatment is difficult to determine 
and to evalmte for low turbidity waters since the usual measures of 
ef t:ecti veness such as turbidity removals and col ifonn bacteria ranovals are 
based upon very low amounts in the raw water. Pilot plant testing is 
imperative to ascertain proper chemical pretreatment, when using low 
turbidity waters. 

This rep::>rt was sutmitted ~ C.olorado State University to fulfill 
Cooperative Agreement No. CR808650-02, funded by the U.S. Environmental 
Protection Agency. It covers the period March 1, 1981 to February 28, 1984, 
and work was canpleted as of February 28, 1984. 
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<DNTE:lcr' OF RF.SEAR.Qi 

SECI'ION 1 

INTRODUCl'ION 

In recent years giardiasis has been recognized as a water-borne disease 
of national importance.. Most of the outbreaks have been traced to Gig.rdig. 
lamblia cysts in drinking water, which have been associated with ineffective 
water treatment. Colorado is one of the states in which the disease is 
endemic and where outbreaks of giardiasis have been f ra;iuent, particularly in 
snall mountain canmuni ties. Outbreaks have been· reported in other states 
with increasing frequency as awareness of the problem has increased. 

Concern developed at Colorado State University (CSU) in 1979 following 
investigations were conducted by the Colorado Health Department, particularly 
those of Blair (19 80> .. Fran this concern and an awareness of the growing 
extent of the problem nationally by the U.S. Envirormental Protection Agency 
(EPA), an EPA-CSU Cooperative Agreement was developed entitled, "Removal of 
Giardia lamblia f ran Water Supplies - Appropriate Water Treatment for Small 
&ystems. " It should be noted also that the organism Giardia lamblia could be 
classified as a s~cific contaminant as defined b,y PL93-523, the safe 
Drinking water Act and is therefore of regulatory concern to EPA in its 
administration of the Act. 

'!he overall project enoompassed evaluation of three water treatment 
tecbnologies--slow sand filtration, diatanaceous earth filtration, and 
rapid-rate filtration. Previous reports ~ Bellamy et al. (1984) and Lange 
et al. (1984) have given results of research on removal of Giardia cysts by 
slCM sand filtration and diatanaceous earth filtration, resi;ectively. 

This volume evaluates the use of rapid-rate filtration with respect to 
-ascertaining design _ and operating conditions for renoval of Giardia lambJ.ia 
cysts • . Special em:E,ilasis was given to operation under low-turbidity, low-
temperature water conditions such as that found in the ambient water supplies 
of the Rocky Mountain .Region. At the same . time, there was interest in 
determining whether a surrogate measure could be found for ranoving Giardia 
cysts. 
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INVESTIGATION 

Pur_pose 

The purpose of this research was to <i:termine hCM to remove Giardia 
lamblia cysts from water supplies ~ rapid-rate filtration for conditions 
prevailing in the Rocky Mountain Region. Here raw water turbidity is le8s 
than 1 NIU during fall and winter seasons, and temperatures approach O C 
during winter. The problem reduces to one of detennining hON to make the 
process effective for conditions of low turbidity and temperature. 

Objectives 

The objectives of this research were as follows: Cl) to determine how 
to chemically pretreat low-turbidity, low-tanperature water for efficient 
rapid-rate filtration, (2) to evaluate percent ranovals of turbidity, 
standard plate count bacteria, total colifonn bacteria, particles, and 

.Giardia cysts under various conditions of chanical pretreatment for low-
turbidity, low-tanperature water, (3) to cetermine the res.pective roles of 
process variables on removal efficiencies of the above parameters, and (4) to 
ascertain whether a surrogate indicator could be found to assess the percent 
ranoval of Giardia lamblia cysts ~ rapid rate filtration. Surrogate 
indicators investigated in the fourth objective included percent removals of 
turbidity, standard plate count bacteria, total coliform bacteria; and 
particles. 

Process variables investigated in the third objective included: 
chanical pretreatment conditions (coagulants used, oosages of coagulants, 
sequence of coagulant addition), rode of filtration ("in-line" versus 
"direct"), media (single versus dual), filtration rate, tanperature, and run 
time. 

In the rapid rate filtration process, there are numerous variables that 
detennine effectiveness. 'Ibey include: water characteristics such as 
temperature, turbidity, alkalinity; chanical pretreatment conditions suc..h as 
pr.llnary coagulant used, seoondary coagulant used, dosages of each, and mixing 
intensity and detention times in both rapid mix and flocculation, and whether 
settling is used; and filter conditions such as filtration rate, and media. 
There are no mathematical models existing to consolidate these variables. 
Thus to ascertain relationships, empirical testing must be Cbne to find 
relationships of interest, using a physical rodel Ca pilot plant). Thus the 
research was experimental and utilized two pilot . plants: Cl) a laboratory-
scale rapid rate filtration pilot plant, and (2) a field-scale 1.3-1/s (20 
gpm) rapid rate filtration pilot plant .. 

with so many variables, tens of thousands of tests could be conducted. 
Therefore the method of this research was to maintain constant many of the 
above variables ana to vary the others over limited ranges.. Thus rcw water 
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conditions used were restricted to those fotmd in the Rocky r-t>untain Region 
during fall and ··winter seasons, e.g. lCM turbidity. Sane initial 
"familiarization testing". was conducted with lx>th pilot plants, hc:Mever, 
using Horsetooth Reservoir water which has turbidity levels of 5 to 10 NTU. 
Since this water is more easily treatable it was used to develop testing 
procedures. '!he investi~tion of semi;;erature effect at the lab-scale used 
only two temperatures, 3 C and 18 c. Colder temperatures with the lab-scale 
pilot plant were not possible because of ice formation at lower temperatures. 
With the field-scale pilot plant temperature could not be0oontrolled and so 
o~ration was at ambient tenperatures, which reached 0 c. Hundreds of 
commercial polymers are available, but screening was conducted only until 
effective ones were found. 

EVen with such restrictions a total of 178 test runs were conducted 
us)~ng the lab-scale pilot plant over an 18 m:mth period. · Using the field-
scale pilot plant 131 test runs were conducted, with 31 of these using raH 
water having turbidity level of less than 1 NTU. 'lhe approach was to use the 
lab-sea.le pilot plant to ascertain functional relationships and the field-
scale pilot plant to cxmfirm these findings for ambient conditions. 

Significance 

Outbreaks of giardiasis due to water borne transnission of Gianlia 
lamblia· cysts in drinking water are a national problem. '!be treatment 
technology associated with virtually all of the outbreaks has been rapid rate 
filtration. 

While deficiencies in the operation or design of ·the rapid rate 
filtration process have not been ascribed definitively, many outbreaks have 
occurred under conditions of no chanical pretreatment. In this mode of 
o:peration, i.e.. without chemical pretreatment, the filter media acts merely 
as a "strainer." 

The practice of using no chemicals is oamnon in the Rocky ~untain 
Region during fall and winter seasons when rEM water turbidities of mountain 
streams are less than 1 NIU. In addition, coliform counts of · these waters 
are low, e.g. 100 per 100 mL. Al.so during winter, temperatures will approach 
zero degrees Celsius. 

'!here are three basic problems associated with such conditions. First, 
rCM water turbidity levels already neet drinking water standards, and the low 
coliform counts can be handled easily by disinfection. 'Ihus there is a 
general lack of perception that a problem exists. Second, effective 
coagulation and filtration under such conditions, e.g. low turbidity, low 
ten:J;erature, is simply beyond the state-of-the-art of knowledge aoout the 
rapid rate filtration process. '!his is not to say that lcw turbidity waters 
have not been filtered successfully. An example is at Duluth as described by 
Black and Veatch (1975) CLOgsdon et al., 1983) and Schlepi;;enback (1984), 
where water fran Lake Superior, having less than 1 mu turbidity, has been 
filtered to ranove asbestos fibers. Also KinnE¥er (1979) described 
filtration of low turbidity waters fran the Tolt River in Washington.. such 
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cases notwithstanding, it is true generally that knowing what to do is not 
clear, even if there is perception that a problem exists. And third, sinc-e 
the ambient turbidities and col ifonn oounts are so low, there is question on 
how to evaluate the effectiveness of the filtration processo 

To better ascertain how to treat this lCM' turbidity, lCM temperature, 
water by the rapid rate filtration proooss would both advance the state-of-
the-art of the process and at the same time provide the knowledge needed to 
remove Giardia cysts, a major national problem. In addition, with many 
communities using the rapid rate filtration process, advancement of the 
state-of-the-art of practice will peonit these plants to improve the overall 
leveJ. of health protection. This will make cost-effective a large aggregate 
amount of capital investment in existing plants. The documented outbreaks of 
giardiasis associated with low turbidity waters demonstrate that filtration 
merely to meet the 1 NW standard is not adequate to protect public heal.th. 

GIARD IASIS 

The disease giardiasis has teen recognized world wide wer recent years. 
It is prevalent in Russia, particularly in Leningrad (Brodsky et al., 1974)., 
In the United States, the first documented water oorne outbreak was in Aspm, 
Colorado during the winter of 1965-66. A survey of 1094 skiers who had 
vacationed in As:E;en shaved that 123 Cll percent> had develop:d symptans 
similar to giardiasis Ccraun, 1979) • Outbreaks have occurred most frequently 
in the Rocky r.t>untains, in the Northwest, and in the Northeast. Visvesvara 
and Healy (1978) estimate three to seven percent of the adult p::>pulation 
harbor the parasite. Colorado is one of the states where the disease is 
endemic. Outbreaks have been reported in Aspen, Vail, Boulder, Estes Park, 
Hideway Park, etc. (Davies and Hibler, 1978) , and recently in Purgatory 
(Colorado Disease Bulletin, M9.rch 31, 1984). Blair (1979, 1980> has 
investigated outbreaks at Estes Park and Vail, where rapid rate filtration 
was used, and recovered .Gia..mi9 cysts from filtered water. An outbreak 
occurred at Empire, Colorado in 1981; the town used chlorination but no other 
treatment. The most recent Colorado outbreak was at Purgatory, in January 
1984. Chlorine was the only treatment in this case, but it is notable that 
levels were maintained at about 2 .5 mg/L (Colorado Disease Bulletin, March 
31, 1984) with about 4 hours cetention time (Blair, 1984, personal 
communication). 

In the Northwest the first documented outbreak was in 1976 in camas, 
Washington (Pluntze, 1983).. Sane 600 ~rsons or about 10-15 percent of the 
population, were affected. 'Ihe source of infection was found to te beavers .. 
Leavenworth, Washington had a similar outbreak in 19 80, al so reported by 
Pluntze, which affected 27 percent of the population, or 578 persons.. In 
these cases the water was treated by rapid rate filtration. 

One of the largest outbreaks of giardiasis occurred in Rane, Na-1 York 
from Novanber 1974 to June 1975 (Shaw et al., 1977). A total of 350 
residents had laboratory conf inned cases and an estimated 5,300 others may 
have been symptomatic. Chlorine was the only treatment. This was the first 
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outbreak in which Giardig. lamt:>lia cysts were recovered f ran a municipal water 
supply. 

The disease has been reported also in Banff National Park by DeWalleMd 
Jansson (1983), where 121 confirmed cases occurred in the winter of 1981"'."82. 
rt has beoome a major concern in Alberta and in British Cblunbia. In 
November 1983 the British Colunbia Water and Wastes Association held a 
saninar on the topic to oonvene those having knowledge and. interest about the 
problem (British COlunbia Water and wastes . ASsociation, 1983) • Cleasby 
(1983) reported that at Bradford, Pennsylvania in 1979 an· estimated 2900 
persons were affected. During recent' 100nths, since the fall 1983, further 
outbreaks have teen reported at Hout.zdal(e/~ Pittston, .. and McKeesport in 
Pennstlvania (Logsdon, 1984, personal .cqnmunications>. 

Giardiasis is an intestinal disease caused cy ingestion of cysts f ran 
the protozoan, ~ lamblj.a. Ingestion of one to ten cysts is sufficient 
to cause the disease (Rendtorff, 1977) • '!be diseae &ymptans will appear with 
two to thirty five days after ingestion, with one to twb weeks being the xrost 
common incubation period. 

Giardia lamblia is a pathogenic intestinal parasite found in humans and 
in other waon blooded animals. 'lhe beaver has been thought to be a cannon 
source· of cysts, but Hibler (1979) has reported· recovery of cysts fran a wide 
variety of wild animals. Reoontly, Hibler (personal camnunication, 1984) has 
indicated the muskrat may 1:e a major source cysts found in streams. In 
addition dogs are canroonly infected (and have served as the source of cysts 
for this research>. 

The organisn Giardia lamblia has two life stages, a reproductive 
trophozoite stage, and a dormant cyst stage. 'the cysts, which are the fonn 
found in the environnent, are about 7 to 12 micraneters in their smallest 
dimension, and can survive about two months in cold water (Hibler,· 1984, 
personal communication>. Upon ingestion the cyst tecanes a tro!ilozoite and 
attaches- to the lining of the snall intestine. Figure l shGis drawings of 
both cyst and troPl.ozoite, with dimensions indicated. 

'lhere are at least two morphologically different species of Giardig,, 
Giardia .J.mnb.lig and Giardj,g. muris. It is .not certain among researchers how 
many actual species exist in addition to these. 'lberefore s~cies names have 
been ascribed to Giardia, de:pending upon the host. Jakubowski (1979.). has 
listed those with claw like median bodies to include GiB.rdia lamblia <man> , 
Giardia canis <dog>, Giardis ~ <cat)', Qiardia bovie Cox), etc. 'lbose witb 
rounded median bodies are Giardia muris and are found in the house mouse, 
rat, and hamster. Hibler (1984, personal caranunication) believes that the 
st:ecies listed in the first group are the same and may be cross transmitted 
between hosts of .different animal s~cies. Hibler (Davies et al., 1983) has 
reported self infection using Giardia cysts obtained f ran dogs. irben Hewlett 
et al. (1982) esta.blished that Giatdia cysts fran hunans can infect dogs. 
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Figure 1. Sketches of a) troi;i:lozoite, and b) cyst stages of .Gj,ardia lamblig. 
CJackubowski and Hoff, 1979). 

Thus the designation Giargig.lmnb.lig is telieved pro:r;er for the Giardj,a cysts 
used in this research, which were obtained fran dog fecal samples. 

TREATMENT OF MOUNI'AIN WATERS 

Characte_;ristics 

The flews of mountain streams in the Rocky ftt>untain Region, and also the 
Sierra Nevadas in california and the Oiscades in Washington have a typical 
"snowmelt hydrology." In other words, rost of t..'11.e flew volume occurs during 
spring runoff about mid April through June. During the sumner and into the 
fall snowme.lt continues f ran higher elevations at a slower rate and is 
canplanented ~ base flow f ran aquifers. During the spring runoff i:eriod the 
turbidity lev.el is naninally about. 3 O NIU and may even reach 200 NIU for 
example if a thunderstorm occurs. 'Ihese waters are treat.able by oonventional 
rapid rate filtration, e.g. rapid mix,. flocculation, sedimentation, and 
filtration, though. operators may have difficulty adjusting coagulant Cbsages. 
A visible floe readily forms. with pro1?9r coagulation. As the spring runoff 
recedes, hCMever, the turbidity leve.ls decline and may stabilize at 0.5 to l 
NIU fran September until mid April. Temperatures will decline also, 
approa.c..'11ing zero degrees Celsius in Decanber and January.. Total dissolved 
sol i ds ID'¥ te ve.cy low throughout the yea.r, e.g. naninally about 50 to 100 
mg/Le Alkalinity also may be low, e.g. 40-50 ng/L as ca.en,. .. 

.;;) 
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Table l illustrates shCMing monthly water quality for the cache La 
Poudre River at the Fort COll ins water Treatment Plant No. 1, located in 
Poudre canyon, abOut twelve mil.ea f ran the city center. '!be table shews that 
average turbidity for 1980 is less than 1 N'.LU during six of the twelve 

Table 1.. Characteristics of Cache La Poudre River water for calendar year 
1979 at FOrt Collins water Treatment Plant No .. 1. 

cache La Poudre River, .1979 1981 
Month Te:n~rature Turbidity Total Colifo.rm 

( C} (N'.LU) Bacteria 
Aver acre Averaqe Corg/100 ml) 

January 0 .. 55 0 .. 62 <l 
February 0.55 0 .. 63 <l 

March 2.68 0.65 <l 

I 
April 8.29 3.0 100 

May 9.10. 9.3 8 
June 10.20 6.45 --
July 15.23 2.30 198 

August 14.5 4.17 96 
september 14.8 l.20 77 
October 9.7 0.65 82 
November 0.89 0.49 10 
Deceml:er 0 .. 61 0.47 4 

Yearlv Averaae 7.26 2 .. 49 

* City of Fort COllins, Colorado, ronthly data rei;ort for 1979. 

months, and average temperature is less than 1°c during four months. 'lhe 
char~ct.eristics shown _ in Table l for the cache La R>udre River, are typical 
of qther ·mountain . streams in the Rocky M:>Wltains. But there are 
exceptions. Table 2 shows characteristics for water f ran Horsetooth 

Table 2. QJ.aracteristics of water from Horsetooth Reservoir during 1979 at 
Fort Col~"ls water Treatment Plant No. 1 during months of 
operation. -- --- -----Horsetooth Reservoir, 1979 1981 

Month Tan~rature Turbidity Total COl iform 
(OC) (NIU) Bacteria 

Av~rage Average Corg/100 ml) .. 

April ·s.s 4.3 <l 
May 7.3 4 .. 5 <l 
June - 5.1 --
JU.ly 8.0 6.1 2 

August 8.0 6.73 3 
September 8.2 7.3 4 
October 8.5 7.75 19 

Yearly Averaae 7.71 5.9 
l/ City of Fort Collins, Colorado, xoonthly data rep:>rt: for 1979. 

7 



Reservoir at Fort Collins water Treatment Plant No. 2. It shows April to 
October because the plant operates only during those oonths. Total dissolved 
sol ids are a.bout 50 mg/L and total alkalinity is about 40 mg/L as cacn3 , whole turbidity . ranges between 4.3 NIU and 7 .8 NIU. 

Treatment Practices 

During spring runoff when turbidity levels are 10 to 50 NIU naninally, 
c.Onventional water treatment (rapid mix, flocculation, sed:imentation, 
filtration) is used for waters f ran mountain streams. '!he processes of 
coagulation and flocculation occur as expected under these conditions, with 
floe formation, and effective f iltra~ion. 

Under cxmditions of low turbidity, prevailing fran september or October 
until April, and low te:nperature, e.g. Novanber through February, coagulation 
is difficulto If chanicals are used it is difficult to develop a floe. For 
such reasons, and because the 1 N'I'U turbidity standard can be met even with 
the ra,, water, chanical pretreatment is often terminated during the low 
turbidity period. '!he filtration process is simply 'straining' during this 
mode of oi;eration. This is of course, oontrary to the ooncept of rapid rate 
filtration; chemical coagulation is an intrinsic part of the process. Along 
with this discussion it should be noted that sane plants have used high 
dosages of altnn,, e.g. 15 to 50 mg/L, which fonns a visible floe with low 
turbidity water and should provide effective filtration. Others use filter 
aids, sane of which are doubtful in their effectiveness. Another approach 
with lCM turbidity waters is to add bentonite clay to develop artificial 
turbidity to facilitate coagulation. 

The 'straining' roode of oi;:eration likely tasses small particulates and 
microorganisms as may be found in these low turbidity waters. Blair Cl979, 
1980) has rep::>rted on c. Hibler' s examinations of particulate concentrates 
obtained from fiber filters used to sample· finished waters in which chanical 
pretreatment was not practiced. 'Ihe filters oontained cysts, strongyles 
eggs, and nematodes. Thus Giardia cysts, bacteria, and other substances may 
readily pass through the filter, even though the effluent water turbidity is 
meeting · the 1 mu drinking water standard.. Also, total coliform bacteria 
levels typically are less than 100 org/100 mL in these mountain waters. '!bus 
if the coliform ooncentration in the finished water is only 50 org/100 mL it 
does not mean that effective filtration has occurred; the percent ranoval may 
have been very little.. Similarly, the percent removals of turbidity are 
typically only 20-50 percent, e.g. fran 0.5 NIU in rCM water to 0 .. 3 NI'U in 
finished water. Fran this argument, a low turbidity level and a low total 
coliform bacteria concentration in the finished water do not indicate the 
water is safe for drinking. Giardia cysts, and indeed other i;athogens, could 
be present in the f ir1ished water as various outbreaks have indicated. 

Problems in Treatment 

How to treat low turbidity water, e.g. wate.r having turbidity less than 
1 NTU, is insufficiently addressed in the literature, and it is not a part of 
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the lore of practice. The basic prenise of rapid rate filtration is that 
effective coagulation m~ occur, leading to a floe. If abundant, a portion 
of the floe must settle in a sedimentation tasin so that filters are not 
overloaded. '!be residual. floe is intended to i;enetrate the filter media 
where it is stored until backwash. Backwash occurs when headloss tecanes 
excessive, or when turbidity breakthrough occurs. '.Ihe floe forms more 
readily when dlarged m1oidal puticles are present which are neutralized by 
a metal ion, e.g. Al • 

In low turbidity O:>lorado waters, cx:>lloid particles may l::e less 
abundant, and the coagulation reaction may not occur as indicated above. '!he 
mechanisns involved are not known. Probably it is a 'sweep' ooagulation that 
occurs, as defined by lfnirtharajah and Mills (1982), if alum is used as the 
primacy coagulant. Neither bas practice evolved, since the rlfftl waters meet 
the 1 N'lU turbidity standard. ~e role of tenpEfrature is not understood 
either. Whether the problen of difficult coagulation is due to low turbidity 
or low turbidity canbined with low tenperature is not known. 

LITERM'URE RE.VIEH 00 RAPID RM'E FILTRATION 

nevelogoent 

'lbe first filter to supply water to a whole tam was at Rlisley., 
Sootland, canpleted in 1804. 'Ibis was what is termed todcw a 'slow sand 
filter.' It is a technology that spread through ~ope in the nineteenth 
centucy. 'lhe first. slOll sand filter built . iri the United States was at 
~ughkeepsie, New York in 1872, l.D'l.der the supervision of James Kirkwood. By 
1890 only a few had been built in the United States. 

American practi~ evolved along a different line, which resulted in what 
is knQtm today as 'rapid rate filtration. ' 'lhe technology had its origins ~n 
England when in 1791 James Peaoock patented the idea of a 'reverse flc:M 
wash.' 'lb.is is, of oourse, one of the distinguishing features of rapid rate 
filtration as contrasted with sl.Oll sand. '!be method of sediment ranoval ih 
the fonner is termed 'mechanical,' vis a vis 'manual' for latter. 'llte 
technology was develoi:ed further ~ a succession of Euro~an p:s.tents, each 
providing a a.tight improvanent, or IIOOif ication. '!he idea of mechanical 
agitation by rakes and of surface wash, were among the patented ideas. 

'!he linerican activity began in 1867 in St. Louis with a i;atent, on a 
filter similar to ~acock's, by Henry Flad. In 1880 Daniel Otis in New Yor1k 
}:"atented a filter with backwash, surface wash, and mechanical rakes. 

In 1885 another basic distinguishing feature, chanical coagulation, was 
added to the rapid rate filtration technology. Col. L. H. Gardner, 
Superintendent of the New Orleans water Cb. conducted small-scale experiments 
on coagulation to clarify the mddy waters of the Mississippi River. At the 
same time Isaiah Hyatt, working on an industrial water supply using raw water 
fran the. same source, acted up:m Ga~dner' s suggestion to try a coagulant, 
~rchloride of iron. Hyatt made a revolutionary advance, however, cy-

. canbining this with filtration, using filters sold by the Newark Filtering 
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canpany. In 1885 this new technology was first applied to a municipal water 
supply in Sanerville, New Jersey. Hyatt claimed that by 1888 the technology 
had been adopted by sane 30 towns. 

By 1890 many oommercial filter manufacturing comp;mies had entered the 
market, each with its avn patented variation of the same thane. M:>st of 
these filters were pressurized, and were premanufactured. 

In 1891 the National water Purifying Co. contracted with the City of New 
Orleans to supply clear water f ran the Mississippi River, for one of the 
largest mechanical filtration plants ever built. '!he plant used coagulation 
and filtration with no provision to first settle the sediment-laden waters of 
the Mississippi.. ~e plant was a spectacular failure and the ccmpany could 
not fulfill its contract. Later the City of New Orleans took over o~ration 
and built what is called today a pilot plant, under the direction of Robert 
s. Weston, to learn how to treat these waters. Fran this work a 40 mgd water 
treatment plant, ccmprised of sedimentation, coagulation and filtration, was 
designed and put in operation in 1909 .. 

The first comprehensive studies of the rapid rate filtration process 
were conducted by George w. Fuller. In 1895-97 the city of Louisville, 
Kentucky engaged FUller, and others, to examine several p:itented processes 
including three makes of filters. This was after sane 20 years of searching 
by Louisville for an effective filtration technology to treat the waters of 
the Ohio River. '!he greatest lesson of the Louisville experiments was to 
underline the imp:>rtant role of presedimentation and precoagulation in the 
operation of meehanical filters treating highly turbid waters. Cleasby 
(1981) cr~ts Fuller with establishing the hydraulic loading rate criterion 
of 2 gpn/ft (8.3 cm/min), which was adopted by virtually all state health 
departments and has re:nained alnost inviolate until recent years. 
Fuller also acknC1Nledged that without adequate chanical pretreatment, there 
is no assurance of acceptable water. 

A new era in design of the mechanical filters was launched in 1902 when 
a 34 mgd mechanical filtration plant, designed by George w. Fuller, was 
placed in oi:eration at Little Falls, New Jersey. In shape the filters were 
rectangular rather than round, and in structure they were reinforced concrete 
rather than wood or iron. Also the coagulants were added not at the p:>int of 
entry of the water into the filter, but at the point of entry into a 
cietention basin, to ~nnit coagulation and flocculation (evidently without 
mechanical mixing). Also air scour was used in this plant. 

At this point, which began really after the work at LOuisville, the 
modern era of rapid rate filtration began. '!he technology was finnly 
established in the United States, and slow sand filtration never gained a 
strong foothold. 

Later, by 1920, ooth baffle basins for rapid mix, and paddle wheel 
flocculation basins were used$ These are mentioned by Langlier (1921), which 
is notable also because the idea of the classic jar-test was introduced in 
the same article. 
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Rapid rate filtration technology was studied further in the 1930's by 
Baylis at Cllicago, together with Hudson CBaylis et al, 1971, and Hudson, 
1981) • Baylis sh'-'#ed that floe penetrates into the sand media, but that the 
amount of penetration depends upon the character of the floe. He sh<Med also 
that finished water2quality did not deteriorate with hydraulic loading rates 
as high as 5 gpn/ft C 24 an/min) • 

~e next substantial innovation was the -introduction of dual media 
filtration, e.g. coarse anthracite and sand (Conley, 1961). '!he idea was to 
:r;ermit the cbanical floe to penetrate into the filter, .in acoordance with the 
ooncepts by Baylis, and thus to pemit longer f ilt2r -runs. At this t:ime the 
idea C?~ high hydraulic loading rates, e.g. 5 gpn/ft (24 an/min) and even 8 
gpn/ ft C 33 cm/min) , was further conf iIIned and reinforced. stimulated ty 
this work, higher rates were introduced into practice and were an established 
concept by the 1970' s. 

Priru;1ples 

The basic premises of rapid rate filtration are based upon renoval of 
turbidity fran rEM water so that the water is both safe and palatable for 
drinking. usually if turbidity removal occurs, such that drinking water 
standards are met, significant removals of bacteria, viruses, cysts, etc. 
will occur also. 

Turbidity is a measure of the light scattering intensity of oolloidal 
sus:r;ended particles. According to Black (1948), to remove these colloids, 
their negative charges must be neutralized. ~is is p.>ssible by addition of 
a metal salt to the water s¥~ as AJ.~4 >3.. or FeC13 , to provioo a charge 
neutralizing cation, such as Al or Fe . • 'Ill.is action 'destabilizes' the 
colloidal suspension and · permits aggolmeration. stumn and O' ~lia C1968) 
have added further basic ooncepts to coagulation theory, pointing out that 
adsorption of coagulants plays a key role in the process. Coagulation of low 
turbidity waters is addressed in terms of 'sweep' coagulation. 'l'his has been 
described further by Jlnirtharajah and· Mills Cl982). In the process of 
'sweep• coagulation, a rretal precipitate forms as a crystal, which may, 
according to Edzwald (1981) , ennesh the destabilized colloid, as for example 
Al COH>_ 3 • All of this is termed 'coagulation.' The terms are defined ·further 
by Hua.son and wolfner Cl967) as 'the process of chanical reaction of the 
coagulant- in water. ' 'Ihe ·rapid mix basin then has the purp:>se of bringing 
the reactants in contact. '!be rate of the reaction is prop:>rtional to the 
nu:nber of contact~1per unit time, which is proportional to the mixing 
intensity, G Csec ) , and the &tention time, T, in the ta.sin. 

The crystals must grCM in size to permit formation of a ' floe. ' 'Ibis 
occurs Ly slew agitation i~ a flocculation basin. 'lbe agitation is 
turbulence, which has the function of pranoting contacts t:et.ween p:irticles. 
'!he objective of flocculation is to cause the floe to grow sufficient in size 
so that the floe suspmsion may re settled or filtered. 

Usually; in roost waters, the floe is abundant so that if all of it is 
pennitted to reach the filters, the rate of headloss would be very high, thus 
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reducing the run length. For this reason, sediment basins are used before 
filtration to reduce the solids loading on the filter. 

'!he filtration step is intended to remove the floe by i;ermitting 
penetration of it into the filter bed. Here the characteristics of the floe 
are important. It is often described as being 'tough,' D strong,' 'pin 
point,' 'fragile,' etc. According to Hudson (1981) if a large 'strong' floe 
reaches the filter bed there may oo 1 ittle floe penetration, and very short 
filter nms. '!he floe will merely accumulate on the surface of the filter 
bed. 

'lbe above treatment train, i.e., rapid mix, flocculation, sdimentation, 
filtration, is tenned 'conventional' filtration. '!be beginning of this idea 
was described t¥ FUller in 1897 (as reported ~ M. N. Baker, 1949) , who 
states, ''!be evidence is very decisive that so far as practicable the 
SUSP3nded matter should be ranoved before reaching the sand layer, and that, 
at that point, the water should be thoroughly coagulated. Further it is 
clear that subsidence should be employed with waters of this c.baracter to a 
degree where the amoamt of coagulant to be applied just before the entrance 
to the filter should not frequentiy exceed 2 grains per gallon.' 

110dern Theocy 

While modern practice began after the work of Fuller and his co-workers 
in 1897, modern theory began in the 1960' s. Black (1948) provided the 
~ginning, inoorporating concepts of colloid chanistry as a basis for 
explaining coagulation. Langlier and Ludwig <1952) showed anpirically, by 
jar tests, the role of pH and alum dosage on settled water turbidity, and the 
role of cation exchange capacity of the colloids. 

In an effort to <Evelop a more scientific tasis for determining 
coagulant dosage, Black (1958, 1961, 1962), and Riddick (1961) introduced the 
idea of zeta potential. Instrumentation has teen develoi:ed to measure zeta 
µ>tential but the technique is not used widely. 

'l"he use of polymers as 'coagulant aids' and as 'tilter aids' began about 
1960 (Pugh and Heller, 1960). O'Melia {1969) has described the mechanisns 
concerning how the polymers interact with metal-ion floes. 

Coagulation theory began to develop a true scientific sophistication 
with the work of stumm and Morgan (196 2) • This has been developed further ~ 
stumm and os ~;.elia <1968) and by Stumm (1977) . Also Ives (1977) oonducted a 
NATO Advanced Study Institute, in which various ~rsons developing 
coagulation theory were convened. Ives Cl975) also oonducted such an 
institute on the subject of filtration. 

Ives' work on filtration (1961) was the reginning of modern filtration 
t..heory. Here he has introduced the idea of surface forces tetween the sand 
media and the particles to be ranoved. camp (1964) has demonstrated also 
that floe will attach to sand grains and indeed coat them. 'Ibis deviates 
fran (or adds to> the ooncept that discrete floe particles enter the filter 
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and ranain intact. At the same time, Cl.east¥ and Baumann (1962) have worked 
oontinuously on the topic of filtration. 'Ibey state that, 'the surface cake 
only develops where filtering a suspansion that has a strong tendency to be 
removed at t.he surface, a suspension in which the pai;ticles have adequate 
internal strength to resisting the h;ydraulic shear force tending to wash than 
down into the filter. ' Fran this the idea is further reinforced that the 
nature of the filtration process is depandent upon the kind of coagulation 
that has occurred. 

Recent work has teen directed tCMard 'direct filtration,• as described 
~ LogsCbn (1978, 1983) and Tate et al. (1977). This mode of filtration, 
defined as coagulation, flocculation, filtration, has a=en advocated in 
recent years for water having turbidity levels of less than a.J:out 30 mu 
naninally. 

The role of process variables has been investigated by Cleasby (196 2> 
and Roebeck (1964) II 'lhese investigations have been experimental. 

Filtration of Low Turbidity Waters 

The treatment of lcm turbidity waters has selCbn been a sp:cific concern 
in either theory or practice. Since the rEM water may already have turbidity 
levels of less than 1 mu, which meets the standard, there has been little 
imi;etus to understand treatnent.. Even with the preoccui;:e.tion with ran.oval of 
Giardia cysts, the concern has been to oontrol the symptan rather than the 
cause. Indeed water treatlnent plants are designed usually tCMard the more 
severe turbidity problems occurring during spring runoff. 

Sane have reported handling of treatmant problems involving low 
turbidity waters. ·'Ihese include the work at Lake Superior, related to 
removal of astestos fibers, where raw water having less than l N'IU turbidity 
was treated to produce a finished water of about O .05 NIU and at Seattle 
where low turbidity Tolt River water was treated (Logsd:m et al., 1983). 
DeWalle et al. (1984) have reported on treating waters having rad water 
turbidities of 1 to 5 NTU. 'Ibey have shown that at the Hoquiam water 
Treatment Plant, turbidity reductions o~ 90 percent are FOSSible using alun 
treatment with 4 mu rEM water, but only 20 to 50 percent is p:>ssible using 
altnn treatment when raw water turbidity is only 1 mu. Without chanical 
pretreatment turbidity reduction is only 10 to 50 percent with 1 mu raH 
water. 

Effect Qf Temperature 

Brief and scant information ap~ars in the literature about the ef feet 
of temperature on coagulation and filtration. Iv'bst of the literature relates 
the temperature effect on i:H1 and the density and viscosity of water, as 
factors in floe formation. Cbnflicting a>nci.usions <Dncerning the effect of 
temperature on floe formation using alum or iron salts is dram ~ i:ast 
reseachers. Leipold (1934) found that tan~raure change has no effect on 
floe formation or flocculation. Velz (1934) concluded that an increase in 
tanperature required an increase of coagulant, and that a decrease in 
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tem~rature ~rmitted a decr&1.Se in the amount of coagulant to produoo the 
same result. Both of these findings are in conflict with the results by 
Mohtadi and Rao (1973) who studied the temr;erature effect on flocculation for 
synthetically prepared water. 'Ibey found the decreasing water temperature 
:rElOuired an increase in alum dosage to achieve the same degree of 
flocculation. Mohtadi and Rao found that a given degree of flocculation can 
be achieved with the same quantity of flocculant at different temperatures 
provided the floccu.lation is carried out at the optimum pH value. This 
confinns a similar finding by camp et al. Cl940) • 

In winter, xoountain region surface waters are low in both tanperature 
and turbidity.. Qperators often complain of difficulty in treating such 
waters. It is not known if this difficulty is due to the tanperature effect 
or be.cause of low turbidity influent water, or ooth.. Because of such 
diff icu.lty in treating this water and because the r&N waters have turbidity 
levels less than J. NIU, it is cow.mon practice to anit che:nical pretreatrnent .. 
The filter media acts as a strainer only and mst likely passes 
microorganisms such as ~q cysts (Logsdon, 1981) • 

To sum up, very little has been done to explore the effect of 
temperature on coagulation and filtration. Whether winter treatment 
difficulties are due to low tanperature, or low turbidity, or both, is not 
addressed in the literature • 

.£.iltration of Giard.ia Cysts 

Logsdon (1981) reports that after reviewing the literature he found 
~ ..... no research on water filtration for .Gi.a.mia cyst removal.' Logsdon 
(1981) states also, that filtration studies of the 1930's and 1940's were, 
however, oonducted for removing~ ~.Qlytica cysts. 
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SECI'ION 2 

SUMMARY AND CDNCLUSIOOS 

Re:noval of Giardia cysts ~ rapid rate filtration is associated with 
effective o~ration of the process itself, and not with any particular 
technique of op;ration. '!be fact that ~ ·cysts have p:!.ssed through 
water treatment plants employing .rapid rate filtration is indicative of the 
.fact that effective oi;:eration may not be occurring. Usually these cases have 
occurred in plants using ratl water having l<M tanperattlr:e and low turbidity. 
Difficulty in attaining effective op;ration under such conditions is 
believed, in this work., to be an industx:y generic problem. Thus to 
understand the factors influencing renoval of Giardia · cysts ~ rapid rate 
filtration requires a more canprehensive understanding of how to make the 
process more effective for low te:nperature, low turbidity rc.M waters, in 
general. Results are summarized in tenns of peroant ranovals of various 
parameters, e.g. Giardia cysts, total coliform ba.cteri_a, standard plate cotmt 
bacteria, and turbidity. '!hen the effects of process variables on ran6vals 
are revieNed. 'Ihese include coagulants, oosages, mode of filtration, media, 
filtration rate, tani;erature, etc. 

'I.he experimental work was oonduct.ed using a latoratory-scale rapid rate 
filtration pilot plant, and involved 178 experimental test runs. To oonfinn 
the findings fran the lab-scale pilot plant, the field-scale pilot plant was 
operated under a more limited range of conditions, e.g. coagulants and 
dosages were preselected, J:wdraulic loading rate was fixed, etc. sane 131 
test runs were oonducted using the field-scale pilot plant, with 31 using low 
turbidity water. work with this pilot plq.nt also examined Giardia renoval 
efficiencies using water fran Horsetooth Reservoir, which had turbidity 
levels of 5 to 10 NIU. 

'!he sections following sunmarize the f indirigs and conclusions of the 
research. First the findings relative to polymer selection for treatment of 
loo-turbidity, low-temperature water are reviewed. Ranoval efficiencies are 
discussed seoond, and then the influences of process variables on removals 
are described. Finally the .explorations concerning the use of surrogate 
indicators for Giardia cyst . removal are reviewed. 

aIEMICAL PRETREATMENT 

The search for chenical ooagulants focused on the use of p:>lymers, to 
be used in conjunction with alum. '!WO polymers, Magnifloc 572C R · and 
Magni floe 573C ® , were found to te highly effective in treating lQ-t 
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turbidity, !CM temi;:erature water. Ten were tested and the others were found 
to be not effective for the lav turbidity, low temparature conditions. 
Effectiveness was judged initially using turbidity renewal as the measure. 
Based ui;xm these results further testing was c:X>ne to retennine ranovals of 
bacteria and Giardia cysts. 

'!be results show that it is feasible to treat effectively low turbidity, 
l<M tanperature water 1:!z7 means of rapid rate filtration. To attain effective 
treatment IX>lymer selection is critical and must be based upon screening, 
using turbidity removal as a measure of effectiveness. Detennination of the 
range of effective oosages of alun and polymer requires additional testing. 

P.EK:WALS 

Removals of the five i:armeters tested were affected most cy- chenical 
pretreatment. With no chanical pretreatment percent removals varied from 
nearly zero to about 70 percent. With "nooo}.X.imun" chenical pretreabnent 
percent removals were more variable, but in general, improved only slightly. 
Using "optimlin" chanical pretreatment, however, removals of turbidity 
ronsistently exceeded 80 percent, and removals of bacteria and Giardia cysts 
always exceeded 95 percent, with many renewals more than 99 percent. 'Ihese 
findings were corroborated ~ the field-scale testing. 

'lhese results again underline the imp:>rtance of chanical pretreatment in 
rapid rate filtration. With no chenical pretreatment the process cannot be 
expected to pr01ide an effective barrier to the i;assage of p:ithogens when 
they occur in the rat/ water supply. With proper chenical pretreatment, 
however, ranovals of bacteria and Giardia cysts can be expected to exceed 95 
percent. 

PRCXESS VARIABLF.s 

Process variables investigated included chenical pretreatment variables 
such as coagulant selection, oosages of coagulants, and sequence of 
roagulant additions, and mode of process train, i.e. "in-line" or 
"direct." Also, investigated were the use of both single media and dual 
media, filtration rate, temperature, and run time. · All of this was done 
using the lab-scale pilot plant. 

Coagulant selection 

Ten p:>lymers were tested with respect to effectiveness in turbidity 
removals for low turbidity waters. 'Ibey were tested as primary coagulants, 
as ooagulant aids with all1Tl, and two were tested as filter aids. The filter 
aid polymers were found to be not effective with results about the same as 
when no chemicals were used. '!Wo coagulant aids, Magnifloc 572C R and 
Magnifloc 573C R , were f9und to produce turbidity removals generally over 80 
:t:ercent when used with alun. Removals of bacteria and Gianlia cysts exceeded 
95 percent . when using these polymers as coagulant aids. Results with the 
other :r;x:>lymers were more variable. 

16 



))Osages Qf CQgg~ 
The "surface 9

' of peroent turbidity ranoval was '@ma~d" as a function of 
alum dosage and . pol:yiner d:>sage, using Magnifloc 572C R • '.Ibe "mapping" 
showed that the p:>lymer alone is not effective, nor was alun alone <except at 
dosages of about 40 mg/L).. With only a small alum dosage, however, e.g. 
about 2 to 5 mg/L, l to 2 mg/L of polymer was effective in reducing turbidity 
levels fran <l NIU to as low, as· 0 .. 05 NTU. This surface ranained relatively 
flat at 0.05 NIU or at 0.1 mu, for alun-polymer dosages in any combination 
up to 20 mg/L alum and 8 mg/L polymer. Removals of bacteria and ~ 
cysts exceeded about 95 percent, and more frequently than not exceeded 99 
percent, for dosage canbinations which gave the highest percent removal of 
turbidity. 'lbe "optimum" dose was deemed to be the lowest certain to give 
the highest turbidity removal efficiency. This was the approximate dose 
range used for the field-scale testing. 

Filtration Without Coagulation--
'Ihe results of the field-scale testing also confimed the necessary role 

of chemical pretreatment in effective filtration of low-turbidity water. 
Tests with the WATER BOY showed that without chanical . pretreatment, i.e. a 
coagulant dosage of "none",, large nunbers of Giargia cysts and colifo:an 
bacteria passed through the filter, while turbidity ranwals were only about 
10 percent. This was .shewn for two waters, Horsetooth Reservoir water having 
turbidity levels of 5 to 10 NIU, and cache La Poudre River water having 
turbidity levels of <l NTU. 

coagulation of Horsetooth Reservoir water--
The field results showed that when using Horsetooth Reservoir water all 

polymers tested, either alone or with alun, were highly effective, e.g. >90 
percent removals occurred for .G.ia.rdig cysts and colifonn bacteria, and 
removals were often >99 peroento Removals were a;iually high for ooth 
"nonoptimum!ll coagulant oosages and for "optimun" coagulant dosages~ 'Ibus 
removals were not highly sensitive to differences in p:>lymers or to dosages 
of a given polymer for this water. 

Coagulation of cache La Poudre River Water--
. Results for testing using water f ran the cache La Poudre River showed 

that only one chemical combination tested, Magnifloc 572-C used with alum, 
was effective in coagulation for filtration of low-turbidity water. For this 
combination at "optimum" dose removals were >94 p;rcent for both Giardia 
cysts and coliform bacteria. Removals for the "nonoptimum" dosages, or 
ranovals with other coagulants, were about the same as for the "none" 
coagulant d>sage condition, e .. g .. removals .were only 30 percent naninally. 
These findings underl i.ne the importance of coagulant selection and dose 
detennination when filtering low-turbidity waters, i.,eo those having 
turbidity levels less than 1 NIU. 

17 



seguence of Cbagulant Additions 

Generally in practice, if a two stage rapid mix is used, al.un is added 
in the first stage and polymer is added in the seoond stage. Alternatively, 
tx>th may be added simultaneously in one basin. 

'!he results showed that effluent turbidity levels fran the filters were 
the same whether ~ un and polymer added in sequence or simultaneously. 
Filtered water turbidity levels were notiooably higher, however, for the 
polymer-al\Jn se;auence. 

'lhese results show that a single basin, with b:>th alun and :r;x>lymer ad<Ed 
simultaneously, is as effective as ~e use of two basins in sequence. Pilot 
testing should be conducted, however, as each water is unique. 

Mode of Filtration 

Two modes of filtration were investigated, "in-line" and "direct. n 
Ranovals of turbidity were the same for .toth ioodes when using raw water 
having turbidity levels of less than 1 NIU. In-line filtration was tested 
also for waters having turbidity as nu ch as 14 N'lU. While turbidity ranoval 
efficiency was high, headloss increased rapidly, which would ' indicate short 
filter runs. 

water treatment-plants oould be designed to permit use of "in-line" 
filtration over the period when turbidity levels are about 1 NTU, which ma;r 
extend f ran atx>ut August to April in the Rocky r.t>untain Region. Again, pilot 
testing should be oonducted. such plant should te designed for flexible 
o~ration, to i;eonit •in-line" filtration when rEltl water turbidities are low, 
with "direct" filtration as another option, and conventional filtration for 
the high turbidity spring runoff coOOitions. 

conparison of Medi.A 

'!be use of ooth single media and dual media was can~red with respect to 
turbidity removal. Turbidity ranovals were the same for both media for 
several conditions of chanical pretreatment, including no chanicals. '!be 
initial headloss for single media was appreciably higher, however, than for 
dual media, e.g. 11 an Hg versus 6 cm Hg. '!his difference can be acoounted 
for by the differences in sand depth. 'lbe rate of headloss increase was 
higher also for the single media. 

'lhese results showed that lx>th sand and dual media have the same 
effectiveness in renoval of turbidity. '!he appreciably higher head.loss and 
higher rate of increase of hea.dl.oss seen in the sand filter oonf iIIn that a 
single media filter is not attractive as an alternative for practice .. 

.filtration Ra,t,e 

Removals of turbidity, bacteria, and .Giat.dia cysts were measured ~or 
filtration rates of 8, 20, 32, and 41 cnv'min {e.g. 2, 5, 8, and 10 gpn/ft >. 
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All removals were high ranging fran 90 percent for turbidity to 99 i:;ercent 
for total colifonn bacteria, and showed no appreciable change in percent 
ranovals for filtration rates of 8, 20, and 32 cm/min. A noticeable decline 
was seen, hO!tlever, .for the filtration rate of 41 cm/min. 

'!bus, for filtration of low turbidity waters, the rate of filtration up 
to 32 cm/min has little effect on peoent removals. If higher rates are 
oontemplated, pilot testing should be conducted. 

Teqperature 

Pairs of tests were conducted at s0c and at ia0c for identical 
oonditions. Four such pairs of tests were conducted for four different 
coagulant d:>sages. Percent removals were ·measured for turbidity, standard 
plate · count bacteria, and total ool iform bacteria. 'lhe data are not 
oonclusive. Sane pairs show alxoost identical renovals between the two 
temperatures, while others shew an appreciable difference. rurther 
experimental work is warranted. 

Run Time 

Removals of turbidity, standard plate count bacteria, total coliform 
bacteria and Giatd.ia cysts were measured at "run times" of 30 min and at 90 
min. 'lbere were not appreciable differences in percent removals for the two, 
"run times." Percent r~al of turbidity was seen to increase sharply fran 
zero minutes to 3 O minutes and to renain alx>ut the same thereafter. '!be 
noticeable change in the 0-30 min period was due to the time required for 
coagulated water to travel fran the rapid mix basin to the filter effluent. 
Filter to waste would be warranted ohly to insure that the coagulated water 
is in contact with the filter, vis-a-vis in treated water used in backwash. 
Mixing of coagulated water with backwash water would cause a nonoptimum 
dosage to be applied to the filter. 

SJRRCGATE INDICA'IDRS OF GIARDIA REMOVAL 

Exploration of relationships between the dependent variables, e.g. 
turbidity, standard plate oount bacteria, total colifonn bacteria, particles, 
and GiarcUa cysts, was done cy- ,means of plots and statistical analyses. ·All 
of the above dependent variables Cexoept Giardia cysts) were examined to 
determine if a relation existed between percent removal of the given 
:parcueter and percent removal of ~ cysts. Histogram plots showed 
definite relationships, e.g. high percent ra:novals of turbidity were 
associated with high percent removals of Giardia cysts. Statistical tests, 
e.g. the student t-distribution, showed 99.5 percent confidence levels, 
indicating that f1.Ulctional relationships exist between removals of the above 
parameters and re:novals of Giardia cysts. 

All parameters examined were found to be suitable as indicators of 
percent removal of .Giard.ia cysts ~ rapid rate filtration. Turbidity is 
recommended because it is easy to use. In general, if 70 percent turbidity 
ranoval is achieved, then there is 0.85 probability that removals of Giardia 
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cysts exceed 95 ~roent. Similar relationships exist for the other 
p;1.raneters investigated. There was a l<Mer confidence level, however, using 
particle counting as a surrogate indicator. 

Turbidity was found to be a good indicator of percent removals of other 
parameters as well, e.g. standard plate count bacteria, and total coliform 
bacteria. Highranovals of turbidity, e.g. fran 0.5 N'IU to 0.1 NTU, are 
evidence that filtration has occurred with effective coagulation. If 
effective coagulation-£ il tration occurs, then very high removals can be 
expected for all sul:stances, e.g. bacteria, cysts, etc. 

Field-scale results showed that percent ranovals of turbidity were 
associated with i;:ercent removals of Giamia cysts and col ifonn bacteria. 
'illese associations were established in testing using waters f ran both 
Horsetootb Reservoir and the Cache La R>udre River. Also associations were 
established between peroant ranovals of colif onn bacteria and percent 
ranovals of Giardia cysts. 'Ihese associations indi.ca te that coagulants 
effective in reducing turbidity by more than 80 percent will remove colifoon 
bacteria and GianUa cysts at the 90 to 98 parcent level, corroborating 
findings at the lab-scale. 

Percent renoval of total coliform J:acteria would be an excellent 
indicator of filtration efficiency. In la-1 turbidity water situations, 
havever, the ambient water concentrations of total coliform bacteria are very 
low, e.g. 0-100 org/100 mL. Because suitable measures of filtration 
effectiveness may be lacking when dealing with low turbidity waters, the use 
of a lab-scale pilot plant, operated adjaoont to the full scale plant, is 
strongly recommended. '!he rat1 water for the pilot plant oould be spiked with 
a source of coliform bacteria as a means to evaluate existing or oontemplated 
treatment. 

20 



SECrION 3 

ME'lHODS 

RESEARCB PLAN 

'Ihe research plan was based upon utilization of two J;hysical. m:>dels of 
the rapid rate filtration process. One was a 1..32 L/min flow capacity 
laboratory-scale rapid rate filtration pilot plant, constructed for this 
research. The other was a 76 I/min flow capacity trailer mounted WATER 
BOY@ field-scale rapid rate filtration pilot plant. 'lbe pilot plants were 
used to ascertain the effect of selected independent variables on a group of 
dependent variables. '!he dei;endent variable of major interest was the 
removal of Gia:rdia lamblis cysts. Others included ranovals of turbidity, 
standard plate count bacteria, total coliform bacteria, and particles. 'Ihe 
inde~ndent variables, which are "process" variables, are the coagulants 
used, dosages of coagulants, coagulant sequence, node of filtration, filter 
media, filtration rate, temperature, and run time. 'lhus .the research plan 
was to conduct experiments varying the magnitude or a characteristic of each 
indep=ndent varia.ble systanatically while holding the others constant, and at 
the same time, measuring the responses of the dependent variables., '!he 
laboratory-scale pilot plant was used to test the effects of maey process 
variables over a wide range. '!he field-scale pilot plant was used to conf im 
findings obtained using the laboratory-scale pilot plant. '!he range of 
testing was more limited and was done under ambient conditions. 

In this section the overall research plan is described. It incJ.udes: a 
description of the testing space, an outline of the experimental design, and 
a reviaq of the work plan. 

Testing SPqc;;e 

Figure 2 illustrates the concept of the experimental "testing space." 
°Ihe dependent variables, Gia;r;dia cysts, turbidity, particles, total colifonn 
bacteria, and stan&.rd plate count bacteria, are indicated ~ the heavy 
vertical arrow. 'Ibey "res:r;ond" to the independent variables categorized as 
water characteristics, chanical basin conditions, and filter conditiono 
Within the categories the independent variables, i.e. process variables are 
identified.. 'l'Wel ve such variables are shown in this conceptual depiction. 
Cbnceptually each arrow represents a J?OSSible range of testing for the 
respective variable depicted.. The temperature arrow for ~e in~cates 
the range of the testing S:p3.ce for these experiments, e.g., O c to 20 c. It 
shows "tic marks" at temperatures where tests might be perform.ed. 'Jlle 
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Figure 2 .. Experimental testing si:ace illustrating the range of experimental. 
work. 
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turbidity arrow shows tic marks at 1 NRJ and at 10 NIU. 'Ibis was the 
turbidity danain where all testing was oonducted. But the focus of the 
experimentation was on waters having raw water turbidities of less than 1 
NTU. 

Figure 2 is an approximation of the actual testing space in which 
experiments were conducted for the laboratory-scale pilot plant. For the 
field-scale pilot plant the range of testing was more limited. '!be kncmledge 
gained during the laboratory-scale experilrents was used as the starting point 
in cx:mducting the field-scale verifications. 'lbe main point is that within 
the range p:>ssible for each variable, tests were ronducted only at selected 
t:oints; otherwise the amount of testing would be prohibitive. 

Expe'imenta1 Dgsign 

Figure 3 is a three-dimensional matrix s.hON ing a portion of the 
experimental testing space for the laboratory-scale work. It illustrates a 
design for eystematically conducting a sequence of experiments to evaluate 
the effect of prooess variables on removal of Giardia cysts by rapid rate 
filtration. 'lbe matrix shoos the sequence of testing by starting the 
experiments at the easiest condition for removal of Giardia cysts, deemed to 
occur at p.:>int 1, where ooagulation should be easiest.. If substantial 
Giard.ia cyst breakthrough occurs under such conditions, then one would 
oonci.ude that rapid rate filtration is not effective under any oonditions .. 
'Ihen we tenninate experiment, "TE". If no substantial breakthrough occurs; 
"m", then more severe conditions will be imposed in the sequence indicated. 
Finally, if we end up at p:>int 8 (i.e .. s0c, <l NIU, 33 an/min), and no 
breakthrough occurs, we can conclude the rapid rate f il.tration is highly 
effective under the rrost severe conditions. If arw of the tests are 
terminated, indicated as "TE," then different coagulants will te tried and 
the sequence will be repeated. While this . diagram is for illustrative 
purposes only, it shCMs conceptually the approach tCMard the research • 

.El.an of Experimentation - Laboratory-sca1e EiJ.Q.t Plant 

The first task in the experimental program was to screen polymers for 
use as coagulant aids.. Sever al hundred polymers are on the market. This wa's 
done using a "jar-filter 99 test technique, reported by Clloi (1983) and ~ 
Brink (1984) • Nine polymers were obtained as samples f ran manufacturers and 
were tested in oonjunction with alum as the primary coagulant. Turbidity 
ranoval was the measure of effectiveness used. 'l.Wo polymers, Magnifloc 
572C@ arid Magnifloc 573C@ were selected for conducting most of the 
experimental work using low turbidity water. 

The next step involved comparing single media of sand with dual media of 
anthracite and sando Since the rate of headloss increase was higher with 
single media, further testing was done exclu.sivey with dual media. 

Also in the ini t.i.al period two modes of rapid rate filtration were 
compared, e.g. nin-line," which is rapid mix followed l:y filtration, and 
.aai.rect," which is rapid mix, flocculation, and filtration. Since results 
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NB B __ .._TE (TRY ANOTHER 
COAGULANT) 

Figure 3. Matrix of testing space illustrating conceptually a possible 
sequence of experiments using the laboratory-scale rapid rate 
filtration pilot plant. 

were the same all further work was done using "in-line" filtration. 

In addition, for the puqx>se of learning the behavior of the system and 
to develop experience, r~ water fran Horsetooth Reservoir was used in 
initial exploratory testing. This water is more easily treatable as canpared 
with low turbidity water. '!he data <;>btained are indicated in Table A-1, but 
they were not a main focus of this research. 

After these pr el iminar.y results were obtained, the research oould focus 
on fewer variables, such as filtration velocity, temperatuxe, etc. Table 3 
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Table 3.. Process variables and their operating conditions during rapid rate 
filtration experiments for Giardia cyst removal. 

Process Operating 
Variable Conditions 

Raw water 

Temperature 

Coagulants 

Coagulant sequence 

Filter media 

Hydraulic loading rate 

Pretreatment process 

(1) Horsetooth Reservoir water treated with 
diatomaceous earth to reduce turbidity to 
less than 1 mu .• 
C 2) cache La Poudre ~ ver water, winter 
condition at <l N'!U. 

3°c and is0c 
Alum 
Polymers Magnifloc 572C 

Magnifloc 573C 
Nalco 8102 

Alum added first then polymer 
Polymer added first then alum 
Alum and polymer in same mixing basin 

Single media: 76 an bed sand 

Dual Media: 30 an sand bed 

010 = 0.43 
UC = 1.5 
010 = 0.43 
UC = LS 

45 an anthracite 010 = 0.9 

UC = L.5 
Dual Media: 30 an sand bed 010 = 0.5 

UC = 1.4 
45 cm anthracite 010 = 0.9 

UC = 1.5 

2,s,a gpm/ft2 ca.24, 22.s, 32 an/min> 

"In-line" mode, one or two stage of 
rapid mix with 180-290 s~! detention 
time, and G = 40-300 sec each stage 
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describes the process variables used in the experimental program and 
describes the operating range· for each. 

The dependent variables measured are listed in Table 4. '!hey were 
chosen in order to provide a full canplement of variables which possibly 
could serve as indicators of filtration performance. '!he same set of 
dependent variables were measured· during bOth laboratory-scale and field-
scale testing, · except particles were not oounted for the latter work. 

Table 4. Dependent variables measured in 
testing rapid rate filtration 
perfor:.:mance. 

1. Tllrtbidity 

2.. ~ l9mbl.ig cysts 

3. Total ooliform bacteria 

4. Standard plate count bact~ria 

5.. Particle counts 

Plan of SXPe'~tation . - fWd-~g filQt :El@Mt 

'!he overq.11 research plan used for the field-scale experimentation is 
enunerated below., 

i) Select coagulants based upon beach-scale and laooratory-scale pilot 
·plant results. 

iil ·iEstablish fixed CQnditions for conducting the field-scale testing 
(e.g. filtration mode, qydraulic loading rate, etc.), based upon 
results of laboratory-scale pilot plant testing. 

iii) Develop effluent turbidity vs coagulant oose curves for each 
coagulant selected in step i). 

iv) Dete.tmine ranovals of Giargia cysts . and col ifonn bacteria for each 
coagulant at "optimun01 and "nonoptimun" d:>sages with respect to 
turbidity removal, and also for "zero" dosage of coagulants. 

\") Establish the head.loss and effluent turbidity vs time relations for 
the effective coagu.lants at "optimum" dosage. 

vi) Execute steps i) to v> for Horsetooth Reservoir water and for low-
turbidity cache La I?oudre River water. 

'!he above plan encantassed two categories of testing: i) effluent 
turbidity vs coagulant oose; and ii) Giardia cyst and coliform bacteria 
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renovals vs coagulant dose. 'I.be effluent turbidity vs ooagulant cbse tests 
were to establish relationships ootween finished water turbidity and 
coagulant dosage, for specified conditions (e.g. type of water, }Wdraulic 
loading rate, etc.>. '!be puri;ose was to cetennine the "optimun" coagulant 
oosage range for the field-scale pilot plant, as defined by turbidity 
ranoval~ 'lhe effluent turbidity after one-hour of operation was taken as the 
"stabilized" turbidity. R> Giardia cysts or coliform bacteria were injected 
during these tests. 

once the relationship between effltEnt turbidity and coagulant cbsage 
was established, tests were perfoi:med to deteanine renovals of Giardia cysts 
and colifoon bacteria at "optimun" and "nonoptimun" Chanical oosages, and at 
"zero" cbsages. 'lhe "zero" d::>sage tests were to establish a "baseline" to 
COin:EBre Giardia cyst and colifoon bacteria renwals with the same tests using 
coagulant chanicals. 

The Giardia cyst and coliform bacteria renovals vs ooagulant d::>se 
testing protocol consisted of: i) backwashing; ii) starting the rCM water 
pt.Jnp, the chemical feed punps, and the oontarninant · irijection punp; iii) 
waiting for one-hour for the system to stabilize; iv> sample influent and 
effluent for Giai;dia cysts and coliform bacteria ooncentrations. 

PilD'I' PLANT - LMORA'IORY-SCALE 

The latx>ratory-scale rapid rate filtration pilot plant was the !hysical 
model used to oonduct the experimental work over a broad range of process 
variables. Figure 4 is a schanatic drCl\Ting of the pilot plant sh<Ming each 
of the cani;onents canprising it, e.g. chanical feed, rapid mix, flocculation, 
sedimentation, and filtration. Figure 5 is a i;t>.otograi:n. sh<Ming the overall 
layout. After the rapid mix, the pilot plant is dual train. It was set up 
to o~rate in "in-line," "direct," or "corwentional n filtration modes. It 
was designed to pemit maximum flexibility in chanical pretreatment, and in 
oontrolling process variables such as teni:erature and filtration velocity. 
Descriptions follCM of the pilot plant cani;onents and their respective 
oi;::erations. 

Description of raMratocy-scaJ e Pilot Plant 

'!be pilot plant, shown in Figures 4 and 5, was designed for dual train 
operation to ~rmit concurrent testing with two different independent 
variables. All cani;onents were designed for pressure operation because of 
limited height available for the filters. It has four filter colllllns, e.g. 
two of 5 an dicmeter and two of 10 an dianeter • . '!he maximm punping capacity 
was 1.32 I/min. At this flCM the pilot plant, with one of the 5 an filters, 
could be oi:erated for 16 oours duration with one filling of the 1400 liter 
milk cooler used to store the raw w~ter supply. 'lbe maximun filtration 
velocity possible is 65. an/min (16 .. gpnlft ) if one of the 5 an filters is 
o~rated alone with the maximun flow of 1.32 liters/min. Appendix c shCMs 
the design canputations and sb:>p drawings for each unit process. 
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Figure 4Jt Schanatic drawing of laboratory-scale rapid rate filtration pilot 
plant. 
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Figure s. Photograph of laboratory-scale rate filtration pilot plant. 
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water storage-
A 1400 liter milk cooler was used for storage and tanperature control Of 

the raw water. Figure 6 is a i;hotograi;il. For a filtration run, Giardi.1 
cysts and total oolifo&m bacteria were added to the milk cooler in known 
a:>noentrations. 

Figure 6. Milk cooler for storage and tenperature oontrol of rEltl water supply 
for J.aboratory-acale rapid rate filtration pilot plant. 

Pt.mp-
'Ihe pilot plant was operated under pressure using a Fluid Metering Model 

!MI piston punp, having flow capt.city of 1.32 I/min. To oontrol pressure 
fluctuations, a pr-5ure damper was located after the p.mp. A pressure gauge 
was located at tbe top of the damper. Pressure fluctuations were not 
detectable. 

Rapid Mix-
'lbree rapid mix boxes were located in series after the punp-damper unit. 

Figure 7 shows the units. 'lhese boxes are each 12.7 an x 12.7 an x 12.7 an 
inside dimensions. Fach stirring paddle has four rectangular blades 1.25 an 
x 1.25 an each, 100unted on the stirring shaft. Appendix C gives canplete 
design detail. 'lbe paddle sp!eds are controlled ~ variable Sp!ed motors. 
Qiani.cals may be added in sequence, one to each box f ran three storage tanks. 

'.Ihe piping fran the Piii> to the rapid mix basins was modified f ran that 
shewn in Figure 4 to pemdt flow directly to the seoond basin or to the third 
basin, as well as to the first basin. Also the flow fran the third basin 
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Figure 7. Rapid mix units, laboratocy-scale rapid rate filtration pilot 
plant. 

oould enter either or both of the fl0cculation basins, or t¥i;ass these, using 
2.54 an inside diameter flexible tubing, to enter the filters. 

Chenical Storage-
Figure 8 shows three 20 liter plastic tanks used for chemical storage. 

1he chemicals were mixed and flows were oontrolled by a multi channel metering 
Pllll.P· '!he chemicals set-up was for l:ime, al.lm, and polymer, which was the 
designed feed sequence to the rapid mix basins. '!he ooncentrations of the 
chenicals in storage were matched to the low limit ca:tacity of the metering 
punp, whicll was O .2 milmin, and the chemical d>sage required. '!he maximllTl 
flow of a metering pu:np charmel was 20 mVmin. 

Flocculation Basins--
Figure 9 shows one of the two f loccuation basins. 'lhe flow f ran the 

rapid mix may te split . into the two basins. Fadl basin has five 
canp:lrtments, 20.3 an x 20.3 an x 20.3 an dimensions. '!he l::asin can te 
operated using two, three, four or five cxmpartments t¥ means of valves on 
the pipe manifold. 

Fach canpirtment oontains a flocculation J:Bddle having four verticle 
blades 0.95 an wide and 14.6 an long, spaced 3.17 an and 5.71 an fran the 
shaft. '!he J;Sddles are driven ~ individual variable sJ:Ee(l motors, 
oontrolled ~ rheostats, also shown in Figure 9. 
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Figure 8. Chanical feed tanks and metering punps, laboratory-scale rapid 
. rrate filtration pilot plant. 

Figure 9. Flocculation mains with piddles, ootors, and rheostats for 
lal:x>ratory-scale rapid rate filtration pilot plant. 
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'!be water tenperature in the floca.ilation c:nnputments oould be 
controlled by 0.64 an dimeter oopper tubes used as heat exchange el.enents. 
'!be ooolant can be circulated fran an external. heat exchanger, cai;ab].e of 
refrigeration or heating. Testing established that the heat exchange &ystem 
can maintain freezing tanperature in the flocculation main in the 
refrigeration Il¥)de. 

'!he manifold pipes fran the mains are 3.8 an dia. 'Ibis large size was 
selected both to have sufficient velocity to maintain the floe in sus~sion, 
and to avoid floe breakup ~ turtlll.enoe. '!he pipes used were clear PVC 
plastic to pennit obsei:vation of floe movement. '!bis pipe system leads to 
the sedimentation tank rut permits ~piSS to the filters. 

Sedimentation Basin--
'lhe sedimentation main was designed to handle a wide range of detention 

times and overflow velocities. '!he fonner can range fran 1 to 1. 7 hr for the 
highest flows. Figure 10 is a Ibotograi;h of the tank. 'lhe tank is 20.3 an 
wide and 33.0 an in depth at the head and 30.5 an in depth at the end. '!he 
length is variable f ran 52 an to 100 an, through the use of pirtitions. If a 
short tank length is used the distan<l:! between the i;artitions can be 
oonnected ~ short pipe lengths. Im air drain valve is located on the top 
surface of the basin. A co~r tube.heat exchange el.anent is located inside 
for tenperature control, which can be seen in Figure 10. '!he tank also has 
an inci.ined floor toward the head with a floor drain to ranove settled floe 
and drain the basin. 

Figure 10. Sedimentation tank, for laooratory-scale rapid rate filtration 
pilot plant. 
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Filters-
Figure 4 shows the general layout of the four filters in relation to the 

other cani;xments. · ·'!he i;:hotograi;h Figure 5 also shONs the four filters in 
relation to the other comi;xments of the pilot plant. '!he filters, in 
sequence fran left to right desigrated ~ inside diarreters and media used in 
initial experiments, are: 5.0 an sand, 10 an dual media, 5.0 an dual media, 
and 10 an sand. Additional infonnation on media was given in Table 3. 

'!be manifold system to the filters ~rmits o~ration of aey oombination 
of filters with either of the two flocculation-sedinentation trains. '!be 
system can be o~rated also fran rapid-mix coagulation to filtration, i.e. 
"in-line" filtration. 

The sieve analysis for the sand used is shCMn in Figure 11. '!be 
effective diameter was 0.43 mm, and uniformity coefficient was 1.50, whiqh 
are conunon specifications in practice. '!he seive analysis for the anthracite 
is shown in Figure 12. '!he effective dianeter was 0.9 nm and the unifoIInity 
coefficient was 1.5, which also conforms with practice. 

Figure 13 sh<:Ms a cloae-up for one of the 1 O an filter col ums. '!he 
system was set up for air scrubbing conducted prior to or during to backwash. 
This also alleviates the problan of the entire media lifting at once during 
backwash. Headloss across the media in each oolumn was measured ~ a mercury 
mananeter. Tap connections were located at different distances along the 
length of the ool\JlUl. 'lbese ~rmitted ooth sampling and pressure 
measuranents retween any two points. Tanperature and pressure gauges were 
located at the top of the oolunn. 

'Ibe flew fran aey oolunn could te directed throu9h a 1.2 an diameter 
pipe for Giardia cyst sampling as shewn in Figure 14. Constant head overflow 
weir devices were located for tail water oontrol, maintained atx>ve the media, 
which insured that negative pressures within the filters were avoided. 

Qperation 

Sources of water--
When turbidity levels in the Cache La :R>udre River were 1 NIU or less 

then water was transported fran the river by two trailer mounted 1000 liter 
tanks, shown in Figure 15. '!his water was then pumped to the milk cooler for 
use. '!he wat~r was obtaind fran the river at the site · of Fort COllins water 
Treatment Plant NO. 1. 

Flow--
The pilot plant flows were regulated by a positive displacement PlJllP · 

(FLUID Meterip.g M:>del FMI ® > having fl CM range between 0 and 1.3 liters/min. 
The flCM was oontr.olled ~ · changing stroke length of the piston, which was 
calibrated on a dial. ·This was used to set the flew; measuranent was made 
vollmetrically. 
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Figure 11. Sieve analysis for filter sand,. used in sand filter and sand 
ix>rtion of dual media filter, laboratocy~cale rapid rate 
filtration pilot plant. source of sand was Loveland treatment 
plant at Big T.hompson canyon. 
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laboratory-scale rapid rate filtration pilot plant. Anthracite 
has brand name :Ebilterkol Special No. 1. 
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Figure 13. Close-up of 10 an dianeter filter oolllnll, laboratory-scale rapid 
rate filtration pilot plant. 
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Figure 14. R:!mbrane filter, 142 nm diC11teter, set up for Giardia cyst sampling 
of filter effluent, laboratocy-scal.e rapid rate filtration pilot 
plant. 
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Figure 15. Tanks mounted on trailer for hauling water f ran Qlche La R>udre 
River for laboratory-scale rapid rate filtration pilot plant. 
Tank caplcity is 1000 liters each cylinder. Lining is stainless 
steel. 

Rapid Mix-
As noted, the three rapid mix basins could be o~rated three or two in 

sequence, or using only one basin. '!he mixing intensity, as measured k:!f 
velocity gradient G, could be controlled k:!f vacying the motor ~ for the 
mixer, using a rheostat S~ Cole Pamer ftt>del 4555-30 ®. '!he IOOtor was a 
CDLE-PARMER ftk>del C-4555 @, and had two shafts for different sp!ed ranges. 
'llle higher sp!ed shaft had an upper limit of rotational sp!ed, in the 
coagulation box filled with water, of 720 rpn. Farly in the experimentation 
ro~rional. speeds used were only 150 rpn, with oorresi;x>nding G of atx>ut 37 
sec • Later a sp!ed of 600 rpn was used to give a G val.le of about 300 
sec-1 • ~ndix c shows the calculations of G for the paddl.S mixer des~gn 
used. Figure C-7 shows the G vs p:t.ddle shaft rpn for 4 C ~ 20 c. 
Bur!~uent to Run 70, G values were maintained in the rai1ge 200 sec - to 300 
sec • 

Chenical. Feed-
Olanical feed rates were set and .maintained ~ a Cl:>le-Panner ftt>del c-

7091 R multichannel ~sitive displ.acanent 8 bel.l<:Ms" pllnp. FlQtls were set by 
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using graduations for each channels used, and were measured vollmetrically 
for 10 minutes duration. '!he range of flows. :EX>SsiPle was O to 20 mL/min for 
each channel. '!be flCMs used depended upon the concentration of the stock 
solution and the oosa.ge ra;iuired. Flows of stock solution were calculated by 
materials balance, e.g. 

FlCM in pilot x chan. oonc. = Flow fran x chan. oonc. 
· plant · desired stock sol. in stock sol. 

To. illustrate, if the pilot plant flow is 450 ml/min, the polymer 
conoentration desired is 3.0 ng/L, and the polymer ooncentration in the stock 
solution .is 1 gmlL, then the · stock solution flow must be 1.35 mL/rnin. 'lbese 
flows were checked volunetrically about once each hour. 

'!he stock solutions were made up daily. '!be polymer stock solution, 
using liquid polymer, was made up by pipetting 1.0 . mL of polymer, presuned to 
have density of 1.0 gnv'mL, to 1000 mL of distilled water. '!be l.iquid polymer 
was presumed for measuring purposes to be pure polymer, albeit the l:X)lymer 
solutions as provided by the manufacturers have unspecified oonamtrations of 
ooth salt and water. '!he alun stock solution was made up using liquid alun, 
inwhich.· 10 mL of liquid allJil, oontaining 643<Yng Al2C~3 .~4H20, was added 
to 990 mL of distilled water. Appendix I shCMs tne OUJ.atrons involving 
ljquid alum, based up>n manufacturers data. 

Flocculation-
'lhe flocO;JJ.ation basin was operated only for the first two test runs. 

Later, can~risons were made tetween "in-line" and "direct" filtration which 
oocmente<tthat the effl~nt turidities were the same when using low 
turbidity wateis. In pteliJninar.y testing it was e~ished that the 
flocculation basin tenperature oould be maintained at about 3 c. 

Sedimentation-
'lhe sedimentation ba.sins were not used. settleable floe was not 

obaer.ved in any of the tests with low turbidity water. 

Filtration- . 
In · preliminary testing two filters were run simultaneously. With such 

operation, however, it was not p:>ssible to obtain all of the necessar:y 
readings due to the labor rEquirement. 'lherefore, only one filter was 
operated during subsequent test runs. 'Ihe major ooncern was to maintain a 
selected filtration rate. '!his was oone cy- voll.11\etric measurenents, wer:y 
two hours. Temperature was maintained oonstant ~ oopper coils in the head 
of the filter, using a Neslab Model RI'E-4 @ circulating heat exchanger. '!be 
lowest tan:E:erature used was 3°c, since ice formation was a problem with lower 
tem~ratures. Pressure measurenents were obtained in the head of the filter 
using a ptessure gage. Headloss was. measured ~ a mercur:y mananeter. 

Bac~ash was d>ne at the tennination of a test run. It was preceded ~ 
about 5 . minutes of ·air scour, followed by 10 to 15 minutes of backwash in 
which the air soour was _continued. 
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Three media were used during the testing . program: single media of 
Loveland sand Cfran the Lovel.and, Colorado treatment plant), dual media Cwith 
Philterkol No. 1 ® anthracite and Loveland sand), and dual media Cwith 
Philterkol No. 1 ® anthracite and Fort Collins sand) • 'llle latter was used 
to re compatible with field-scale testing using the WATER BOY@ field-scale 
pilot plant. 

Screening Chanicals--
Because of the large mmber of tx>lymers available, and the thousands of 

Cbsage canbinations, a ben~scale screening procedure was developed. This 
proeedure was called the "jar-filtration" test, and is re:EX>rted ~ Choi 
(1983) and by Brink (1984). '!he traditional jar test has no utility with low 
turbidity water, since floes do not form. 'lherefore, it was decided to u.Se 
the jar test as a simulated chemical pretreatment in conj unction with six 
snall dual media filters, 5 an diameter x 50 cm media depth. After rapid 
mix, the two liters of chemically pretreated water were p:;>ured through tlie 
filters, according to a procedure established. Effluent turbidities were 
measured and plotted as functions of che:nical dosages. 'fypical U-shaped or 
L-sha~d curves were always produced. canparisons with the pilot plant 
results for the same oonditions showed . similar turbidity responses. 
Therefore, this procedure was used to screen polymers and to establish 
approximate d:>sages for the pilot plant testingo This procedure will be 
described in a forthcoming paper based up:m the thesis works of Clloi and 
Brink. 

PILGr HANT - FIELD-SCALE 

A field-scale pilot plant was used to conduct further experiments under 
ambient raN water conditions. It was used to verify findings fran the 
experimental work using the laboratoty-scale pilot plant o~rated under 
controlled re:M water conditions, such as using a unifonn batch of water from 
a tank and with tani;erature control. 

Description of Field-Scale Pilot Plant 

Ap:E,:endix D describes the field-scale pilot plant and its oi;eration. 
Figure 16, which is the same as Figure D-6, is a schematic diagram of the 
WATER BOY rapid rate water filtration plant as modified for use in this 
research. Figure 16 · shows the chanical feed system, the oontaminant 
injection system, the samp.ling system1 and the "in-line" filtration mode, 
which was used in this research. Figure 17 is a photograi;h of the WATER BOY. 
'!be WATER BOY is a Neptune Microfloc moeel WB-27 package . water treatmel)t 
plant • . It was purchased by the U.S. Ernrironmental Protection Agency Drinkil)g 
water Research Division in Cincinnati , and mounted on a 22 foot trailer in 
order to have a mobile water treatment plant as a research tool. '!be plant 
was loaned to Cblorado State University for this project. 

Al though ncminally rated at 76 L/min ( 20 gpm) , the WATER BOY has an 
upper limit wat2r production cai;acity of 102 I/min (27 gpn) , which is 16 .6 
m/hr (6. 75 gp:n/ft ) hydraulic loading rate. At the production rate of 76 
J../min (20 gpn), the plant can furnish water for 192 i;eople based upon a par 
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Figure 16. Schematic diagram of the WATER BOY pilot plant showing chanical feed, 
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Figure 17. WATER BOY pilot plant on 22 foot trailer. 'lhe large cylindrical 
tank is the 4000 L clear well. 

capita water oonslJllption of 568 I/day/person ClSO gpd/person>. '!he plant is 
flexible in operation, pemitting easy cxmversions rebieen the three rodes of 
filtration, i.e. "conventional" <rapid mix, flocculation, sedimentation, 
filtration>, "direct" <rapid mix, flocculation, filtration>, and "in-line" 
<rapid mix, filtration) • 

l\pp.lrtenances utilized with Pilot Plant 

Additional appurtenances were added to the pilot plant to provide for 
chenical feed, oontaninant injection, and sanpling. Figure 16 shows these 
appurtenances schematically, and Table 5 lists then. Sp!cial attention was 
given to in-pipe mixing of chanicals and oontllninant injection. For example, 
the oontaminants were injected into the middle of the pipe and four el.rows 
were added to insure proper mixing prior to influent sanpling at another 
i:x>int in the pipe. Similar precautions were taken to insure representative 
effluent samples. AR;endix D descrites the IOOdifications for these puqx>ses. 

Test conditions for Field=Srale Pilot Plant 

Raw water-
'lbree types of water were used in the field-scale pilot plant 

experi.~tation: i) Horsetooth Reservoir water, ii) C'adle La :Ebudre River 
water during spring runoff, and iii) cache La R:>udre River water during late 
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---- - - - ·a _. -- - - - - - - - - - - - - - ~ - - ------- - --------- - ant1I 
Item PUrp:>se & si;ecif ications Manufacturer 

Raw Water Pump Pumt:a Raw water into Rapid Mix Goulds PumJ::;s, Inc. 
O>ntaminant Feed Meters the oontaminant bitch into F.luid Metering, Inc 
Punp the main flow CO to 1120 ml/min) 
Alum Feed Pump Meters alun solution into Precision Control 

main flow CO to 75 mI.lmin) 
POlymer Feed Pump Meters polymer solution Precision Control 

into main flow CO to 75 mI/min) 
Sodium 'Ihiosulfate Feeds N~s2~ solution into effluent Cole Panner 
Feed Pump stream f r chlorination 

(50 to 1000 cc/min> 
Giardia Sampling Diverts sampling stream f ran Grainger 
Pt.mp main flON through manbrane filter 

co to 8. 5 I/min) 
~_dig Sampling Drives Giardia sampling Grainger 
Pump 1'k>tor pump . (3/ 4 ho) 
O:>ntaminant B~tch Agitates contaminant batch Lightnin Mixers 
Mixer 
Alun Batch Mixer Mims alun solution Wilk.ens-Anderson Co. 
Polymer Batch Mixer Mixes ool vmer solution Cole Panner 
Rapid Mix Basin Disperses chanicals in rapid mix Lightnin Mixers 
Mixer basin Cl/4 ho) 1725 run 
Membrane Filter Holds 5 )lJn pore size 293 nm Gelman 
Holder diameter manbrane filters made Sciences 

b\7 Nucleot:0re Corporation 
Patio Turbidimeter Measures grab samples Hach Chemical Cb. 

for turbidi tv 
Flow-through ~nitor influent and effluent Hach Chemical Co. 
Turbidimeter turbiditv 

l/Neptune Microfloc Model WB-27 package water treatment plant rated at 
76 I/min called WATER BOY@. 

Ivbdel . 
Designation 

XSH 15 
RP-D 

111311-361 

111311-361 

212 

Rotary Beam 
P1.lnp 1P771 

27846 

Series 20 

R:>wer Stirrer 
4555 H 
Mark II 

11873 

18900-10 

1720-A 



fall and winter when the raw water turbidity was less than 1 NIU. Table 6 
sh0t1s the r:eM water dlaracteristics of these waters.. '1.hese characteristics 
are a.rout the ·same f ran year to year. 

Filtration O>nditions--
. All testing was conducted using '~in-line" filtratio2 with hydraulic 

loading rates· between 9. 7 and 12.6 m/hr (4 and 5.2 gpn/ft >. Table 6 shCMs 
the ranges of filtration conditions which were tested. 

Table 6 _l/ Paw wate:r Olaracteristics for Field-Scale Testing <average yearly 
ranqes ) 

cache La R>udre Cache La R:>udre -
Qiaract.eristic Horsetooth During Spring During InN 

water Runoff Turbidity 
Turbidity (NIU) 3 to 12 10 to 11 0.5 to 1.5 
Temperature CC> 2 to 15 6 to 12 <l to 7 

ti! - . 7.0 to 8.0 7.0 to 8.0 7.5 to a.o 
Alkal ini cyu 10 to 50 30 to 40 35 to 45 

ll source: Sunmary of Olemical Analysis, 12 month averages, City of Ft>rt 
21eollins, 1981. 

mg/Las cacn3 • 

Tabl 7 'lt t' Conditi f F'eld Seal P'l t Pl t T st' ·e • Fl ra 1qn ons or l - e 1 . 0 an e ing . 
Cl:>ndition Ranqe of Value Tested 

Flow Rate,Ilmin Ccmm> 60.1 to 83.3 Cl6 to 22) 
Hydraulic LOading 2 

9.7 to 12.6 (4 to 5.2) 
Pate, m/hr (qan/ft > 
Rapid Mix Detention 145 to 250 (2.4 to 4.2) 
Time, T sec (minutes> 
Rapid Mix Velocity 660 to 780 
Gradient, G per sec 

. Pa.pid Mix GT 95000 to 200000 
TUrbidi ty of water NTU 0.4 to 44 
Tsm:erature of water vc <l to 13 ; 

Coagulants--
The selection of coagulants w~ . based upon the results of the 

laboratory-scale . pilot plant work. °!be chanicals selected, including the 
use of no chanicals i.e. nnone", were used for a range of conditions to 
simulate what .. was anticipated would be both "good" and "poor" treatment. 
The chanicals used are enumerated as follows: 

i) No <llemlcals, i.e. filter used as strainer. 

ii) Magnifloc 572-C as sole coagulant, 

iii) Magnifloc 573-C as sole coagulant, 
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iv> Nalco 8102 as sole coagulant, 

v) Al.un as sole coagulant, 

vi) Alun followed ~ Nalco 8102, 

vii) Alum follCMed ~ Magnifloc 572-C. 

Based upon the lal:x>ratory-scale pilot plant work, all but the last was 
anticip:tted to result in "poor" filtration results. 'Ibis provided for an 
anticipated. range of results to verify the laboratory-scale work. 

MEASOREMENTS AND QUALITY a:N.I'ROL 

The sampling and measurements taken routinely during test rWlS are 
described here with res:pect to methods, frEquency, instr1.1Dents used, and 
quality control. A quality oontrol program was Ck!signed to assure that 
valid measurements were obtained and that e:.1uipnent performed as intended. 
'!he i;:a.ragraJ.:bs following describe these for ooth the . laboratory-scale and 
field-scale pilot plant work. Procuramnt of cySts is discussed first. 

Procurement of Giardia Q7sts 

Giardia cysts were obtained f ran dog feces at the Larimer O>unty 
Hunane Society, Fort Collins, Colorado. 'llle fecal samples were taken to 
Dr. Hibl.er' s latx>ratory at Cblorado State university and checked for the 
presence of cysts. · If cysts were present, then the sample was weighed and 
then added to· an equal wei~t of oool, distilled water .in a mason jar and 
stored at between 2 and 8 C until used. '!be cysts obtained were not used 
if over 10 days old. When used with the laboratory-scale pilot plant, this 
suspIDsion of oog feces and distilled water, oontaining naninally aoout 5 
million cysts, was placed into the milk cooler feed tank where it was mixed 
with rcw water. When used with the field-scale pilot plant the suspmsfon 
was mixed with water and rf.J/1 primary sewage in 50 liter vessel fran which 
the suspIDsion was metered into the raw water stream. 

I,ahnratocy-Scale Ieasurements and QJal ity Control 

Table 8 surmarizes all . measurscents obtained using the laboratory 
scale rapid rae filtration pilot plant along with sampling methods, 
sampling points, sampling frequency, and quality oontrol methods. All 
parcmeters used to measure filtration efficiency are listed. Table 9 
surmarizes routine measurarents obtained to ascertain oonditions of 
o~ration. 

Cyst Samplin.g-
The only special oomments raau.i. red concerning Tables 8 and 9 relate to 

sampling and analysis of Giardia cyst samples. sampling of the cyst 
susi;;ension in the milk cooler was cbne cy- punping a fl<M f ran the milk 
cooler tank through a 5 micraneter, 142 nm membrane filter and oounting the 
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Table 80 ·Sampling and measuranent of filtration efficiency i:arameters obtained in 
operation of laboratocy-scale rapid rate filtration pilot planto 

Parameter Sampling Sampling Frequency Measurement 
Measured Method Points Of Samnlina Techniaue 

TUrbidity Grab, in cuvette Milk cooler Two hours Turbidity meter 
Filter effluent Hourly Bach M:>del 1400 

Particles Grab, 300 mL Milk cooler Daily Coulter oounter 
bOttle Filter effluent Daily Model TA II 

standard plate Grab, using Milk cooler nllly Plate count using 
count oocteria 250 mL sterile Filter effluent Daily tiyi;:tone glucose 

bottle extract agar 
CDF0002-0l-7)l/ 

Total coliform Grab, using Milk cooler U:iily Plate oount u5).?g 
bacteria 250 mL sterile Filter effluent Daily Mendno MF aga 

tottle 
.G~ cysts. 142 nm, 5 ,um Milk cooler D3ily Sample was washed 

polycaroonate Filter effluent Dilly fran me:nbrane filter., 
membrane filer and analyzed by 
sampl~ntire micropipette 
efflue technique in lab 

of c. P. Hibler 

l/ Microbiological I>Ethods for Monitoring the Envirorment, EPA PUblieation 600/8-78-017, 
Cincinnati, 1978. . 

21 Sampling was rontinued until pressure at top of filter collJilll reached 5 ~i; usually the 
sample vol une was 20 to 40 liters. 

JI See P...pJ;endiX H. 

Quali~ 
Control 

Standardized daily using 
1.8 NW standard 
Bottle washed with ooap and 
r:insed with distilled water i;:assed 
through 2 µ man.brane filter. 
Coulter counter was standarized 
cy u_-=e of standards having 
kriC1tlll i:article nunbers and 
sizes. 
Duplicate plates and 
blank plate 

Duplicate plates and 
blai"1k plate 

1. Sampling. Filter holders 
were washed with hot, soaP.f 
water and rinsed. Collected 
samples were 
refrigerated. 
2. l\nalysis. Standard 
lab protocol followed. 
3. cyst condition. A refrigerated 
cyst sample fran the batch used 
in experiments was . observed after 
test nms to asca:tain cyst 
mormoloav. 
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Table 9. Monitoring measurements and quality control in oi:eration of latoratory scale 
rapid rate filtration pilot plant. 

Parameter Measuranent Ibints of Frequency Instrunents Quality 
Measured Method MeaSuranent Used Control 

Tan:perature Perm. irnnersion Milk cooler '!Wice daily ~rcury therm. ms21 thennaneter 
Perrn. nount in basin Rapid mix basin Hourly Dial therm. ms therm. 
Perm. roount in col. Filter colunm top Hourly Dial therm. ms therm. 
Tanporary inmersion Filter tailwater cup Hourly Mercury therm. ms therm. 

Flow Volunetric Filer effluent '!Wo hours 1000 mL grad. cyl. Volunetric meas. 
and stoIWatdl 

Cllanical stocks 
N.A..l/ 1. Alun no analysis N.A. N.A. Liquid alllil stock 

solution replaced after 
2-3 ironths fran F.C. W.T.P. No. 2 

2. Polymers no analysis - N.A. N.A. N.A. Liquid polymers 
replaced after 2 to 3 
months fran manufacturer 

Cllenical feed 
· res. ooncentrations 

l. Alun Addition of stock Alun feed res. Solution made Pi:pette and 1000 mL nilly change of 
solution daily grad. cylinder solution 

2. Iblymer A&lition of stock Polymer fed res. Solution made Pi:pette and 1000 mL llill. y change of 
solution daily grad. cylinder solution 

Chanical feed Volt.metric feed Alun Hourly Burrette and Volunetric meas. 
rates .fran burrette Polymer Hourly stoprratch 

Speed of mixing Instnment Shafts of mixers Daily Tachaneter Calibration with 
another instrunent 

.l/N.A. Not applicable. 
2/ ms National Bureau of standards. 

PeDD - :pennanent 



cysts retained.. Sampling · of the filter effluent was accomplished by 
passing the entire flow fr.an the laboratory-scale rapid rate filter through 
the 5 micraneter p:>re size, 142 mm ··Nucleopore ® polycarbonate membrane 
filter. About 20-40 liters were passed through the filter for each .Gistdia 
sampling; as much as 80 liters were passed through a filter during sane 
test runs.. 'Ibis sampling technique· was patterned after that described by 
Luchtel (1980) • Of special interest is whether ~ cysts remain on the 
menbrane filter after washing. This was investigated ~ c. P. Hibler early 
in the investigation. Microscopic scans of the membrane filter after 
washing revealed no .GiarQ.ia cysts. canplete reviEW of the sampling 
procedure is given by Lange et aL (1984.). Appendix J contains additional 
details on procurement of cysts, analysis techniques, detection limits, and 
resu.l ts of related experiments .. 

Counting--
The Gj,ardig cysts f ran the concentrated effluent samples were 

processed for microscopic counting by the micropipette technique. 'llle cyst 
counting protocol was developed by Dr.. c.. P. Hibler, Professor of 
Pathology, Colorado State University. 'Ihe results of the micropi~tte 
technique are reported ~ Dr. Hibler as the ntmber of cysts found in tne 
ex>noentrated effluent sample. To obtain a cyst/liter concentration, this 
nunber is corrected for a sampling recovery efficiency and then divided by 
the volume of filter effluent passed through the membrane filter. When 
zero cysts are recovered, the ~ cyst reported is in terms of 
detection limits.. This is explained in Appendix J, after Bellany et al .. 
(1984). 

Field-Scale MeasurenJ§nts and QLJalit¥ CQntt.Ql 

Measuranents during operation' of the field-scale pilot plant were 
similar to those obtained with the laboratory-scale pilot plant, with some 
deviations because of the differences in instruments or scale. '!he methods 
are cescrited, but special attention is given to the problem of sampling 
flcwse 8Ihe quality control methods are incorporated in narrative format. 

FlCM Measuranents-
Flows measurements were made vol unetrically, and documented on the 

individual test data sheets. In this way, there were no discrei:ancies as 
to flow rates being obtained from pump settings. 

Tenperature--
Thermameters were standardized against a National Bureau of standards 

:Ihermaneter.. Discrepancies were marked and the correction was applied when 
used .. 

TUrbidity-
'lhe measurement of turbidity was done cy- grab samples so that the 

samples could be measured using a Hach Ratio Turbidimeter ~del 18900-10® 
This was the same as in the laboratocy-scale testingci A photogral,il of the 
instrument is shewn · in Figure 18. Figure 16 shows that the influent 
samples were obtained after sufficient mixing of the sus:pension of Giardia 
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Figure 18. Hach ratio turbidimeter model 
18900-10 used to measure turbidity. 

Figure 19. a) Hach fla.1-through turbidimeters, 
b) flow meter used to measure main flow, c) 
backwash valve 11, d) effluent flow oontrol valve. 



cyst: and sewage with the influent stream. '!he effluent grab samples were 
obtained f ran the pi~ discharging into the clear well. Figure 19 sh0t1s 
t:wo Ha.ch Flow-a.lllrou.gh Turbidimeters, Model 1720-A@, used :for monitoring 
puri;oaes .. 

'!be Hach Ratio Turbidimeters, one at the Engineering Research center 
and one at the Fort Collins Water Treatment Plant No. 1, were calibrated 
with fonnazin standards. 'lhE!t were checked daily with manufacturer-
supplied reference solutions, and adjusted if needed. 'lbe flow-through 
meters were calibrated against the ratio turbidimeters .. 

Bacteria-
Influent and effluent coliform &:imples were obtained fran the same 

ports as turbidity samples as shown in ,Figure 16. Colifonn samples were 
obtained in autoclaved l:ottles and taken to the ERC microbiology 
laboratocy, where culturing was in accordance with total coliform manbrane 
filter procedures (Standard Methods, 1980). standard plate counts were 
cultured at the same time. 

The coliform source was wastewater primary effluent. '!he primary 
effluent was mixed with r~ water and placed into the Giargig and coliform 
feed tank, 50 liter capacity, and then metered into the main flow stream 
along with the Giru:g·iQ cysts. 

For quality oontrol, the autoclave OJ;Eration was checked by the 
manufacturer, and all instruments and gauges were certified as operat1ng 
correctly. In addition, the autoclave was checked each time with heat-
sensitive tape. 

The temperatures of the incubator and water bath were checked every 
other day when in use. 'Ibe incubator was allcwed to stabilize for two 
hours when temperature adjustments were made. 

Bacterial Analyses-
Filter sterility was monitored by randomly choosing one of the 0.45 

micraneter filters and placing it on.-a Petri dish of the standard coliform 
agar. · IJ.'his plate wa.s then put through the same incubatiion as one of the 
other plates, but no water was filtered through it. '!he plate was then 
checked for growth after 24-how:stl' as were the other plates. Whenever 
possible, duplicate plates of each sample dilution were simultaneously 
prepared and counted.. The average number between corresponding plates was 
t.he number reported-o Once prepax:ed, plates were r 'efrigerated and kept fo.r 
no longer than ten days. 

Headloss ~.easurarent--
E'igure 20 showrs the headloss board used to measure hea.dloss across the 

filter. water piezaneters were used to measure head, with taps located 
above and bel oo the filter: media .• 
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Figure 20. Side view of WATER BOY: a) headloss 
board with piezaneters, b) main oontrol pmel, 
c) backwash hose, d) minor control i;anel. 

Figure 21. C.ontaminant feed system: a) batch 
tank, b) mixer, c) injection port, d) metering 
punp, e) four elbows for mixing contaminants 
with raw water, f) rCM water line, g) influent 
sampling port for GianUa, oolifoDDS, 
and turbidity. 



Injection of 11~9 cysts--
Figure 21 shavs the contaminant injection system used to inject the 

suspension of raw water, dog feoos suspension, and waster1ater primacy 
effluent" '!be suspension was agitated cy- a mixer while it was metered into 
the main flow· stream by a positive displacement pump • 

. G}..ardia Sampling--
. Sampling of ,Giardia cysts was done by passing a sampling stream, 

tapPed fran the influent and effluent pipes, respectively, through a 
manbrane filter. Figure 16 shows the points in the flow schane where the 
infl~nt and effluent were sampled for ~.. Figure 22 shows the 
manbrane filter apparatus used to hold the 293 nm diameter, 5-micraneter 
pore size, polycaroonate filters made b.ii" NUcleopore Corporation. 

The following steps enumerate the procedure to obtain either an 
influent, or effluent, .Gi9x.dMl sample. '!he only difference tetween an 
influent and an effluent sampling procedure was the point where the 
sampling stream was withdrawn from the main stream. Again, Figure 16 shows 
the Giardi.g cyst sampling pot·ts. 

i) Place me:nbrane filter on sta.inless steel support plate, and 
securely screw o.n top of filter holder. 

ii) Attach the Giardig_ sampling pmnp to the sampling port. '!he 
sampling pump is shown in Figure 23 as setup for samp.ling. 

iii) Attach sampling pump to membrane filter. 

iv) ~n sampling port and turn on sampling pump. 

v> Open air vent on membrane filter hol~r until water oomes out, 
then close air vent. This bleeds air from filter holder .. 

vi> Collect the e.tfluent fran the filter holder in a calibrated tank. 
'!he flew rate used was a.bout 2 gpn; this represents about 10 
Pf:!rcent of the main flew stream. 

vii) Pass the sampling stream through the filter holder until the 
head.loss across membrane filter reac.hes about 20 psi, then turn-
off pump and close port .. 

viii) Wait a feN m..i..nutes until the water goes through the filter holder 
and into the .· calibrated tank .. 

ix) Record amount of water collected in ca.librated tank. 

x) Disconnect sampling pump from filter holder. 

xi) Tilt membrane filter holder over a glass P.;{rex tray and open the 
holder slOJtly allOViing excess water to flow into tray. This is 
shown in Figure 24& · 
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Figure 22. a) Membrane filter holdar used to 
hold Sµm pore size, 293 mn dianeter menbrane 
filters. 

Figure 23. a> Giardia sampling punp, b) 
effluent sampling ix>rt for Giardia, c) ~ner 
to stabilize the sampling stream, d) flow meter 
·used to measure sampling flow rate 
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Figure 24. renbrane filter holder being 
o~ned allowing ex~ss water to flow into 
pyrex tray. 

Figure 25. Top of nenbrane filter holder being 
rinsed, allowing wash water to flow into P.frex 
tray. 



xii) Take top of filter holcer off and rinse it, allowing the wash 
water to flow into the J?.irex tray. Figure 25 shows this. 

xiii) Tilt filter holder over tray and rinse cysts f ran manbrane filter 
into tray. Shown in Figure 26. 

xiv) Pour oontents of tray into a mason jar labeled with sample 
nunber, as shown in Figure 27. Spray off tray to assure canplete 
transfer of sample. 

xv> Refrigerate sample inmedia.tely, and transport to Pathology 
Laboratory for counting of c.tsts recovered. 

Giar:di.ca Meas~ement Quality CDntrol--
'lhe measuranent of Giardia cysts was controlled by: i) insuring that 

the concentrations of cysts in the sampling streqxns were representative of 
the oonoentrations in the main flCM stream; ii) sampling the influent 
water, after the cysts were injected, exactly as the effluent was sampled; 
and iii) performing "no chemical n _Gigrdia cyst runs. 

Representative samples were insured ~ following standard sampling 
procedures. For example, the sampling streams were taken f ran the center 
of the pipe, and the velocities of the sampling streams were made equal to 
the velocity of the main flow stream. Also, the influent sampling port was 
directed upstream to allow the "stream lines" direct acooss to the p:>rt. 

The influent sample was obtained exactly as the effluant sample, i.e. ' 
both streams were rwi through the same ptmp, and then through the membrane 
filter holder. '!be sampling sequence was · to sample the influent side 
first, then insert a new membrane filter and sample the effluent. 

'!he "no chanical" Giardia cyst ranoval ·tests established referen~s to 
ccmpare removals when chanicals were used. . In this wey the effect of 
coagulant dosage oould be evaluated. 

AQuisition of osts 
During test runs all oi;:erating data were recorded on fonns developed 

for this research. ll:lta fran analysis of samples were recorded on 
individual data sheets for the resi;ective parameter being measured. 
Ap~ndix E contains one sample of each data sheet used, with data fran one 
test run shown for illustration. 

ngtg Processing 

Tables E-1 and E-2 contain all data for a given test run using the 
laboratory-scale pilot plant. 'lbese data were oonverted as neoossary by 
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Figure 26. M:mbrane filter ~ing rinsed. '!he cysts which were strained fran 
the sampling stream are transferred to the P.{rex tray. 

Figure 27. Transferring the contents of the P.frex tray to the mason jar. 
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hand calculation to the form needed. For example, the alum concentration 
in the raN water was obtained by multiplying the (flCM of alum in 
milliliters liquid alun per minute) times C0.643 grams liquid alun as 
A12 <se>4 > 3 .14H2o per milliliter ljquid alun) divided by CflCM of rat1 water 
in mil.Ii.Liters ~r minute) • The rpn of the p:iddle in the rapid mix basin 
and the tanperature measuranent were used to enter Figure c-7, which gave 
the corresi;xmding G value. In this manner all data were corwerted to the 
foIIn needed for developing relationships between variables of interest. 
'Ihese data were recorded in acoordance with the format of a "master" data 
table, as one line of the table. Up::m accunulation of several lines, e.g. 
several test runs, the data were transferred to a word processor file, 
where the table was allowed to grow. 

Ma§ter Data Table.a 

All data were aca:unul.ated in a "master data table", which is Table A-
l, · in Appendix . A for the lab-scale pilot plant results and Table B-1 in 
~ndix B for the field-scale pilot plant results. Table A-1 has 36 
columns, grouped according to the following categories: test 
identification, influent water characteristics, chanical basin description, 
filter conditions, filter effloont cata. Table A-1 in A~ndix A is 
comprised of 12 sheets, which can be cut and taped together using the match 
lines indicated. '!he aggregated table is 4 sheets wide in accordance with 
the data categories. It is 3 stieets high to acoomodate data fran 178 test 
runs. Table B-1 can be tap:!d together al.so, in the same manner. 

For work using the field-scale pilot plant, data were recorded on 
foDnS shown in Table E-7. All the data for a given run was recorded on one 
of these sheets, including reduced data such as detected influent Giardia 
and colifom ooncentrations. In this way, any infonnation on a run could 
be obtained ty referring to the res~ctive data sheet. 

Fran these individual data sheets, the "master" table, Table B-1, was 
constructed. · Fran this master table, all figures and tables illustrating 
the experimental testing were oonstructed. 

PlQtS, Tables, and statistical Analyses 

lbrtions of the master tables, stored in a word processing file, was 
transferred to files in the CSU CYBER 720 canputer, as needed for a 
p::l.rticular analysis. For example, to ascertain the relation tetween 
turbidity and total coliform bacteria these data were transferred as 
"vectors" to a file in the CYBER. Once in the file, statistical analyses 
were i;erformed as desired . using package programs. Plots were also 
generated f ran the statistical analyses. Other i;arameters were transferred 
to the CYBER files in the same manner, and plots were generated to 
ascertain relationships. 'Ibese plots were used as tools of analysis f ran 
which hand drawn gral,ils were develo~d, e.g. three-dimensional histogram 
plots. 
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SEC!'ION 4 

RE:sULTS AND DISOJSSION 

'this chaptei first sunmarizes experimental results for removals of 
turbidity, standard plate count bac..teria, total colifo:cm bacteria, :particles, 
and .Gi.~ cysts ty rapid rate filtration using low . turbidity water. Second 
it describes relationship found tetween the above dependent variables and 
process variables.. '!be process variables examined included: coagulant·s 
selection, oosages of coagulant, coagulant sequence, filtration treatment 
train, filtration media, filtration rate, tanperature, and run time. And 
tru.rd, it examines relationships between renovals of Giardia cysts and 
removals of turbidity, total ooliform bacteria, etc., in an effort to find a 
surrogate indicator for the fooner.. All · results· for these first three 
activities were obtained lJSing the laboratory-scale rapid rate filtration 
pilot plant. Finally, results obtained using the field-scale pilot plant are 
summarized in the last section .. 

sane 178 test runs w_ere ~rfotmed aver an 18 xoonth period using tqe 
lalx>ratory-scale pilot plant, and sane 144 test runs were :perfooned using tne 
field-scaJ.e pilot plant"' Table A-1 in Appendix A is a-.· "master" table 
stmmarizing all results obtained using the laboratory-scale pilot plant. 
Table B-1 in Appendix B is a similar "master" table sunmariz~g ·all re~uls 
f ran the field-scale pilot plant testing. Table A-2 shows ~ cyet 
removal efficiencies oorreQted for detection limits. All tables and graphs 
used in this chapter were constructed fran data oontained in Tables A-1, h-2, 
and B-1, respectively. 

REMOVAtaS - LABORATORY-SCALE PIIDT PI.J\NT 

Table 10 sunmarizes percent renovals of turbidity, standatd plate· count 
bacteria, total colifo.rm bacteria, partbcles, 

0
and §iiard~a cysts for low 

turbidity water at low temperatures, e.g. 2 c to 4 c. Results of . 21 test 
runs are shONn for three categories of chanical pretreatment: Cl) "none," 
e.g. no chanicals were used, ·c 2) "non.optimum," e.g. a · nonoptimum chemical 
dose was used as measured ~ turbidity removal f (3) "oi;.t.imum," e .. g. can 
optimum · chanical dose was used as measured by turbidity removal. . Samples 
were taken after one . hour of a test run for "none, " and 2 to 4 hours for 
"nonoptimun" and "optimum" chemical dose. '!Wo sour~s of low turbidity water 
were used in the testing: Cl) natural low turbidity water fran the Cache La 
Poudre River, and (2) artificial !CM turbidity water produa:d by filtration 
of Horsetooth Reservoir water b'.t diata:naceous earth ~iltration. Filtration 
rates ranged fran 8.2 cm/min to 41.4 an/min (10 gpn/ft ) • Both dual media 
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Table 10.. Effect of chanical pretreatment on removal of turbidity, standard plate 
count bacteria, total coliform bacteria, particles and Giardia cysts for 
low turbidity artificial water, and loo ty~b~JY cache La Rmdre River 
water, by "in-line" rapid sand f iltratiort" ' ' • 

Conditions Pretreatment Filter Effectiveness 
Filter Water Chemicals used Percent Removal ,_. 

Run v 
Medi~ Source6/ Dosa~ Species Dosage Turbidity Standard Total Particle Giardia 

No. (an/min) T~. catego Cmg/JJ Plate Coliform 
v (OC} . Count 

46 8.46 sand(L} HDE 3.0 None None o.o 27.3 -51.3 13.8 
47 22.59 DualCL} HDE 3.0 None Nc;:>ne o.o -72.4 -66.6 25.0 
49 22.20 Sand CL) HDE 2.0 . None None o.o -13.8 20.6 60.0 
48 8.26 Dual CL) HDE 3.0 None None o.o -18.2 -108.2 38.4 

119 41.40 Dual(F} CLP 3.0 None None o.o 18.8 9.7 5.3 
120 32.00 Dual(F) CLP 3.0 None None o.o 18.8 16.l -7.5 
121 20.70 Dual(F) CLP 3.0 None None o.o 18.1 16.1 1.1 
122 9.60 Dual CF) CLP 3.0 None None 0.0 15.6 99.6 99.9 
69 22.69 Dual CL) HDE 3.0 Nonoptimum alum/573c 15.0/1.1 73.6 78.8 99.9 
82 22.45 Dual(L} BDE 3.0 Nono pt~ alum/572c 8.8/0.6 61.0 38.0 - 81 

114 7.8 Dual(F) CLP 3.0 No alum/572c 23. 7/1.2 69.0 96.8 99.0 
50 8.20 Sand(L) . HDE 4.0 Optimum alum/572c 2.1/0.9 88.9 82.3 >99.9 
51 23.48 Dual(L) HOE 3.0 Optimum alum/572c 4.1/1.7 86.1 85.4 83.0 
52 8.45 Dual(L} BDE 4.0 Optimum alum/572c 2.1/1.2 91.7 95.6 >99.9 
53 23.19 Sand(L) HDE 4.0 Optimum alum/572c 3.4/2.1 82.6 - 81 >99.9 
70 22.20 Dual(L) BDE 3.0 Optimum alum/573c 7.6/1.3 88.7 98.4 99.5 
81 8.35 Dual(L} BDE 3.0 Optimum alum/572c 6.8/0.9 85.4 97.8 99.9 

104b 8.26 Dual(F} CLP 3.5 Optimum alum/572c 13.4/0.6 82.4 99.5 79.8 
106 8.47 Dual(F) CLP 3.5 Optimum 8102N 0.5 -43.1 99.9 >99.9 
107b 8.38 Dual(F) CLP 3.0 Optimum alum/572c 11.3/0.5 92.7 96.7 90.0 
118 9.37 Dual(F) CLP 3.0 Ott.imum alum/572c 23. 7/1.4 85.5 98.4 99.4 

l/ Abstracted frC!ll Table A-1 and Table A-2, ~x A. 
21 Artificial water was obtained by Diatamaceous Earth filtration of Horsetooth Reservoir water, filtered water 

turbidity ranged from 0.2 to 0.6 NIU. See also footnote 6. 
31 The term ·"In-Line" filtration is the designation for treatment train ~ised of rapid mix and filtration, 

e.g. no flocculation or sedimentation • 
.41 '!he term v is used as hydraulic loading rate which equals flow divided by area of filter. 

Count 

85.8 
98.7 
98.6 
94.2 
89.7 
85.8 
82.2 
81.2 

-142.4 
99.6 
58.9 
98.6 
98.9 
99.2 
93.8 
81.9 
98.3 
98.6 
87.0 
95.4 

81 -

51 sand (L) was obtained fran Loveland Treatment Plant at Big 'Ihanpson canyon. Bed depth was 76cm. Dual (L) means the bed 
was canpdsed of 30 cm sand fran Loveland and 45 an anthracite having trad name Philterkal Special No.l<produced by Reading 
Anthracite Coal canpany. Pottsville, PA. 17901>. DualCF) Fort Collins means that the bed was comprised of 30 an sand 
was obtained fran Fort Collins Treatment Plant No.2 and 45 an Philterkal Special No.HR> anthracite. 

61 HDE is water obtained frC!ll Horsetooth Reservoir, filtered by Diatanaceous F.arth to give low turbidity, e.g. 0.2 to 0.6 NIU 
a:,p is low turbidity ra!tl water obtained fran the Cache La Poudre River during the period September to April when rCJJN water 
turbidity was generally 0.4 to 0.7 NIU. 

1J "Optimum" and "none optimt.nn", are designated of coagulant dosages producing turbidities of filterd water which are minimum and 
greater than minimum, respectively • 

.Bl ~ sample taken. 

Cysts 

7.6 
96.3 

>99.9 
99.9 
41.9 
36.4 
36.3 
68.3 
99.2 

81 -
95.3 
97.8 
99.1 
·99. 7 
99.5 
99.4 

81 -
98.7 
39.5 

>99.9 
g] .6 



and sand was used. Results a.re described for each of the dependent variables 
in the paragraphs follcwing .. 

~~:Qt 

Table 10 shows the effect of chanical pretreatment on turbidity removal. 
For the eight · "none" coagulant dosage tests, i.e .. coagulant chemicals were 
not added, turbidity ranovals were -72 to 19 percent.. With a °'nonoptiroun" 
dosage of chemicals removals increased to the 61 to 74 percent range. But if 
"optimum" dosage was used percent removals were 83 to 93. Finished water 
turbidity was about 0.05 NTU, generally. 

standard Plate Count 6aC.t.e.Y:ia 

Table 10 shows that the stanQa.rd plate count bacteria removal 
percentages range from -108 to 20 for seven of the eight test perfonned 
without chanical addition, with the eighth test shCMing 99 ~roent ranoval. 
For three "nonoptimum" test ru.'ls, ranoval percentages ranged from 38 to 97 
percent.. For the nine test runs, using optimum coagulant dosages, removal 
pecentages ra.nged from 82 to 99 .. 9 percent. '!hese results also illustrate 
that high removals can be expected for chemical oosages that are "optimun." 

XQt§l ColifQp:n Bactet:ia 

Table 10 shows that for those tests ~rformed with no chaniatl 
pretreatment the total colifonn bacteria ranoval peramtages ranged from .;..7 
to 99.9 p:rcent. For the "nonoptimum" chemical Cbsages ranovals were greater 
than 99 percent. For the nine test runs using "optimum11 chanical Cbsages 
removal p;rcentages ranged frcm 80 to greater than 99.9 i;ercent. M:>st were 
greater than 99 percento 

ParticlgQ 

Table 10 shCMs percent removals of p;lrticles in the 2 .. 52 to 50.8 
micraneter U.UW size range., For the no chenical pretreatment condition the 
removal perc.entages ranged from 81 to 99 percent.. For the "nonoptimum" 
·chanical dosages, pa:rticl.e removals ranged from -142 to 99.6.. Table 10 als6 
shows that for the nine "optimum" coagulant dosages, ranoval percentages 
ranged from 82 to 99 percent. '!be use of 8.1.02N used as a filter aid gave a 
removal of 87.0 percent. 'lbese results, shew high renoval.s of particles when 
no chemicals were used, which are inconsistent with turbidity and bacteria 
ranovaJ.. results. These results indicate that particle counting was not 
usefUl as an indica.tor of filtration performance. 

Table 10 shows percent ranovals of G~ardia cysts, based on the detected 
cysts concentrations (Table A-2), for twenty test runs. 'I'he table shat1s that 
with no chemical pretreatment the ranoval peroentages for five test runs 
ranged from 8 to 68. But for three test runs ranovals were greater than 96 
percent.. It should be noted that c1st characteristics are different f ran one 
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batch to another, e.g. sane are hardy and retain their shape for several 
weeks while others deteriorate within days. Dr. Hibler indicated that the 
cysts used in Runs 47, 48, 49 \riere a batch that deteriorated quickly, as 
deteonined by the sample maintained under refrigeration as a oontrol. This 
would acoount for the high '°ranovals" noted. For other runs the oontrol 
cysts showed no such deterioration. At "nonoptimun" chenical dosages ranoval 
percentages ranged f ran 95 to . 99 percent. For eight test performed with 
"optimun" chanical cbsages, the Giardia cysts ranovals were greater than 98 
percent, with five exceeding 99 pecent. Using the filter aid 8102N ranoval 
was 39.5 percent. 

Of sp:?cial interest, these results show that with proper chenical 
pretreatment, rapid rate filtration will remove greater than 99 .9 peramt of 
~ cysts. Ranovals of Giardia cysts exceeded 97 percent for all 
filtration rondi tions imposed when optimum chenical Cb sages were used. 

'lbe data show that for op;.irnun chanicaJ. pretreatment cbsages, ranovals 
of turbidity, standard plate oount bacteria, total colifoon bacteria, 
particles, and Giardia cysts are uniformly high, e.g. greater than 80 percent 
for turbidity and 98 percent for all other parameters. For "nonoptinu.m" 
chanical Cbsages results are more variable with both high and lcm renovals. 
For the "none," or no chanical pretreatment oondition, ranovals are markedly 
lcwer for all tarameters except puticl.es, which ranged f ran 81 to 99 
percento 

The results in Table 10 show that rapid rate filtration will work as a 
simple strainer when no chanicals are used, and will pass appreciable 
i:ercentages of turbidity, bacteria, and Giardia cysts. 'Ibey illustrate also 
the critical importance of proper chanical coagulation. It is imperative to 
select effective chanicals and to use proper Cbsages. 

'I.be removals of i;articles were high even when no chemicals were used, 
which was at variance with the results for the other i:arameters. 'lherefore, 
particles are felt to be not useful as a measure of filtration effectiveness, 
for the cxmdi tions examined. 

Table 10 shows also that for "o:Et:imun" chanical Cbsages, it makes little 
difference whether single media or dual media is used. Neither is there any 
noticeable effect of hydraulic loading rate. '!he over-riding concern in 
treating lav turbidity waters should be with c:Etennining which che:nicals are 
effective and their Cbsages. 

EFFECT OF PROCESS VARIABLES 

'!he effect of process variables was ascertained ~ changing the 
magnitudes of each through a range of values while all other variables were 
maintained constant, using the laboratory-scale pilot plant. '!he process 
variables investigated were: coagulants, dosages of coagulants, sequence of 
ooagulant addition, node of filtration, oomparison of single and dual media, 
filtration rate, temperature, run time. 
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Removal of turbidity was the principle focus because it was found to be 
ind..i..cative of removals . of both bacteria and Giarctia cysts. Removals of the 
latter were measured also during. this phase of the investigation, but not for 
ever.y test.. 'Ihe labor involved for measure:nents of bacteria and~ 
cysts was a concern, but the addition of Giai;dis cysts also caused changes in 
turbidity of the raw water, which was not acceptable for many of the tests 
invol virig low turbidity water. 'Ibis section reviews the results of the 
effect ·.of process variables on turbidity renoval, and on ranovals of bacteria 
and~ cysts. 

coagulant $election 

Figure 28 oompa.res five p:>lymers with respect to effluent turbidity 
produced cy- means of jar-filter testing <see Choi, 1983). Clearly 572C shOlis 
the lowest effltien:t turbidity, e.,g. 0 .. 05 NIU.. The other polymers shown oou.ld 
be as effective at ot.~er canbinations of a.ll.lllrpolymer oosagesc. Such testing 

0.20 -::> .._ 
0. I 5 z -

>- 0. I 0 t-
0 
CD 
a:: 0.05 ::> 
~ 

0 

Test Conditions 
Run number Cs> : 17,33 
Raw water turbidity : 0.49 NlU 
Temperature ; 18C 
Priinary coagulant : Run 17 and Run 33 lc.5 mg/la alum. 
Secondary coagulant : Run 17 and Run 33 O .5 mg/~ polymer. 

: • :·: 0: ~: ·:·:·:·:· ::::::::: 
~:}~:~ 
::::::::: 
·:·:·:·:· ·.·.·.·.· ::::::::: 
·:·:·:·:· :·:·:·:!': ::::::::: 
::::::::: 
·.·.•.,•," :::::::: 
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NALCO 
650 

NALCO 
8152 

MAGNIFLOC MAGNIFLOC SEPARAN 
572C 573C NP-10 

POLYMERS 

Figure 28. Comi:arison of turbidity reduction in jar..;.fiitration testing by 
five polymers (Choi, 1983). 
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was not done, however, as the effort was 1 imited in scope tcward finding only 
one or two polymers which might be effective in filtration of low turbidity 
waters. Nine polymers were tested in this manner.. 'Ibey are listed in Table 
I-1, Ap~ndix I. 

FUrther testing of polymers was done using the laboratory scale rapid 
rate filtration pilot plant. '!be results, all of which are given in Table 
A-1, confir.med that Magnifloc 572C@ and M:lgnifloc 573C@ were effective in 
filtration of low turbidity waters. 

Table 11, abstracted f ran Table A-1 and '11able A-2, shows the ~rcent 
removals, as data are available, for chanical pretreatmant conditions 
indicated. Seven such conditions are indicated for four polymers used alone 
and used with alum.. Also results are sho;m using alun al.one, and the 
condition of "no chemicals". 'lbe data shown are for all conditions of 
t¥draulic loading rate, media, temperature, and source of water. '!he ca ta 
show very clearly that without chemical pretreabnent, ranovals are quite low 
for all parameters, e.g. naninally about 30 to 60 percent ranovals. '!he 
i;nlymers .572C and 573C used alone are not highly effective either, but 
results are variable. Neither is alun alone effective.. 'llle two polymers 
572C or 573C with al.um, however, are highly effective with ranovals generally 
greater than 80 percent for turbidity, more than 90 feroent for standard 
plate oount bacteria, 99 percent for total coliform bacteria, and 95 percent 
for~ cysts. 

Figure 11 is a histogram showing percent renoval of turbidity for nine 
coagulant oonditionso 'Ibis figure is a visual wey to shON the data in Table 
11. It sh<Ms clearly the percent removal of turbidity is low when no 
chenical pretreatment is used, canpared with using alun and Ma.gnifloc 572C@ 
or alum and Magnifloc 573C@ . for pretreatment.. Figure 12 is a histogram 
showing tercent renoval of Giardia cysts for the same nine coagulation 
conditions. This figure is another plot for the data shown in Table 11. It 
illustrates further that with no chemical pretreatment the percent removal of 
~.dis cysts ranged fran 40 to 80 ~rcent, except for five test runs., Using 
alun and either Magnifloc 572C@) or Magnifloc 573C@ gave more than 95 
percent of .G;iardia cyst ranoval in most of the test runs. 'lhese data show 
the importanre of polymer selection in filtration of lCM turbidity water, and 
that a combination of the p:>lymer and alum is necessary. 

Dosages of c.oagu.lants 

Based upon the screening of polymers, described earlier , two, Magnifloc 
572C and Magnifloc 573C, were selected for further testing to deteonine their 
effectiveness in nmloval of turbidity, for the turbidity range of <l NIU, 
when used in ccmbiration with alum.. '!he pranise was that if substantial 
turbidity removal occurred then high ranoval efficiencies would also occur 
for bacteria and Giardia cysts.. '!bus the initial search was to ascertain the 
.ranges of chanical oosages, for alum and polymer, to ranove high :percentages 
of turbidity. 
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Table 11. Removals of turbidity, , standard plate count bacteria, total 
coliform bacteria, ~d Gistdia cysts, for different conditions of 
chemical pretreatment. Data sham are for low turbidity raw water, 
e.g. ·less than 1.5 mu and for all conditions of eydraulic loading 
rate, ritedi.a temperature, and source of water. 

Chemical Percent Removal 
Species 

Turbidity Standard Plate Total Coliform ~ Count Bateria Bacteria 

No chemical 27,-73,-18,-14,23 -51,-67,-1.8,20,x 14,-25,38,60,x 74,96,100,100,94 
15,-2,-2,19,19 x,x,x,10,16 x,x,x,5,-7 x,x,x42,36 
18,16,26,23,3 16,96,-23,31,-10 1,99.9,0,0,92 36,68,49,72,98 
13,-5,27 ,28,l 24,-77,-25,-15,14 75,-25,48,40,90 x,x,x,x,x 

Alum -62,-144,-62 48,-600,-1.5 3,x,87 x,x,x 

8102 N -43,89,92,84,89 99.9,91,99,94,96 99.9,x,x,88,83 40,x,x,x,x 
93,90,93,98,99 94,97,95,97,97 85,86,90,99,99 x,x,x,x,x 
81 x x x 

8100N 17,27 x,x 66,65 x,x 

8170 N 14,43 92,84 x,x x,x 

8181 N 63,34,20,27,87 x,x,70,87,87 x,x,45,28,84 x,x,x,x,x 
93,93 87,34 >99,97 x,x 

650 3 95 3 x 

572C 58,53,-32,-5,-56 97,x,91,62,56 lOO,x,99,99,92 x,x,x,x,99.9 
-27 ,18,35 -233,-77,90 x,-87 ,98 x,x,x 

573C 74,53 46,85 99,71 x,x 

Alum and 39,-3,-17,74 43,96,95,80 30,99,99,>99 95,100,91,100 
8102N 

NPlO, Alum 80 x x x 

Alum and 90 ,96 ,96 ,97, 77 99,98,99,99,x 98,99,99,99,x x,x,x,x,x 
5nc. 59,86,82,77,87 63,99.9,94,86,x 99,99,99,96,x x,x,x,x,x 

81,87,84,84,79 96,x,95,42,86 x,x,99.9,99.9,96 x,x,x,x,x 
86,91,89,91,89 x,x,x,x,82 x,x,x,x,99.9 100,100,100,92,98 
86,92,83,94,79 85,96,x,90,x 80,99.9,99.9,99.9,x 100,100,100,01,x 
83,85,61,86,60 94,98,38,x,93 99.9,99.9,99.9,x,90 x,x,x,x,99.7 
93 ,92,90 ,89 ,85 97,98,63,98,94 90,x,98,97,99 99.9,x,99.8,x,x 
95,56,62,38,61 96,96,99,0,97 99,99,99,99.9,99.9 x,91,97,95,95 
79,82,15,83,-85 99.3,99.8,78,98,83 99.9,99.9,99.6,99,99.9 85,97 ,97 ,98,x 
-177,-48,78,-118,-41 76,92,83, 79, 75 99,99,x,x,x x,x,x,x,x 
89,89,91,85,52 -542,98,98,78,83 96,97,99.5,99,93 84,94,x,x,x 
78,-30,30, 70,86 93,95,92,93,96 99.8,98,99.6,99.7,99.5 x,x,x,x,x 
83,85 92,99.7 99.9,99.9 x,x 

Al.um and 77,81,62,53,88 99.9,75,84,-8,89 99,98,98,99,x x,x,x,x,x 
573C 89,90,-0.7,73,89 91,87 ,17, 79 ,98 x,99.9,99.9,99.9,99 99,99.9,94,99,99 

96,95,-15,94,61 99,99,18,98,x 99.9,99.9,x,99.9,x 99.9,99.9,x,99.5,96 
74,17,82,42,85 99.9,50f99,98,84 99.9,-24,80,45,91 99.5,97,99,x,x 
93,80,97,96,85 41,x,32,95,x 99,x,x,x,x X,X,XvXrX 
89,54,65.74.79 x.23.x.96.-98 100.99.99.99.98 x,x,x.x.x 

x ::: No data. 
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Test Conditions 
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Figure 29. Histogram of turbidity percent ranoval and coagulant tested, using 
laboratory-scale rapid rate pilot plant. F.ach block represents one measure-
ment set. 
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Figure 30. Histogram of Giardia cysts percent ranoval and coagulant tested, for 
··laboratocy-scale ·rapid rate pilot plant. Each block represents one"mea.sure-
ment set. · 



'!be search was initiated using jar-filter testing for guidance. IX>sages 
of allml and Magnifloc 572C@ were found which resulted in turbidity 
reductions fran about 0.5 NIU to 0.05 Nru. 'Ibese <i>sages were then tested 
further, using the laboratory-scale pilot plant. '!be same oosage ranges also 
resulted in effli:ent turbidity levels of about O .05 NIU. 

At the same time, testing was continued using total colifoIIn bacteria 
and Giardia cysts. Reductions in ooth were found to be greater than 95 
per amt when turbidity reductions were greater than 80 percent. 

'As test runs continued, data were accumulated for a wider range of 
alum-polymer Cbsages. While a turbidity resp:mse surface was not ''mapped" 
systematically l:rj this accumulation of points, nevertheless it became 
feasible to cb so. Figure 31 indicates a resi;x:>nse surface for filtration 
effluent turbidity versus oosages of alum and Magnifloc 572.C. '!be shaded 
bars were obtained using the lab-scale pilot plant. '!be open bars were 
obtained cy jar-filter testing. Table 12 gives the coordinates for the data 
points in Figure 31. 

Figure 31 shows that coagulation and filtration using al un alone or 
polymer al.one is not efficient. Turbidities of filtered water are in the 
same range as raN turbidities, or they may be higher. Paw water turbidities 
generally were less than 1 NTU. But jar-filtration testing (Run 39, 6/7/83) 
showed that continuation of alum addition caused increasing turbidity with a 
peak of about 4 .8 NTU, followed cy rapid decline to O .3 N'!U at 40 mg/L all.ml 
Cwith no {X>lymer). 'Ihese test run results are not shOVln in Figure 31 because 
they are off-scale. '!he results are s.imilar to practice at the Dillon water 
treatment plant where 50 m:11L all.ml and 25 mg/L sodium caroonate are used to 
produce filtered water turbidity of about 0.1 N'IU. When alum was used in 
oombination with Magnifloc 5721:,, mwever, turbidities were reduced to o.os to 
0 .10 NTU. '!be alun cbsage needed was only 3-7 mg/L. Regardless of the 
al un-polymer Cbsage combination, the filtered water turbidity ranained in the 
0.05 to 0.10 N'lU range as seen in Figure 31. '!bus virtually an;y d:>sage 
canbination of alun and 572£ will reduce the filtered water turbidity about 
80 · to 90 percent when canpall'ed with r Clll water. '!his means that one does not 
have to te too careful with cbsages f ran the standpoint of efficiency, e.g. 
ratio of filtered water turbidity to rEM water turbidity. Fran the 
standpoint of econanics, bJwever, the lowest oosages should be used. 

Figure 31 shows also that the results obtained using the lab scale rapid 
rate filtration pilot plant were canp:trable with results using the bench 
scale jar-filtration testing. '!he use of the jar-filter testing is discussed 
elsewhere. 

The effect of polymer cbsage, for a range of all.m cbsages fran 0.2 to 
15.0 mg/L, on ranoval of Giardig cysts is shewn in Figure 32, which is a 
histogram showing the nunbers of observations for given :r;:ercent renovals of 
Giardia cysts and polymer c.bsages. It shows that ranovals exceeded 99 
i;ercent, with only three exceptions. '!he polymer cbsages used most often in 
this work were 1 to 2 mg/L. '!his dosage is recarmended because the data in 
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Test conaiti.Qn§ 
Run number Cs) 
Raw water turbidity 
Temperature 
Pr ii-nary coagulant 
secondary coagulant 
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0.0-8.3 mg/L 572C 
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Figure 31.. Turbidity of filtered water for various rombinations of alum and 
polymer - (Magni.floe 572C)o Shaded bars were obtained using 
laroratory-sca.le rapid rate pilot plant. Open bars were obtained 
us:tng jar-filtration apparatus. All tests were conducted at 3-
s0c. Raw water turbidities were less than l NID with exceptions 
as noted in Table 12. 
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Table 12. Filter effluent turbidities for low turbidity low tanperature water 
with pretreatment using alum and Magnifloc 572C polymer. Data 
were obtained using sources indicated. 

Raw Polymer Filt.er 
Run Source water Alum as Magnifloc Effluent 
No. of Data Apparatus Turbidity Al2 (804)/i. 14H2o 572C Turbidity 

(NIU) Cma. ) (ma/L) (Nl'U) 

13 EPA Repo17 Jar test 2.20 o.oo o.o 1.74 
13 June 1983 Jar test 2.20 2.00 3.0 1.79 
13 II Jar test 2.20 6.43 3.0 0.08 
13 II Jar test 2.20 12.9 3.0 0.10 
13 II Jar test 2.20 19.3 3.0 0.08 
13 II Jar test 2.20 25.7 3.0 0.23 
19 n Jar test 0.83 o.oo o.o 0.48 
19 n Jar test 0.83 o.oo 2.0 0.86 
19 n Jar test 0.83 6.43 o.o 0.65 
19 ·" Jar test 0.83 6.43 2.0 0.14 
19 II Jar test 0.83 12.90 2.0 0.08 
19 n Jar test 0.83 19.30 2.0 0.08 
21 n Jar test 0.66 o.oo o.o 0.71 
21 n Jar test 0.66 o.oo 0.3 0.66 
21 n Jar test 0.66 6.43 o.o 0.94 
21 n Jar test 0.66 6.43 0.3 0.58 
21 II Jar test 0.66 9.65 0.3 0.18 
21 II Jar test 0.66 12.90 0.3 0.12 

68 Choi Jar test 0.40 0.5 0.4 0.14 
68 Thesi;i; Jar test 0.40 l.5 0.4 0.2 
68 1983 Jar test 0.40 2.5 0.4 0.05 
68 II Jar test 0.40 5.0 0.4 0.05 
68 ft Jar test 0.40 10 .. 0 0.4 0.04 
68 II Jar test 0.40 20.0 0.4 0.03 

75 Choi Jar test 0.40 5.0 0.1 0.11 
75 Thesis . Jar test · 0.40 5.0 0.2 0.07 
75 1983 Jar test . 0.40 . 5.0 0.4 0.04 
75 n Jar test 0.40 5.0 0.6 0.04 
75 ft Jar test 0.40 5.0 1.0 0.04 
75 n Jar test 0.40 5.0 3.0 0.53 
79 ft Jar test 0.40 1.5 0.2 0.25 

37 Master-3/ Pilot 0.19 15.30 8~33 0.03 
38 Table Plant 0.19 1.47 1.97 0.03 
40 ft n 0.19 5.57 2.59 0.04 
43 " n 0.64 S.48 2.81 0.06 
44 II n 0.76 3.55 3•85 0.08 
51 n n 0.36 4.08 1.68 0.05 
52 ft n 0.36 2.07 1.17 0.03 
81 n II 0.48 6.70 0.80 0.07 
82 n II 0.59 8.82 0.55 0.23 
84 II n 2.20 12.60 1.97 1.05 
87A " II 2.50 14.70 2.40 0.10 
87B " " 2.50 14.70 2.90 0.07 
77 n " 0.47 o.oo o.oo 0.40 

136 n n 1.19 2.08 o.oo 1.9 
159 " n 0.45 o.oo 0.4 0.26 

l/ Al-Ani, et al. , EPA Report, June 1983. 
21 Choi, 1983. . 
3/Table l, Appendix A, fran this document. 
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Figures 31 and 32 show high removals can be expected with it and it is less 
e~cpensive tha.n if a higher oosage is used. 

&'Xl..'9.mination of data . in Table A-1 for renovaJ.s of total coliform bacteria 
as affected ~ polymer Cbsage, indicates similar results as obtained for 
percent ranovals of turbidity and Giardia cysts. Dosage ranoval data were 
obtained also using the 'polymer Magnifloc 573C. These results are not 
reviewed tecause they were alm:>st identical to the resUl.ts obtained using the 
polymer Magnifloc 572C. 

~W.ant Addition 

In coagulation practice, when two stage rapid mix is used, it is common 
to add alum and then polymer. Addition of polymer first is not practiced. 
When only one rapid mix basin is used both alum and polymer must be added 
simultaneously. Whether the s~uence of coagulant addition results in 
different turbidity removal efficiencies was investiggted briefly. 
Experiments were conducted at two temperatures, 1°c and 18 c, using water 
having turbidity <l I\"ITU. 

Ap~ndix G shows results of the experiments, plotted as filter effluent 
turbidity monitored against elapsed run time. Figure G-1, for results of 
tests at 1°c shows that there is little difference whether toth alum and 
catioP.ic polymer are added simultaneously in one rapid mix basin, or if alum 
is added to a first basin, followed by cationic polymer in the serond basi'n; 
effluent turbidity is about 0 .. 1 to 0.15 for both. If cationic polymer is 
added first, however, the effluent turbidity is appreciably higher, e.g. 
about 0 .25 NIU. 

Figure G-2, for results of tests at 1a0 c, shows effluent turbid~ty is 
about the same for all three sequences of coagulant addition, but that this 
time turbidities are slightly higher if alum is followed ~ cationic polymer. 
But simultaneous addition of both gives turbidity levels of about 0.05 NIU. 

~W&n 

Table 13 shows results of test runs COinP3-ring "in-line" filtration with 
"direct"' filtration. 81.be chemical dosages were "optinn:m" with respect to 
turbidity ran.oval for the nin-line" filtration mode. The results show that 
i:x>th modes of filtration gaye about the same effluent turbidities and about 
the same headlosses in the filter columns.. Figure 33 illustrates these 
results · in graphical format for Test Runs 148 and 149. Figure G-3, Ap~ndix 
G, shows the plots for Runs 146 and 147. - Logsdon Cl983 > reJ:"X)rted on the use 
of "direct" filtration to treat low turbidity raN of Lake Su~rior. The 
turbidity was reduced to 0 .. 05 Nru with influent turbidity <l NIU. 

These data show tha.t the same filter effluent turbidj.ty was produced 
whet.her 8'in-line" or rudirect'0 filtration was used. ~erefo.re the "in-line" 
filtration mode was used for this research. 

71 



.......J 
N 

Test c.onditions 
Run number Cs> : 19 test runs 
RaW water turbidity : 0;.36-2.5 N'lU 
Temperature ~ 2-4C 
Primary coagulant : 0-15 mg/L all.Ill 
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Figure 32. Histogram of Giardia cysts percent removal and dosage of Magnifloc 57 2C as 
coagulant aid using laboratory-scale rapid rate pilot plant. Each block 
represents on measure:nent set. 



Table 13. "In-line" filtration versus direct filtration data. 

Influent Filtration Aluri11' 
Run Turbidity l~ 
No. {N'.tu) 

146 0.89 In-line 
147 0.89 Direct 

148 1.06 In-line 
149 1.06 Direct 

11 A1.un as Al2 <oo4> 3 .14H20 

;:j 21 Polymer Mignifloc 57?£ 

JIG =CP/uV) 112 

(rng/L) 

9.32 
9.32 

4.12 
4.12 

P = the power dissipated {lb ft/sec) 
u = ahsoulte viscosity Clb-sec/ft2) 

Gr 

64824 
64824 

66984 
68542 

V = the volune to which P is applied Cft3) 
G = velocity gradient Csec-1> 

T = detention time Csec> =V/Q 

Q = the flow rate Cft3 /sec) 

Al Time when reading taken. 

Polvm~ Floccultion Basin3/ 
(rng/L) Gr . G T G T 

0.351 64824 0 0 0 0 
0.351 64824 37.0 1106 36.8 1106 

0.62 66984 0 0 0 0 
0.65 68592 37.0 1171 36.8 1171 

Tim# Head Effluent 
<hour) Wss Turbidity 

(a1l HQ) {NIU) 

2.33 10.6 0.09 
3.00 11.s 0.10 

4.00 ll.5 0.09 
4.00 12.7 0.10 



Test Conditions 
Run number<s> : 148 •in-line", 149 "direct" 
Raw water turbidity : 1.06 N'1'J 
Temperature . : 4C 
Primary coagulant : Run 148 and Run 149, 4 .1 mg/L allDII 
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Figure 33. C.Omparison of turbidity and headless, for "in-line" and "direct" 
filtration. Laboratory~scale pilot plant using artificial low 
turbidity water from Horsetooth Reservoir, and dual nedia Fort 
Collins sand. 
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comparison of sin.~ 

Table 14i sunmarizes results of test runs which canpared the effluent 
turbidities and headl.oss for single media filter of 76 an sand with a dual 
media filter of 3 O cm sand, 45 an anthracite.. Three comparisons were · made 
using the same tank of water for each pair. Figures G-4, G-5, G-6 are plots 
of the ·results showing turbidity and headloss vs time for each comparison 
pair • . 

The first comparison, seen in Figure G-4, was for the . no chanical 
pretreatment condition. Results show canparable effluent turbidities but 
higher headloss for the single media, e.g.. 6 .8 an Hg for single media vs 4. O 
cm Hg for dual after 50 minutes of operation. '!be second canparison,. seen in 
Figure G-5, was conducted using alum and polymer at optimum dosage with 
respect to turbidicy removal. Effluent turbidities were 0.04 NTU for both, 
and again head.loss was higher for the single media. '!be third comparison 
used only one coagulant, the polymer 573C. Effluent turbidity was 1. 7 NTU 
for sand and 2G4 NrU for dual mediao Headloss as 8.b cm Hg for sand after 
210 minutes of oi::eration, versus 3. 7 an Hg for dual media as shoon in Figure 
G-6. 

Based u1xm these results, and due to the wide spread use of dual media" 
the latter was used in this research. Although the effectiveness for each 
was the same with res~ct to turbidity ranoval, the appreciably higher 
headloss experienced using sand as a single media oonfirms the use of dual 
media in practice. 

Filtration Rate 

Table 15 shows the effect of using different filtration rates, for two 
dual media filters, on removals of turbidity, standard plate count .bacteria, 
total coliform bacteria, . and .Gisrdia cysts. Figures 34 and 35 are plots of 
these data for Fort COllins sand and for Loveland sand, res~ctively.. Both 
figures show, for the four p;iraneters plotted, that filtration rate ~ 
virtually no effect ~n percent renovals in the range 8 .1 an/min (2 gp:n/ft ) 
to 24 an/min CS gp:n/ft ) o As noted ranovals of total coliform bacteria were 
greater than 99 peramt for all :twdraulic loading rates while removals of 
standard plate count bacteria were greater than 96 t:ercent and removals of 
Giardia cysts exceeded 95 ~rcent except at the highest f ilrati~n rate used. 
FU.rther there is little effect up to 32.,6 cm/min (8 gp:n/ft ) except a 
noticeable decline occurs in percent turbidity renoval for filtration 
velocity for 40 .. 8 CJ"t:'/mi2, a.s shown in Figure 35. At the filtration rate of 
40.,8 cm/min ClO gpm/ft ) the declines in percent removals are noti~able for 
total colifoxm bacteria and standard plate count bacteria, and markedly 
noticeable for~ cysts and turbidityo 

Temperature 

Table 16 shCMs effluent turbidity ·ana percent ranovals of standard plate 
count bacteria and total coliform bacteria for temperatures of s0c and 18°c, 
with all other conditions the same for' each paired comparison. Comparison of 
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Table 14. Comparison of effluent and headloss for single and dual media using 
laooratory scale rapid rate filtration pilot plant. 

Influent1f Alun Effluent 
Run Turbidity Medi;;,; DO sage R>l~ Ibsa Tim# · Headloss Turbidity 
No. {NIU) (mq/IJ Cma/IJ (min) Can Hq) (NIU) 

76 O.SHIE sand 0. 0 50 6 .. 8 0.4 
77 Oe5HJE dual 0 0 50 4 .. 0 0.4 
71 l.OHDE sand 15.5 . 1.3 210 10.9 0.04 
72 l.OHIE dual 15 .. 5 1.3 210 5.7 0.04 
98 2o4HDE sand 0 8.8 210 8.0 1.7 
99 2 .. 4HDE dual 0 7.5 210 3.7 2.4 
l/ HDE is water obtained f ran Horsetooth Reservoir, filtered cy- Diatanaceous 

Earth to give lON turbidity, e.g .. 0.2 to 0.6 NTU. 
21 Sand was obtained fran Loveland Treatment Plant at Big Thanpson canyon. 

Bed depth was 7 6an. Dual means the bed was canprised of 3 0 an sand 
fran LWeland and 45 an anthracite having trade name Philterkol S,tecial CR> 
No .. l (produced t¥ Reading Anthracite Coal Ccmpmy. Pottsville, PA. 17901> • 

Y Polymer used was Magnifloc 573C (R) 
y Time is elapsed time for corresp::mding headloss and effluent turbidity 

obtained fran plots of data. 
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Table 15. Effect of filtration rate on :ranova.l of turbidity, standard plate 
count bacteria, total col~~orm bacteria, and Giardia cysts for dual media 
using two sources of san<fY o All other conditions were app:roxirnately the 
sa.~e. Laboratory-scale rapid rate filtration pilot plant was useds 
Coagulant dosages were those in which minimum effluent turbidity was 
attained. 

Turbiditv Total Coliform Bacteria Standard Plate count Bacteria 
Run Filtration ~ Filter Percent Influent Effllient Percent Influent Effluent Percent 
No. rate Mei.Li.a Ch ~ useru water Effluent ran011al (No./lOOrriL) (NocllOOmL) removal (No./mL) (Vb./II'L) removal 

(cm/min) (NID) (N'lU) 
114 7.8 Antbl 23.2/1.2 1.13 0.10 91 695 <l >99.9 27,500 880 
113 20.6 F.C. 18.5/l.0 1.13 0.12 89 695 

1 j 99.9 
27,500 30,000 

112 : 32.6 sand . 18.5/1.0 1.13 0.3 73 1,500 8 99.5 30,000 410 
111 41.0 18.6/1.0 1.13 0.5 57 1!500 15 99.0 30,000 1,300 
118 -~ .. ·9.4 Anth/ 23.6/l.4 1.24 0.18 81 790 5 99.4 9,000 140 
116 21.0 Lt:N. 23.3/3.0 1.28 0.23 82 1,400 <l 99.9 12,500 20 
117 .32.3 sand 37.3/L6 1.24 1.05 15 790 3 99.6 9,000 2,000 
115 ·40.4 34.3/1.6 1.28 0.27 79 1,400 <l 99.9 121500 40 

11 Anthracite used for both media was Philterkal (R), a10 = 0.9 nm, UC= 1.45. FOrt Collins .sanO, a10 = 0.5 mu, UC= 1.4, FOrt 
Collins sand was the term used to designate sand obtained fran FOrt Collins Treatment Plant No. 2. Loveland sand, d = 0.43 
mm, UC = 1.5. Loveland sand is the term used to designate sand obtained fran L011eland Big T'nanpson canyon Water Tr~Brrent 
Plant. 

2/Expressed as mg/L allEl as Al2 cso4) 3 14H2o and rng/L Magnifloc 572 Fblymer. Cache La R:>udre River water with temperature of 3°c 
and turbidity 0 .6 N'IU. · 

.3/TurbiditY c:ha11g1.."'d fran 0.6 mu to 1.13 NIU after contaminate of raN savage and dog feces were ad&:d to milk cooler. water was 
obtained fran Cache La Poudre River in April 1983. 
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95.7 
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77.8 
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Primary coagulant Run 111-113, 18.6 mg/L alum 

Run 114, 23 mg/L alum 
Secondary .coagulant : Run 111-114, 1 mg/L 572C 

0 TOTAL COLIFORM 
6 STANDARD PLATE COUNT 
o GIARDIA CYSTS 
o TURSI DITY 

10 15 20 25 30 

HYDRAULIC LOADING RATE {cm/min) 
35 

Figure 34. Effect of hydraulic loading rate on percent ranoval of turbidity, standard 
plate count bacteria, total coliform bacteria, and -Giardia cysts, using 
laboratory-scale rapid rate filtration pilot plant packed with dual media 
with Fort Collins sand. 
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Table 16. Effect of temperature on removal of turbidity, standard plate count bacteria, 
total coliform bacteria, for different chemical d:>sages. 

Run Influent Chemical Dosages Tanp. Effluent % Removal 
No. TUrbidity Species (mg/~ 

(OC) 
Turbidity Standard 

(NIU) (NIU)l/ Plate count 
159 0 .. 45 572C 0.42 5 0.3 90.0 
151 0.45 572C 0.42 18 0.2 -77 
160 0.45 Alum/572~ 4.31/lo85 5 0.10 95.89 
152 0.45 Alum/572 4.31/1.85 18 0.08 77.6 
158 0~45 A.1:um/572C 5.47/0.48 5 0.2 93.7 
154 0.45 . Alum/572C 5.47/0.48 18 0.15 82.6 
157 0.45 572C/Alum 1.00/9.0 5 0.32 91.5 
155 0.45 572C/Alum 1..00/9.0 18 0.08 93 .. 2 
l/ Turbidity values was obtained fran Figures E-7 to E-10, Appendix E 

at 90 minutes of filtration run time. 
21 Alum and polymer were added simultaneously using one rapid mix basin 

% Removal 
Total 

Coliform 
97.0 
86.6 
99.5 
>99 

99.7 
93.l 
99.6 
99.8 
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