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BIOLOGICALLY MEDIATED CHEMICAL CHANGES IN THE

FILTRATION OF AERATED GROUND WATERS

Kalyanpur Yeshavantha Baliga, Ph.D.

Department of Civil Engineering
University of Illinois, 1969

Many ground water supplies include treatment for iron removal by

aeration, settling and filtration. Failure to produce an effluent to meet

the U.S.P.H.S. Drinking Water Standards with respect to concentration of iron

has led to many studies dealing with the problem of breakthrough of iron in

filters. Biologic activity, particularly of nitrifying bacteria, has been

suggested to be responsible for the chemical reduction of ferric iron to

ferrous iron in the filter.

The current studies were undertaken to evaluate the chemical changes

taking place in the water during filtration due to biologic activity and also

to evaluate practical methods of controlling the bacterial growths in filters.

Pilot plant studies were carried out for nearly five months at Rantoul and

for ten months at Urbana, Illinois, in the treatment of aerated ground water

for removal of iron. Raw water both at Rantoul and Urbana contained ferrous

iron (1-2 mg/l) and ammonia (1-2 mg/1) . Aeration introduced oxygen to oxi-

dize most of the ferrous iron and bring the dissolved oxygen concentration to

near saturation. In three to eight weeks of operation of the pilot plant,

the ammonia in the filter influent was found to be oxidized to nitrite and

nitrate, depleting the dissolved oxygen concentration to near zero in the

process. The hydrogen ions liberated in the oxidation of ammonia were found

to neutralize part of the alkalinity of the water resulting in a decrease in

pH during filtration. The mean observed chemical changes in alkalinity and





pH were found to be in excellent agreement with the stoichiometrically pre-

dicted values, based on the process of nitrification.

In spite of evidence of nitrification in the filters, the iron removal

was good, with an average concentration of iron being 0.10 mg/1 or less.

This is in contrast with the earlier belief that nitrification can cause

breakthrough of iron in filters. It now appears that nitrification may be

a necessary, but not a sufficient condition for breakthrough of iron in sand

filters.

Because of the nature of hydrated ferric hydroxide floe as the suspended

matter in the water being filtered, a filter cake was observed at the end of

filter run. A simple backwash was found to result in the formation of mud-

balls from the filter cake. A surface wash prior to backwash was found to

be effective in preventing mudball formation. Air scour was also found to be

a satisfactory aid to backwash to prevent mudball formation. Presence of

mudballs, when allowed to accumulate in the filter was found to have no effect

on the filtered water quality with respect to iron, even when nitrification

was taking place. Air scour and surface wash though effective in preventing

mudball formation from the filter cake, did not prevent bacterial growth in

the filter medium. Potassium permanganate and chlorine were evaluated as

potential chemical agents of control for the bacterial growth in filters.

A solution of potassium permanganate of concentration 5000 mg/1 at pH 10. 5

and contact time of three hours was found to be effective in inhibiting nitri-

fication for about three weeks. A chlorine solution, 1000 mg/1 at pH k and a

contact time of seven hours was found to be effective in inhibiting nitrifica-

tion for about a week. However, the estimated chemical cost per week for

chlorine treatment was found to be less than that for potassium permanganate

treatment.





I. INTRODUCTION

Ground Vfaters as Soiirces of Water Supply

Less than three percent of the fluid fresh water available at any given

moment on our planet earth occurs in streams and lakes. The other more than

97 percent - an estimated eight trillion acrefeet - is underground (l)

.

However, not all the water beneath the earth's surface can be economically

recovered from the water bearing formations in which it is found. Among the

reasons for such limitations are prohibitive pumping costs for aquifers

lying very deep, and poor yielding capacity of some aquifers. In spite of

these limitations, the economically available supply of ground water is many

times greater than the available supply of surface water. Because of the

replenishment of the ground water by rainfall and seepage, successful manage-

ment of withdrawal could perpetuate the ground water resources. A reviex-; of

natural resources has shown that the current rate of depletion of ground

water resources is many times less than the rate of depletion of most other

natural resources, so much so that the nation at the current rate of consump-

tion will deplete every- other nonrenewable resource thousands of years before

it will exhaust ground water (2) . Of the total water withdrawn in United

"Jtates (including domestic self-supplied, municipal, industrial and irriga-

tion) only about one-sixth comes from ground water resources, and about five-

sixths comes from surface water resources. However, among the total number

of separate water supply installations in this nation (U.S.), there are 1^00

ground water installations for every one surface water installation (2) . The

paradox arises from the tremendously greater daily production of typical sur-

face water installation as compared with that of a typical ground water in-

stallation.





Some of the favourable arguments for the use of ground water are (2)

:

"(a) ground water is more generally available at

the point of use eliminating transmission;
(b) it exists, for the most part as an underground

reservoir eliminating the need for impoundment;
(c) it is less subject to pollution through human

activity;
(d) it is more constant in composition than surface

water;
(e) it is generally cooler than surface water, and

of a more constant temperature throughout the
season;

(f) ground water installations are less vulnerable
to various physical hazards such as floods,
sabotage and enemy attack;

(g) ground water occurrence is more widespread than
surface water; and

(h) ground water is economical even when produced
in small quantities, and thus can foster de-
centralization of population, whereas surface
water economics tends to foster the megalopolis.

"

The 1962 USPHS Summary of Municipal '.vater Facilities in communities of

25,000 or more reported that of the 90S facilities serving 781 communities,

332 facilities or U2 percent used ground water (3). An additional 8.5 per-

cent used a combination of ground and surface water sources. These values

were higher than those reported for I9o0 when the Percentages were 3U.5 and

7.9 respectively (U) . This is an upward trend for communities of 25,000 or

more. The proportion of communities of smaller sizes usin^ ground water would

be much greater indeed.

.Jhen successful management of ground water is made, 'good economical

ground water is a commodity that will never go out of style ' (5) . Greater

attention is being given recently to the development and uses of ground

water (6). A general depiction of the role of ground water in the overall

uses of water in United States has been given by McKichan (7, 8) . The fact

that the full potential of use of ground water has not been realized, has

prompted Geraghty to remark that ground water at the present time is a

neglected resource (9).





When ground water is used for a municipal supply, the treatment needed

may vary generally from disinfection only to softening and/or iron removal

followed by disinfection. Half the water utilities in United States using

ground water or 7*350 systems serving about twelve million people do not

treat their well water supplies (10) . This speaks for the better bacterio-

logical quality of some of the ground water supplies compared with the surface

water supplies, though disinfection would be highly desirable even in those

cases to take care of post contamination.

Characteristics of Ground Water

The chemical formula HJD represents water, but water in nature is never

just HO. Ground water is no exception. Rain water, as it precipitates and

falls to earth, dissolves impurities from the atmosphere, chiefly carbon

dioxide. The water that percolates through the earth's crust comes in contact

with the mineral deposits. The relatively slow movement of water affords inti-

mate and prolonged contact with the minerals. Depending on the composition of

the minerals and the acidic or alkaline nature of water, dissolution of mineral

constituents takes place. The overall mineral content of water is thus deter-

mined by the chemical processes of solution. Ground water is relatively free

from biological forms. This is partly because of lack of light and oxygen.

Natural filtration of water through aquifers is also partly responsible. How-

ever some bacteria, particularly the sulfate-reducing bacteria, iron bacteria,

etc., can be found. Some changes in chemical composition may also be brought

about by the bacterial species present. Gases such as carbon dioxide, methane

and hydrogen sulfide usually result from bacterial action. The relationship

of the chemical constituents of ground water to the chemical composition of

rocks and minerals is summarized below.





The five most abundant elements of the earth's crust are, in order of

decreasing amounts, oxygen, silicon, aluminum, iron and calcium. The first

three usually occur together as aluminum silicates in most rocks and clays.

The fourth most abundant element of the earth's crust, iron, occurs in

aesthetically objectionable quantities in many ground water supplies. The

fifth most abundant element, calcium, is also undesirable beyond a certain

limit, because it imparts 'hardness ' to the water by its presence. Other

divalent cations such as magnesium also contributes to the hardness of the

water. The geochemical origin of some of the more common constituents of

ground water are described below.

Iron in ground water is generally derived from magnetite (Fe_0, )

,

hematite (Fe„CL), limonite (Fe
2

.xH 0), siderite (FeCO ), pyrite (FeS)

,

arsenopyrite (FeAsS) and iron aluminum silicates in rocks. Calcium is

derived from limestone (CaCO ), and igneous rocks (feldspars, chiefly the

calcium-aluminum-silicates), gypsum (CaSO. ), phosphorite (Ca_(P0, )_)

,

apatite (Ca_(P0, ) plus CaF-), dolomite (CaCCL.MgCO ). The other major

hardness-producing element, magnesium, is found in magnesite (MgC0_) , and

dolomite as well as in limestone and igneous rocks. Manganese is another

element that is troublesome when found in water supplies. Manganese may

be derived from pyrolusite (MnO ) , or alabandite (MnS) . The other pre-

dominant ions, sodium and potassium are chiefly derived from the feldspars.

Sodium is also plentiful in sea water and salt deposits. Most other metals

present in ground water are generally derived from the respective sulfides,

e.g., copper from chalcocite (Cu
p
S), or chalcopyrite (CuFeS); lead from gale-

nite (PbS); cadmium from greenchite (CdS); selenium from selenite (SeS);

silver from argentite (Ag_S); zinc from sphalerite (ZnS)j and arsenic from

realgar (AsS) . Barium is derived from barite (BaSO, ) , and boron is derived





from borates such as rasorite (NaJ3,0,-.iH
2
0), or colemanite (Ca^O^.Jr^O)

and also sassolite (boric acid, HJBCL).

During the dissolution of the minerals yielding the cations as described

above, the associated anions also enter the solution. The list of minerals

above show that the associated anions are, carbonates, sulfates, sulfides,

fluorides. The oxides in dissolving generally yield hydroxide ions or hydro-

gen ions upon hydrolysis, depending on the environmental conditions. Chlorides

are generally derived from salt deposits or sea water intrusion; or from a

source of pollution. It is interesting to note that nitrogen is not derived

from any minerals. On the other hand, the nitrates in ground water are derived

from the bacterial action on the atmospheric nitrogen in top soil or on the

ammonia either artifically added on farm land for purposes of fertilization

or derived from the naturally occurring organic matter. The nitrate ions

being very mobile in ground water, move along with water as it seeps down and

joins the ground water reservoir.

The amount of each chemical constituent in ground water is limited by

the respective solubility and oxidation-reduction equilibria which apply to

the minerals in contact with the water. The role of dissolved carbon dioxide

in water in affecting the solubility equilibria is also well recognized.

Jhether a true equilibrium exists between the mineral and the surrounding

water or not may be decided by the extent of contact and the kinetics of

solution. The chemical equilibria will change with changes in temperature

and pressure. Cultural pollution may add a variety of other constituents to

ground water, but this would depend on the locality and nature of pollution.

Ground Water Treatment

Treatment of ground water, as surface water, will be dictated by the

composition of the raw water and the desired quality of the finished water.





Host commonly, ground waters are treated for reduction of hardness and removal

of iron and manganese. Hardness is removed either by ion exchange or chemical

softening processes. Iron and. manganese, though they do not constitute a

health hazard in drinking water, are objectionable for aesthetic reasons, in

that iron-bearing water stains laundry and plumbing fixtures. In addition,

industries may have more stringent requirement as to iron content of process

waters. Because iron is found more frequently and in greater amounts than

manganese in ground water, its removal from water supplies has been the sub-

ject of discussion and research for almost a century, numerous methods have

been proposed for the treatment of ground water for removal of iron.

The most common method for the removal of iron involves the aeration of

raw water to oxidize the ferrous iron to ferric iron, and filtration for the

removal of the precipitated ferric floe. This method, though conceptually

simple, is beset with many practical problems. Difficulties are sometimes

encountered with the oxidation and precipitation of iron from ground waters.

Studies on synthetic systems have shown that the oxidation of ferrous iron

is a first-order reaction with respect to ferrous iron concentration (11-13).

- d(Fell) = 1: (Fell) (pO ) (OH")
2

(i-l)

dt
d

The above equation predicts higher oxidation rate at higher pH. The oxidation

of ferrous iron in natural systems has not always conformed to the above pre-

diction (lii) . Among the reasons for the observed deviations are probably the

fact that iron may be complexed by organic chelates or with inorganic addends.

Moreover, waters high in alkalinity may promote the precipitation of carbonates

(ill) and the presence or absence of trace metals may catalyze or inhibit the

reaction. The suggestion that ferrous carbonate precipitation may occur has

been criticized (15>) and partly supported by others (lo) . In any case,
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generally, most of the iron in solution is precipitated by aeration in waters

at neutral pH. However, because of the very poor agglomeration and settling

characteristics of the iron floe thus formed, very little is removed from

suspension even in an hour's time of settling. Longley (17) and Engelbrecht

et al . (18) reported that the iron removal efficiencies of synthetic and

natural waters by aeration and sedimentation (without filtration) were in the

range of 2 to 5'6 percent, with most of the removal occurring in the aerator

and only about 0-12 percent occurring in the sedimentation tank. The colloi-

dal suspension of iron floe must therefore be removed from the water by fil-

tration.

Filtration in Iron Removal

Filtration in general has been used since 1869, without a complete under-

standing of the mechanisms involved in its effectiveness (19). As a matter of

fact, filtration has been acclaimed as the most significant engineering

development of the 19th century in the field of public health.

Theories explaining the effectiveness of filtration have been slow in

developing. Only recently have attempts been made to construct mathematical

models for the theory of filtration. Hydraulic studies of flow through fil-

ters have preceded studies on the mechanism of removal of suspended matter

(20, 21). Earliest among the studies of the latter type was by Iwasaki (22)

who utilized discrete suspended particles (potter's clay) in the study of

slow sand filtration for a period of about 1J?0 minutes. liater studies by

Ives (23) and Camp (21;) are particularly noteworthy. Ives modified I wasaki 's

equations to take into account the variations in the removal characteristics

as the filter clogging proceeded. Camp advanced the hydraulic studies of

flow through filters by considering the variation in Reynold 's number and

friction factor during filtration. Fox and Cleasby (2£) have recently shown
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that Ives' equations are not valid for iron floe, even though the equations

have been shown to be valid for algae as suspended matter. The physical as-

pects of the removal of suspended matter by filtration are receiving consid-

erable attention from researchers at the present time (26-29)

.

A conventional filtration rate of 2 gpm/sq ft has been established by

experience and has become almost traditional, being handed down from the

past (30), and commonly accepted by many. However, studies on the feasi-

bility of higher rates of filtration recently reported would be sufficient

to inspire those who are lulled into security by the spurious sanctity of

2 gpm/sq ft rate (31-33).

The penetration of suspended matter in the filter and the process of

clogging of the pores of the filter bed have been described by many workers

(2Uj 3U-36). One or more of the following mechanisms has been thought to be

responsible for the physical removal of suspended matter: sedimentation,

coagulation-sedimentation, absorption, VanderWaal 's forces, Brownian motion,

inertial forces and ion-exchange. The predominant mechanism in a given case

will depend on the filter medium and the size and nature of suspended matter.

"When clogging proceeds to such an extent as to cause a terminal headloss,

particle breakthrough may take place due to shear forces on the suspended

matter already deposited in the filter medium. Backwashing of the filter

becomes imperative to return the bed to operating condition.

Hydraulics and methods of backwashing of filters have been reported by a

number of investigators (20, 21, 23, 2U, 37, 38). Ideally, the backwash

should restore the filter bed to its original condition. Usually, the prac-

tice of filter backwash involves a 50 percent expansion of the filter bed (38).

The necessity of a surface wash has not been emphasized in cases where the

flocculent nature of suspended matter results in surface filtration forming





a filter cake in contrast to depth filtration of discrete suspended particles

(3D

.

Physio-Chemical Changes Due to Filtration

The primary objective in filtration is the removal of suspended matter.

In iron removal, the function of the filter is the removal of hydrated ferric

oxide floe formed as a result of aeration, and flocculation during sedimenta-

tion. In this respect sand filters have been observed to be efficient in iron

removal as long as the filter bed is free from significant biological growth

(17, 18, 39-Ul) • Nearly complete removals are obtained in spite of incomplete

oxidation of ferrous iron. As a matter of fact, for many natural ground waters

in Illinois, the oxidation of Fell was found to be incomplete even 60 minutes

following aeration (17, 18, hi, k2) • This was attributed either to some in-

hibitor or to the precipitation of ferrous carbonate. In either case, under

optimum operation, all iron will be removed, providing a filter effluent which

will meet the USPHS recommended Drinking Water Standards (U3) •

It has long been thought that when ferrous iron is present in the filter

influent, it could be removed by 'catalytic oxidation' within the filter.

Considering the fact that the oxidation of ferrous iron is slow in some natural

systems, the oxidation of ferrous iron within a filter bed during a relatively

short time may not be taking place. However, removal of precipitated ferrous

iron is possible. In this connection, Boorsma suggested that other mechanisms

such as adsorption on filter media may be responsible (13).

The oxidation of ferrous iron in the filter, if it does take place, is

an example of a chemical change during filtration. Still more significant

are chemical changes brought about by bacteria in filters. Ground waters,

though generally considered to be free of organic matter, often contain

organic matter in small quantities (kh)» The chemical oxygen demand of ground
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waters in Illinois has been observed to be as high as I4O mg/1 (1*1, 1*5) • Con-

sidering the large amount of water filtered by a filter, the organic matter

together with the dissolved oxygen in water may be able to support a hetero-

trophic bacterial population. The autotrophic bacteria, on the other hand,

can thrive on the carbonates and carbon dioxide as carbon sources. These

microorganisms will attach to the filter medium because of the large amount of

surface area available. Depending on the environmental conditions within the

filter, bacterial growths can flourish to such an extent as to impair the

quality of filtered water. In addition, by exerting an oxygen demand, the

bacteria could lower the dissolved oxygen concentration in the water being

filtered to near zero. This in turn could initiate undesirable secondary

effects arising from the resultant anaerobic conditions. Dissolved oxygen

depletion during filtration has been reported at many plants in Illinois (1*1,

Nitrification is the oxidation of ammonium ion to nitrite and nitrate.

The autotrophic bacteria belonging to genera, Nitrosomonas and Nitrobacter j

commonly referred to as 'nitrifiers ', are the most important bacteria in the

biological nitrification in nature. Other nitrifying bacteria are also known,

e.g*, Nitrosococcus and Nitrosospira . "All in all, Nitrosomonas and Nitro-

bacter are the only well-defined and active nitrifiers " (U6) . Because ammoni-

um ion is found in many ground waters and because the filter medium provides a

large surface to which attached growths can adhere, filters employed in the

treatment of such ground waters can become a favorable site for the growth of

nitrifiers. The aeration of ground water provides a source of oxygen vihile

carbonates and carbon dioxide serve as a carbon source for autotrophic bacteria

that use ammonia also as a nitrogen source. These organisms derive the energy

needed for metabolism from the oxidation of ammonia. The biochemistry of
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nitrification has been studied in soil in relation to its significance in

agriculture (U7-5>0) . Several investigators have reported observing nitrifi-

cation in filters (13, Ul, 5l).

In view of the fact that a substantial amount of oxygen is required for

the complete oxidation of ammonia to nitrates (theoretically, h*ty? mg/1 of

oxygen per mg/1 of ammonia-nitrogen), ground waters containing ammonia nitro-

gen may exert a high oxygen demand when nitrification takes place. "When the

ammonia concentration is high enough to cause a total depletion of dissolved

oxygen in water being filtered, anaerobic conditions will result in part of

the filter bed. Such conditions have been blamed for the observed break-

through of iron in a study carried out at Clinton, Illinois (hi) . In that

study, more ferrous iron was observed in the filter effluent during active

nitrification, than was present in the filter influent. This led to the

hypothesis that the anaerobic condition was responsible for the chemical

reduction of iron from ferric to ferrous. Field surveys in Illinois have

shown that poor plant performance in iron removal was concomitant with nitri-

fication and oxygen depletion in filters (U2, h$) .

Scope of Iresent Uork

In the conventional theory of filtration, four phenomena are considered

to be responsible for the effectiveness of filtration (£2) : (a) mechanical

straining; (b) sedimentation and adsorption; (c) electrolytic attraction and

(d) biological activity. While the importance of biological activity is

recognized in the filtration of waste waters and in slow sand filtration of

water, little attention has been paid to this effect in rapid sand filters.

However, rapid sand filters are known to have good efficiencies for coliform

removal. In such filters bacteria are removed from the water and deposited in

the filter media or, alternately, they may grow on the filter media from the
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nutrients in the water being filtered. Since bacteria are known to accumulate

in rapid sand filter beds used in the filtration of ground waters, it is the

purpose of this study to investigate the chemical changes in water quality

brought about by bacteria during filtration.

The growth of nitrifying organisms in filters can result in a marked

depletion of dissolved oxygen. The chemical reactions in the process of

nitrification may be represented as follows:

NH* + l3§0
2

Nitrosomonas
>

N0~ + H
2

+ 2H
+

(l-2a)
1

spp

NIL + 13§0
2

Nitrosomonas iIO~ + H
2

+ H
+

(I-2b)

spp

N0
2

+ 3g0
2

Nitrobacter
>

NO" (1-3)

spp

wt + 20o nitrifiers ^ NO" + Ho + 2H
+

(I-Ua)

The overall reactions may be written as:

NH, + 20
2

nitrifiers NO"

KH. + 20
2

nitrifiers
>

NO" + H
2

+ H
+

(I-Ub)

From the above equations, it can be seen that the overall process of nitri-

fication results in oxygen consumption and release of hydrogen ions. The

hydrogen ions are liberated as a result of the conversion of ammonia-

nitrogen to nitrite, the amount depending on whether ammonia-nitrogen is

present as NH, or HH_. For a given amount of total ammonia-nitrogen, the

fraction of each form is determined by the pH of the solution. At neutral

pH, the predominant form is the ammonium ion. In this connection, some

workers believe that nitrosomonas bacteria prefer ammonium ions to free

ammonia (U7). In either case, the oxygen demand is the same for complete

oxidation, namely, two moles of oxygen per mole of ammonia-nitrogen. The

number of hydrogen ions liberated will depend on the form of the ammonia-
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nitrogen: one mole of hydrogen ion produced per mole of NEL, or two moles of

+
hydrogen ions produced per mole of NH. . Since ammonium ion predominates, at

neutral pH reactions, usually two moles of hydrogen ions are produced per

mole of ammonia-nitrogen undergoing nitrification*

The hydrogen ions liberated during nitrification may lower the pH in the

absence of alkalinity or neutralize part of the alkalinity. In the latter

case, a slight lowering of pH will result due to the liberation of carbon

dioxide from neutralization of alkalinity, according to the following re-

actions:

CC~ + 2H
+

C0
2

+ H
2

(l-5a)

HCO" + H
+

C0
2

+ H
2

(I-£b)

At the near-neutral pH's of natural waters, the alkalinity is predominantly

in the form of HCCL. Therefore, one mole of hydrogen ions will neutralize

one mole of bicarbonate to produce one mole of carbon dioxide, as shown in

Equation I-£b above. The carbon dioxide produced will disturb the following

equilibria

C0
2

+ H
2

^=^ H
2
C0

3
^=s H

+
+ HCO" ^=^ 2H

+
+ CCC

and consequently lower the pH. The change in pH can be calculated knowing

the first dissociation constant of carbonic acid, the total alkalinity, and

the initial pH.

From the above discussion, it is apparent that the nitrite and nitrate

formation by nitrification, the oxygen consumption, the neutralization of a

part of the alkalinity and the lowering of the pH are all stoichiometrically

interrelated. Thus it is the purpose of this study to compare the theoreti-

cally calculated values with the experimentally observed values. From a
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knowledge of these relationships, it will be possible to predict such changes

for a given system.

Biologic activity in rapid sand filters has been implicated in other

observed changes, e.g., breakthrough of iron (hi, 53) • A study of filtration

of ground water at Clinton, Illinois, showed that the breakthrough of iron,

mostly in ferrous form, was concomitant with active nitrification in filter

bed (hi) . Chemical reduction of ferric iron to ferrous iron has been hypo-

thesized, though without conclusive evidence. Soluble iron breakthrough has

also been reported in other studies to be due to precipitated higher oxides

of manganese (53) . Because iron breakthrough is a real problem in many plants

in Illinois, an evaluation of some of the environmental factors that may in-

fluence this phenomenon is included in this study.

In summary, the proliferation of any bacterial growth in sand filters may

cause changes in filter performance and promote chemical changes which are

biologically mediated. The bacterial growths are not only aesthetically

objectionable, but may create undesirable anaerobic conditions resulting in

the deterioration of filtered water quality. This study includes evaluation

of some practical methods of physical and chemical control of excessive

bacterial growth in rapid sand filters.
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II. CHARACTERISTICS OF GROUND WATERS
AT URBANA, AND RANTOUL, ILLINOIS

General

When water in contact with minerals in an aquifer is brought to the

surface and comes in contact with the atmosphere, some chemical changes will

occur. The chemical equilibrium that may have existed between the water and

the minerals, and among the various constituents themselves, is perturbed.

New equilibrium conditions, governed by the atmospheric conditions, will

prevail. Important among the changes usually observed are, release of dis-

solved gases from the ground water, and oxygenation. The release of carbon

dioxide from the ground water results in an increased pH with a concomitant

change in the carbonate and bicarbonate ion concentrations. Often, dissolved

gases such as methane and H_S are also released. The increase in carbonate

ion concentration may result in an over-saturation of calcium carbonate and

ferrous carbonate, leading to subsequent precipitation. Dissolution of

atmospheric oxygen will result in the oxidation of ferrous iron.

The characteristics of the ground waters used in this investigation are

described as to their chemical nature, ionic strength, the activities of the

ions present and the degree of saturation of calcium and ferrous carbonate.

Ground water at Rantoul, Illinois was used in the studies conducted from

June, 1967 to November, 19&J. Ground water at Urbana, Illinois was used from

June, 1968 to April, 1969.

Four wells supply the raw water to the Water Softening Plant at Rantoul,

Illinois. Well No. 2 is 293 feet deep, drawing its water from the Kansan

formation. Well Nos. 3, h and 5> are each lUO feet deep, drawing water from

the Illinoisan formation. Because of poor yield, Well Ho. k is not always

pumped. All of the wells are located within about 2^0 yards of each other.
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The raw vrater pipe to the treatment plant at Rantoul was tapped for the

studies at Rantoul.

Because of the difficulties of transportation of samples and materials

to and from the laboratory where analysis were made, a well was drilled just

outside the University's Civil Engineering Building in Urbana. Drilled in

the spring of 1968, this well is 15>2 feet deep, and draws its water from the

Illinoisan formation. From the samples of drilled material collected during

the drilling of the well, the physical and mineralogic characteristics of the

xrater bearing formation for this well has been described by the Illinois State

Geological Survey, Urbana, as:

'Brownish gray very fine to very coarse sand (70p) with
granule to fine gravel (20/j), some silt and clay (1C$)

.

(May be thin till bed within interval), rounded to sub-
angular; Very fine to medium sand principally quartz
(90-93$); coarse sand to fine gravel; hP% quartz, 20#
limestone and dolomite, 1$% siltstone and shale, 20/S

igneous and metamorphic rock fragments, $% chert, sand-
stone, etc. "

Table 1 summarizes the raw water characteristics of water at Rantoul and

Urbana, Illinois. Urbana and Rantoul are about 17 miles apart geographically.

The water yielding formation is the same at both places, namely, the Illinoisan

formation, except for one well at Rantoul. The water characteristics of these

wells is very nearly the same as can be seen from the Table. Both waters are

hard and alkaline, with iron and ammonia present. Low chlorides and sulfates

are typical of these waters.

Table 2 presents the observed average and range of values of some

of the characteristics of the waters at Rantoul, Illinois during the study

period.

The observed values for Rantoul, Illinois show some variations from the

reported values. This may be because of the fact that the raw water at
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TABLE 1

REPORTED RAW WATER CHARACTERISTICS AT URBANA
AND RANTOUL, ILLINOIS

Constitutent Expressed
as

Concentrations at
Urbana,
Illinois"

Rantoul,,^,

Illinois"

'

Iron Fe, mg/1 1.1 2.8

Manganese Mn, mg/1 0.02 0.1

Ammonium NH^, mg/1 1.1 2.8

Sodium Na, mg/1 37 lit

Calcium Ca, mg/1 $9.6 59.8

Magnesium Mg, mg/1 23.7 36.6

Silica Si0
2 , mg/1 19.6 17

Boron B, mg/1 1.0 -

Fluoride F, mg/1 0.3 0.3

Nitrate No^, mg/1 0.0 0.1

Chloride CI, mg/1 0.0 2

Sulfate SO^, mg/1 1.2 3

1*1 units - 7.3

Temperature °F - $h

Alkalinity CaCO , mg/1 32U 332

Hardness CaCO , mg/1 2U6 300

Total dissolved
solids mg/1 3h9 322

Methane & H S Present Present

*

#fc

As reported by Illinois State Water Survey, Urbana, Illinois

From Reference (5k)
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TABLE 2

OBSERVED RAW WATER CHARACTERISTICS
AT RANTOUL, ILLINOIS

Constituent
Expressed

as

Concentration

J Observed"B*

Report* Average Range

2.8 1.1+8 0.98-1.85

2.8 2.11 1.1-3.16

332 366 314+-389

300 299 21*2-328

12.2 13.23 13.0-13.5

7.3 l.$k 7.U-7.6

Iron

Ammonium

Alkalinity

Hardness

Temperature

vB.

Fe, mg/1

NH^ mg/1

CaC0
3

, mg/1

CaCO , mg/1

°C

Units

See Table 1

'"Average of about 1$ samples

Rantoul is a mixture of water from two different formations, the overall

characteristics being a function of the fraction pumped from each formation

at any given time. In addition, only ferrous iron was measured in the raw

water at Rantoul, because of the interest in the phenomenon of iron break-

through at the time.

Observed Characteristics of Raw Water at Urbana

The average values of raw water characteristics during 90 runs (about

170 samples) are tabulated in Table A-2 of Appendix. Figure 1 shows the plot

of these data for the 300 days of operation of the pilot plant. It may be

seen from the figure that the variations in the chemical and physical char-

acteristics were small. It should be noted that of the three forms of iron

determined - total ferrous, filtrable ferrous and total iron - the ferrous

iron was determined by the bathophenanthroline method, and the total iron
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was determined by the orthophenanthroline method. Because of the different

sensitivities of the two methods, the total iron value was sometimes found

to be less than the total ferrous iron. This is considered to be due to

analytical error. Table 3 below shows the mean, minimum, maximum and

standard deviation of the observed values for the various parameters:

TABLE 3

MEAN, MINIMDM, MAXIMUM & STANDARD DEVIATION
OF OBSERVED RAW WATER CHARACTERISTICS AT URBANA, ILLINOIS

Parameter Mean Minimum Maximum Std. Deviation

Temperature, °C 15.6 m.2 17.7 0.88

pH, units 7.17 7.07 7.39 0.05

Total Iron, mg/1 1.20 1.01 1.62 0.11

Total ferrous, mg/1 1.28 1.02 1.60 0.10

Filtrable ferrous mg/1 1.15 0.88 i.ia 0.09

Aramonia-N, mg/1 1.0U 0.91* 1.33 0.08

Alkalinity, mg/1 333.8 326.5 338.5 2.2

Hardness, mg/1 21,5.7 239.5 21*9.5 2.0

The small values of the standard deviation indicate that the values were close

together, with occasional values at the extremes of the range given as minimum

and maximum in the above table. The mean observed values of total iron

ammonia-N, alkalinity and hardness in Table 3 are found to agree well with

respective reported values in Table 1.

Table k shows the results of gas and trace metal analysis carried out on

raw water samples from the Urbana well by the Illinois State Water Survey,
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TABLE k

TRACE METAL AND GAS ANALTSIS OF RAW WATER
AT URBANA, ILLINOIS

Trace
metal

Concentration
mg/1

Gas Percent
Composition

of Gas

Free Gas/
1000 gal,

cu ft

Sr 0.35 co
2

25.9 1.8

Cu 0.0 H
2

0.0 0.0

Cr 0.01 CK
h

2U.6 1.7

Zn 1.19 N li3.5 3.0

Pb 0.05 Air 6.0 O.U

Cd 0.0

Ni 0.05

Urbana, Illinois. This analysis was done to evaluate the concentrations of

-brace metals that may have either catalytic or inhibitory effects on the oxi-

dation of ferrous iron in raw water. The gas analysis similarly was made to

determine the composition of the dissolved gases. Table k indicates that

while the gas analysis showed nothing unusual, the trace metal analysis

showed an unusually high concentration of zinc. This may have been partly

due to galvanized pipe and tank used in pumping system. Other analysis

carried out on raw water at Urbana showed that there was about 0.0U mg/1 of

total phosphate of which 0.03 mg/1 was orthophosphate as P0, , and there was

about 0.1 mg/1 of organic nitrogen. The chemical oxygen demand of the raw

water as determined in the laboratory averaged 11.8 mg/1, within a range of

6.1 to 17.2 mg/1. The concentration of H^S in the raw water was found to be

about 0.75 mg/1, though no measurable amount was found in the settled water.
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Silica in raw water was about 19 rag/1. Several raw water samples examined by-

Illinois State Public Health Laboratory over the period of ten months of study

showed no coliform organisms.

Equilibrium Considerations

It is possible to evaluate theoretically the degree of saturation with

respect to calcium and ferrous carbonates for the raw water. Equilibrium

constants reported in the literature can be used in such calculations. How-

ever, it is necessary to calculate the activities of the constituent ions in

order to use the equilibrium constants. The common assumption that the

activity coefficients are unity at the low concentrations encountered in

waters is not always correct. The procedure for the calculation of the ionic

strength and activity coefficients is first described below. The following

assumptions were made to facilitate the calculations for ionic strength and

activity coefficients:

Iron, manganese, calcium and magnesium are in the form of respective

+2 +2 +2 +2
divalent ions, namely, Fe , Mn , Ca , and Mg . Sulfate is present as

SOr. Sodium, fluoride, nitrate and chloride are respectively in the form of

monovalent ions, namely, Na , F~, N0~ and Cl~.

Ammonia may be in the form of ionic ammonium ion or nonionic form of

ammonia molecule. The dissociation reaction,

mt ^=~ NH + H
+

pK = 9.5

+ -2 5
indicates that at neutral pH, the fraction ML/NH, equals 10 . Since the

ground waters studied were close to neutral pH, the ammonia present is essen-

tially all present as ammonium ion. Similarly, the ionic species of the re-

ported concentration of silica is determined. Silica is reported as SiCL,

but is actually present as silicic acid, Si (OH), • The dissociation reaction,

Si(OH)^ ;==* SiO(OH)" + H
+

pK = 9.$
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2 c;

indicates that the ratio SiO(OH)~/Si(OH), at neutral pH is 10 . In other

words, the ionic form (silicate) of 'silica 1 is negligible at the near-

neutral pH's encountered in the waters in this study. It is therefore assumed

that all of the silica present is in the nonionic form of silicic acid. Hence,

it does not enter into calculations of ionic strength.

"While boron is reported in the analysis as B, in natural waters, it is

generally present as borates, and not as elemental boron. Borates may be

Q —
)

present in any of the following forms: BO ~
, B0~, B, 0~ or B£°vf« I-fc mBy

also be present as undissociated boric acid, ' HJ30.. . Boron is determined

primarily because of its significance in the agricultural use of water. Its

importance in potable water supplies and the form of borate which naturally

occurs is not well known at the present (5>5) . It is assumed that boron in

the water is in the form of BO". It should be noted that, for a given weight

concentration of boron, the molar concentration of borate ions would depend

on the type of borate ion. However, the contribution of borate to the ionic

strength of water would be the same -whether the borate is monovalent metaborate

or divalent tetraborate. Because the mineral containing boric acid and hexa-

borate are less common, the assumption made appears to be reasonable.

The distribution of the bicarbonate and carbonate ions are determined by

the alkalinity and pH. From the definition of alkalinity normally applicable

to ground waters,

Alkalinity = HCO" + 2C0^ + 0H~- H
+

it is possible to calculate the individual species present knowing the equilib-

rium constant for the dissociation of water as well as the first and second

dissociation constants for carbonic acid, K-. and Kp. However, it is first

necessary to correct the equilibrium constants for the ionic strength and
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temperature. The temperature correction may be applied by using the Vant

Hoff fs equation,

-AH-
log K

T2
- log Kn - ^7l

x (1/T2 - VT1)

where K™, and K_
2

are the equilibrium constants at temperatures Tl and T2

respectively, and A E is the heat of reaction (SH„ (Products) - S H

„

(reactants) ) . An approximate correction for ionic strength is first applied

to the equilibrium constant K.., using the equation (56),

K
l

= K
l " ^' / (1 + i'^vV )'

I

where M- is the ionic strength calculated from the following equation,

M- = 0.00002!>x(Total Dissolved Solids)

The equilibrium constants K and K are corrected as,

K
2

= K
2 " 2/m'' (1 + 1^^' )

K
w

= Kw" /**' (1+ Wn')
i t i

The corrected equilibrium constants K, , K
?
and K are used to calculate the

bicarbonate and carbonate ion concentrations from alkalinity and pH measure-

ments. The concentrations so determined will be included in the calculation

of ionic strength of the water. The ionic strength is calculated as,

g i i

where c. is the molar concentration of ion of charge z.. From the calculated

value of ionic strength, the activity coefficients of individual ionic species

is computed from the Extended Debye Huckel limiting Law (EDHLL) , as given by

equation,

- log Y = 1 I B a/p,
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•where, y is the activity coefficient of ion of charge z.

,

A = 1.825xl0
6(eT)"1'^ and B = $0.3( « T)"°

#^

•where e is the dielectric constant of water at temperature, T, in degree K,

and "a" is a parameter corresponding roughly to the effective size of the

hydrated ion. The values of "a" have been estimated and reported by

Keilland ($7).

The calculated values of ionic strength and activity coefficients are

used in the recalculation of species of alkalinity (bicarbonate and carbonate

ions) and the procedure is repeated again to arrive at the final values for

the ionic strength and activity coefficients. These calculations were done

conveniently using a computer program. Table 5 summarizes the results of

these calculations. It may be seen from the table that while the activity

coefficients for most of the ionic constituents are close to unity, those

for iron, manganese, calcium, magnesium, sulfate and carbonate are signifi-

cantly lower. Because these are the ions of greatest importance in succeeding

calculations with respect to calcium carbonate and ferrous carbonate solu-

bility, it is evident that large errors would be involved in failing to

calculate the activity coefficients.

It is now possible to determine the degree of saturation with respect to

ferrous and calcium carbonate for the waters used in this study. From the

calculated values of K , K_ and K , corrected for temperature as per Vant
w i. c

Hoff 's equation, a pC-pH diagram is constructed as shown in Figure 2. The

total carbon, CL,, is first calculated by computing the concentration of

H-CCL (total C0
2 , free and dissolved combined) from the first dissociation

constant K, , and adding to it the concentrations of bicarbonate and carbonate

ions. Figure 2 represents the water at Urbana, Illinois. From the figure,
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TABUS 5

IONIC STRENGTH AND ACTIVITY COEFFICIENTS FOR
RAW WATER CONSTITUENTS AT URBANA AND RANTOUL, ILLINOIS

Raw Water at
Ion Lland's Urbana, Illinois Rantoul, Illinois

a c^, moles/l activity-

coefficient
c^, moles/1 activity-

coefficient

6 1.97x10 p 0.6902 5.01xlO"5 0.6819

6 3.6xlO~7 0.6902 1.82X10"
6

0.6819

3 7.86xlO~^ Q.90U3 2.00x10"^ 0.9010

k 1.6lxl0""
3

0.9068 6.09x10"^ 0.9037

6 I.li7xl0~
3

0.6902 1.U9X10"*
3

0.6819

8 9.75X10"
1*

0.7031 l.£LxlQ~3 0.6955

3 9.2ijxlO"^ 0.90143 - -

3 1.58xlO~* 0.90ii3 l.$8xL0"^ 0.9010

U 1.25x20"^ 0.6762 3.12x10"^ 0.6670

3 - - 1.61X10
-6

0.9010

3 - - $.6kx2D~* 0.9010

U 6.U7xlO"
3

0.9068 6.63xlO"
3

0.9037

5 U.71xlO"
6

0.683U 7.UX20"*
6

0.67U6

9 7.9ipcl0"
8

0.9177 5.01xKf
8

0.9153

3 S.OIxLO
-8

0.901*3 6.l6xlO"
8

0.9010

Fe +2

Mn +2

m
h

+1

Na +1

Ca +2

Mg +2

B -1

F -1

SO,
4

-2

NO -1

CI -1

HC0
3

-1

co
3

-2

H +1

OH -1

Ionic strength 0.009101 moles/1 0.009929 Moles/1
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L I . J-O XS J.0

molar. The concentration of calcium is l.U7xlO molar.

the CCL ion concentration at the average raw water pH of 7.16 is 10*

The ion product for CaCCL, including activity coefficients is,

Q
c co

= 0. 6902x1. U7xl(f
3x0.683bcicf^

3

=io"
8 - 57

The equilibrium solubility product for CaC0
3
, Ksp = 10" at 2$ (£3),

i

corrected for temperature by Vant Hoff 's equation is found to be K =

-8.22
10 *

. The quotient Q/K is calculated to be

Kp> Caco
3

= i°-
8 -57Ao-

8 - 22

= O.JxU6

It may be noted here that the value of the quotient Q/K indicates the

solubility condition.When Q/K = 1, the solution is saturated. When Q/K is

less than 1, the solution is undersaturated and Q/K greater than 1 represents

supersaturation. The raw water at Urbana is thus calculated to be under-

saturated with respect to GaC0_. Similarly, for ferrous carbonate,

QFeC0 = 0.6902x1.97x10"^ x 0.683U x 10"^

= 10
-10.iiii

The equilibrium solubility product for FeCO , K = 10"1 at 25°C (58),

corrected for temperature is found to be K = 10~ . The quotient Q/K

is calculated as,

«<Wo
3

= u-^/io-10 - 1'8

= 1.1096

The raw water at Urbana is thus found to be supersaturated with respect to

FeCO .
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Similar calculations for raw water at Rantoul showed that,

Q
CaC

3
= 10

"8,1
°

•
K>aC0

3> " 10
" 8 ' 20 "*

(Q/K)
0aC0

3
= °- 631

QFeC0
3

= 10
"9 ' 87

«
K
sp(

FeC0
3> = m

'1°' kk
"*

(Q/K
>FeC0

3
= 3 ' 725

The raw i^ater at Rantoul, Illinois, is found to be undersaturated with

respect to CaCCL solubility and supersaturated with respect to FeCO- solu-

bility.

It should be pointed out that the above represents theoretical calcula-

tions, subject to the accuracy of the equilibrium constants employed. Since

in many cases the equilibrium constants are not known with great precision,

the condition of saturation calculated are only indicative of the solubility.

It should also be mentioned that these conclusions refer to raw water at

ground level where the measurements were made. The situation may be different

when the water was underground in contact with the minerals. The aeration of

raw water also alters the saturation condition by increasing the carbonate

ion concentration (with increasing pH) and decreasing ferrous ion concentration

(with oxidation of ferrous iron).
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III. ANALYTICAL METHODS

Sanitary Engineers tend to accept "Standard Methods ' (59) as the bible

of analytical determinations. While reporting results of an investigation,

it is not enough to simply mention that Standard Methods procedures were used,

because of the existence of more than one method for certain determinations.

For example, of the 59 tests for "Physical & Chemical Examination of Natural

& Treated 'Water in the Absence of Gross Pollution" described in the Standard

Methods, 30 have one method each, 12 have two methods each, Ik have three

methods, two have four methods, and one test has eight methods. Different

methods for the same determination rarely give the same result. In addition,

many investigators adapt or modify the Standard Methods procedures to suit

their particular needs. It is therefore imperative that the procedure used

be described so that the numbers reported would be more meaningful to others

engaged in similar work. It is particularly important to describe the proce-

dure if it is not found in the Standard Methods. With this in mind, the

following tests are described as to the procedures used and reasons for

departures from Standard Methods wherever made: temperature, pH, dissolved

oxygen (DO), alkalinity, hardness, ammonia nitrogen, nitrite nitrogen, nitrate

nitrogen, total iron, total and filtrable ferrous iron, silica, chemical

oxygen demand (COD), and total plate count.

Each sample was collected in a temperature-equalized one-liter beaker,

except the sample for dissolved oxygen which was directly collected into the

DO bottle. Aliquots of sample were taken from the beaker for pH measurement,

ferrous iron (filtrable and total), total iron, silica, and chemical oxygen

demand (total and filtrable) tests immediately after collection. The re-

mainder of water sample was transferred to completely fill a quart-size
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polyethylene bottle and capped. The total iron aliquot was transferred into

a 12^-ml erlenmeyer flask as storage of sample in polyethylene could affect

the total iron determination by absorption on bottle surface. Samples for

bacteriologic examination were collected directly in sterilized DO bottles.

All colorimetric determinations were made using a Beckman Spectrophoto-

meter, Model DU, using 1-cm cells. The same set of cuvettes was used in a

given test, with marked cells for sample and reference solutions, in order

to minimize the errors due to unmatched pairs. Extra care was taken to check

the and 100 percent transmittance settings of the instrument before and

after each sample was read.

Demineralized water was used in the preparation of all reagents. Analyses

were performed generally in accordance with the procedures described in the

eleventh edition of Standard Methods, and are described briefly here.

Temperature was measured using a mercury thermometer graduated to a tenth

of a degree centigrade. All temperature measurements were made within a

minute of collection of sample in the beaker.

A battery operated Beckman Model N pH meter was used during the work at

Rantoul. For the work at Urbana, pH was measured using a Beckman Expanded

Scale pH Meter and a combination electrode. The pH meter was standardized at

the beginning of a set of measurements. Occasionally, the drift of the Beck-

man Expanded Scale pH meter was checked at the end of the measurements in a

set of samples, approximately an hour later. The drift of the instrument was

never greater than 0.0U pH unit and hence no correction for drift was made.

The pH meter was standardized at room temperature, 2$ C using a prepared

Beckman buffer solution. However, water sample temperatures ranged from 15>

to 18 C most of the time, except in the case of samples from one filter unit

in which the temperature was about 22°C. Instrument corrections were applied
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to the observed values of pH in stoichiometric calculations (0.003 unit per

degree centigrade as determined by the pH meter) in order to take into account

the difference between the temperatures of standardization buffer and water

samples. The pH of samples was read to a hundredth of a unit. All pH

measurements were made within one minute of collection of sample.

Dissolved oxygen was measured according to the azide modification of the

Winkler Method described in the Standard Methods. The samples were collected

into DO bottles with a delivery tube inserted down to the bottom of the

bottle. At least twice the volume of bottle was displaced. The DO samples

were fixed immediately after collection by the addition of MnSO, and alkali-

iodide-azide reagents and acidification after the precipitate had settled

down. The titration of the sample was carried out at a convenient time within

a day.

Alkalinity was determined according to the Standard Methods procedure

using the methyl orange indicator for Rantoul water, and for first few weeks

of work with Urbana water. A buffer solution of pH J4..6O was prepared as

described by Clark (60) so that the color at the end point of the alkalinity

titration may be compared to the color of the indicator at the end point pH,

U.6. For most of the work at Urbana, a Corning pH Meter, Research Model 12,

with Corning glass and calomel electrodes, and an autothermocompensator

electrode, was used. The end-point pH was experimentally determined for a

few water samples initially by noting the pH at which the rate of change of

pH was greatest for small additions of titrant. This end-point pH was found

to be between 1;.60 and U.65>. The alkalinity titrations were made within two

days of collection of samples, the samples having been refrigerated after

collection. Refrigeration was necessary to minimize the bacterial alteration

of alkalinity, which was found to be significant at room temperature over a
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period of a day. Also, the use of pH meter with autothermocompensator was

desirable because of temperature effects of refrigerated samples on the pH

of solution.

Hardness was determined according to the Standard Method procedure

employing EDTA as titrant with Eriochrome Black-T as indicator. The deter-

minations were made within two days after collection of samples, the samples

having been refrigerated.

Ammonia nitrogen was determined according to the Standard Methods

procedure using the distillation and nesslerization method during the work

at Rantoul. The samples were acidified with concentrated HC1 at one ml/

liter prior to transportation of samples from Rantoul to Urbana and also

samples were analyzed within one day. For the work at Urbana, the direct

nesslerization method described in the Standard Methods was adapted with

some modifications. The Standard Methods procedure calls for precipitation

of hardness with caustic soda at a pH of 10.5 before filtration and nessleri-

zation of samples. However, it was found that for the water samples at

Urbana, a pH of 10.5 was insufficient to precipitate the hardness completely

and the residual hardness interfered with nesslerization by forming a precip-

itate. It was therefore necessary to increase the pH to 11, and this was

found to be satisfactory. The procedure as modified compared very well with

the method of distillation and nesslerization and found to agree within 5>

percent. The direct nesslerization method as modified was used in all of

the work at Urbana. The ammonia nitrogen determination in the work at Urbana

were made generally within 6 hours, and always within 12 hours, the samples

having been refrigerated after collection. Overnight storage of samples

in the refrigerator without acidification was found to have no noticeable

effect on the results.
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Nitrite nitrogen was determined according to the Standard Methods

procedure. Addition of reagents for color development, and reading of the

color were all synchronized with a stop watch so that each sample had the

same time for color development. This minimized the errors due to variation

in time for color development. Standards solutions were often used with the

samples for the purpose of calibration. Determinations were made within

one hour of collection of samples.

Nitrate nitrogen determinations were made according to Standard Methods

procedure using the brucine sulfate method. This method is sensitive to many

variables in the procedure, particularly the time of color development. The

time of addition of reagents and measurement of color was synchronized with

a stop watch in a given set of samples to ensure precision in the determina-

tions. A set of standard solutions was always used to obtain a calibration

curve for each set of samples. Determinations were made within two hours

following the collection of the samples.

Total iron was determined according to the Standard Methods procedure

using the orthophenanthroline reagent but with changes in the amount of

reagents added. Two milliliters of hydroxylamine hydrochloride and five

milliliters of orthophenanthroline reagents were used in the place of one

and two milliliters respectively described in the Standard Methods. At least

30 minutes were allowed for color development, but not more than two hours.

The samples were analyzed within two days.

The ferrous iron determination was perhaps the most critical in this

study. 'When the bathophenanthroline (U-7 diphenyl, 1-10 orthophenanthroline)

method was first described for the determination of ferrous iron, it showed

great promise (6l) . The proponents of the method claimed that the factors
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contributing to the superiority of the bathophenanthroline-ferroin reaction

are:

"Specificity- The familiar acid anions of hydrochloric,
sulfuric, nitric, acetic and perchloric acids do not
interfere. If copper is present, certain anions such
as iodide, thiocyanate, cyanide, thiosulfate, sulfide
and phosphate may cause precipitation, but such pre-
cipitates do not interfere with the quantitative extrac-
tion of the ferrous complex.

The following metal cations: Li, Na, K, Be, Mg,
Ca, Sr, Ba, Ce"", Pr"*, Ce*" and the rare earth

'

metals in general, including Th*"", Ti**", Zr***",
V as vanadate and vanadyl ion, Cr'"*, W" *'"

f U *,

lln", Fe
# ", Ru", Os , Ni", Pd**

#

, Pf",
Ag', Zn, Cd, Hg", Hg*, B"', AT", Ga'", Tl, Sn"*',
Sn", Fb

,#
, P , As , As'", and Be*" do not

interfere. Tellurates and selenates are reduced to the
metal by hydroxylamine . Cobalt forms a light yellow
color but is not extracted from acid solution. " "The

reagent reacts with no known metal ion other than Fe * *

,

to give a colored complex that can be extracted by iso-
amyl alcohol at pH U.O.

"

In spite of the impressive claims quoted above, the applicability of the

bathophenanthroline method to natural waters appears to be in doubt. The

method has been modified by Lee and Stumm (62), Shapiro (63) and Ghosh (6U).

The essential features of most of the adaptations of the bathophenan-

throline method are:

(a) acidification
(b) pH adjustment
(c) color development
(d) extraction of color complex
(e) measurement of color

lee and Stumm proposed boiling the water sample with acid (one milliliter

of concentrated HC1 per 25 ml sample) to free the ferrous iron chelated by

organic matter. Shapiro showed that such a procedure could reduce ferric

iron to ferrous iron. Ghosh et al . (65) recommended adding enough acid to

lower the pH to about 1.0 to 1.5. However, Ghosh (6k) used 0.5 ml concen-

trated HC1 per 5 to 10 ml sample, resulting in a pH considerably less than

1.0. Since the addition of acid may not result in the instantaneous dis-
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solution of precipitated ferrous iron, a certain amount of time is necessary.

Because boiling may involve reduction, acidification and letting it stand

at room temperature appears to be desirable. Since reduction could take

place even at room temperature over a period of several hours according to

Shapiro, a reasonably short reaction time, sufficient to dissolve all precipi-

tate, would be desirable. There is no indication of any time allowed for this

in Ghosh's procedure.

After the acidification, pH adjustment was made by either sodium acetate

solution or a sodium acetate-acetic acid buffer to raise the pH to U.O. There

is general agreement about this step among all workers.

The color development step appears to be variable according to different

workers. Lee & Stumm said that bathophenanthroline reagent was added and

mixed after pH adjustment. Shapiro suggested that if pH adjustment was made

after addition of bathophenanthroline, higher absorbance was observed for the

resulting complex. In the procedures of Ghosh, a IS minute color development

was allowed after the addition of bathophenanthroline and before color extrac-

tion (l|l), whereas, other workers did not specify how much time was allowed

for such a color development. From the current study, it appears that the

formation of a colored complex in a standard solution of ferrous iron appears

to be complete in a matter of few seconds.

Extraction of the colored complex by either iso-amyl alcohol or hexanol

again appears to be important. Ghosh noted that as the aqueous and alcohol

phases were allowed to separate, if more than 5 to 10 minutes were allowed,

an increase in the color of the alcohol phase was observed. An increase in

color was also noted by Ghosh in the alcohol phase even after the aqueous

phase had been separated. But this increase was reported to be smaller than

that occurring in contact with the aqueous phase. Lee & Stumm said that 5 to

10 minutes should be allowed for adequate phase separation.
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Measurement of color in all cases was made at 533 mn- on the spectro-

photometer. Whereas Lee & Stumm have recommended reading of the color

within 10 minutes after extraction, this may not be possible when samples

have to be transported long distances as in the case of Ghosh's work.

On the basis of the discrepancies noted above in the procedures reported

in the literature, it was found necessary to investigate, as part of the

current studies, the influence of various parameters on the determination of

ferrous iron by bathophenanthroline. It was first recognized that the initial

acidification was desirable to dissolve any precipitated ferrous iron. For

the water used in the study in Urbana, five drops of 1+1 H
p
S0, was found to

be sufficient to lower the pH to about 1.5. In order to determine how much

time would be needed for dissolution of precipitated ferrous iron, as well as

to determine the effects of allowing a 1$ minute color development after the

addition of bathophertanthroline, a series of tests were made. Eight identical

aliquots (25 ml) of aerated and settled ground water at Urbana (total iron,

l.Olj. mg/1) were taken for analysis. Aerated and settled water sample was

taken to include the effects of precipitated ferric iron in the determination.

All aliquots were acidified as described above immediately after collection.

The addition of buffer and bathophensjithroline were made one minute, and one,

two and six hours after acidification in sets of two aliquots each. Fifteen

seconds of mixing after adding the acid, buffer or bathophenanthroline was

provided. One of the aliquots in the set was extracted immediately after

mixing with the bathophenanthroline, while the other was extracted after 15

minutes of color development as in Ghosh's procedure. The aqueous and alcohol

phases were allowed to separate for about 10 minutes and the extracted color

was measured within 15 minutes. The same color was also measured one, two,

six and 2U hours after extraction to see the effects of storage at room temper-

ature. Table 6 shows the results of these tests.
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From Table 6 it can be seen that, when no time was allowed for color develop-

ment, the one minute acidification time gave a low value of 0.1£) mg/1. The

value remained almost constant between one and six hours at 0.23 mg/1. It is

quite likely that the increase in indicated ferrous iron occurred soon after

acidification. However, a time up to six hours appears to be permissible.

On the other hand, when 1$ minute color development was allowed, a higher

value was obtained even when one minute acidification time was allowed. The

indicated ferrous iron concentrations were excessively high for acidification

times of one to six hours, indicating some reduction of ferric iron to ferrous,

In view of the fact that color development in standard ferrous iron solutions,

as in the determination of calibration curves, when ferrous iron is in the

+2
form, Fe , is almost instantaneous, and also considering that acidification

has dissolved all precipitated ferrous iron so that all ferrous iron is in

+2
Fe " at the low pH, the suggestion of Ghosh that a l£ minute color develop-

ment time is required appears to be questionable. Besides, such a step may

interfere by permitting some reduction of ferric iron as found in the tests

above. The extracted color complex, whether or not time was allowed for

color development in the aqueous phase, appears to be increasing in intensity

by approximately same magnitude. For one minute of acidification, the net

increase in the extracted color over a period of 2ii hours was 0.22 mg/1 in

case of no color development, and 0.20 mg/1 in case of color development.

'With one to six hours of acidification, the increase was O.li; to 0.15 mg/1

in case of no color development, and 0.11 to O.lli mg/1 in case of color

development.

In another series of tests as above, the effect of suspended matter

including the precipitated ferric iron was evaluated. Four aliquots of

aerated settled water samples were taken, two of them after filtration through
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a0.lt5 micron membrane filter, and acidified. After three hours of acidifi-

cation, the total ferrous iron in the unfiltered samples were, 0.1f> mg/1 with

no color development, and 1.13 mg/1 with If? minute color development. The

filtered samples however indicated the ferrous concentration to be 0.06 mg/1

with no color development, and 0.08 mg/1 with color development. Thus, it

may be seen that the high value of ferrous iron concentration in unfiltered

sample with color development was probably due to reduction of suspended

ferric iron precipitate. The reducing agent in such cases may be substances

naturally present in the water such as sulfides or the bathophenanthroline

reagent itself. The alcohol-water mixture existing during the color develop-

ment step apparently changes the behavior of reducing agents, and accelerates

the reduction process. Longer detention following acidification appears to

especially favor such reductions. In view of the above tests, it is concluded

that the color development step was undesirable, and hence was not used in the

procedure used in this investigation. The procedure used in the determination

of total ferrous iron is:

1. Acidify a 25 ml aliquot of sample in a separatory
funnel immediately after collection xri.th 5 drops of 1+1
H2SO) acid, and mix gently for about 15 seconds, to lower
the pH to about 1.5.

2. After one hour of acidification (usually it was
two to three hours in this work) add six ml of Sodium
acetate-acetic acid buffer (pH U.O) and mix gently for
about 15 seconds.

3. Add 1$ ml of 0.001 M bathophenanthroline solution
in 50 percent ethanol and mix gently for about l£ seconds.

k- Add 10 ml of iso-amyl alcohol and shake vigorously
for about one minute and let stand for separation of phases.

£. After 10 minutes, but within 15 minutes, draw off
and discard the aqueous phase carefully.

6. Draw off the alcohol phase in a volumetric flask,
rinsing the separatory funnel with ethanol and making up the
volume in the volumetric flask with ethanol.
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7. Within 15> minutes of extraction, measure the color
intensity of ferrous complex in the Spectrophotometer at

£33 m \x .

The concentration of ferrous iron was determined using a calibration curve

obtained after standard solution has been carried through the above procedure.

A double check of the standard solution was made by preparing standard solu-

tions from iron wire and ferrous ammonium sulfate (reagent grade). The

agreement between the two standards was very good.

A further test of the applicability of the procedure to the natural

system was made by the "internal standard" method. Eight identical aerated

and settled ground water samples were taken in separatory funnels and acidi-

fied. Standard solution of ferrous iron (0.002 mg/ml) in the amounts of 5>,

10, and 20 ml were added to duplicate flasks for checking the reproducibility.

After two hours of acidification, the colored complex was extracted from each

flask and the absorbance xras measured. The calculated and observed absorbance

of samples to which standard ferrous iron solutions have been added are com-

pared in Table 7. It may be seen from Table 7 that the calculated total

absorbance agreed very well with the observed absorbance. This internal

standard method also indicated that there was no chelation of ferrous iron in

the water being studied, as otherwise some of the added ferrous iron would have

been 'lost ' by chelation in the determination. These studies lent further

credence to the procedure used in the work reported here.

The increase of color intensity of the ferrous complex with time after

extraction was investigated to some extent by obtaining the absorption spectra

immediately and 2k hours after extraction. The spectra are shown in Figure 3,

which indicates that a large amount of the increase of color was observed

which may be due to reduction of ferric iron. It was observed that even a

standard ferrous iron solution increased in color intensity very slightly over
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TABLE 7

INTERNAL STANDARD METHOD FOR TESTING THE HIOCEDURE
OF FERROUS IRON

Composition Observed Absorbance Calculated Absorbance
of sample Aliquot 1 Aliquot 2 Average Sample only Added Fe~* Total

Sample only 0.038 0.038 0.038

Sample+O.Olmg

Fe+2 0.100 0.102 0.101 0.038 0.068 0.106

Sample+0.02mg
Fe+2 0.177 0.172 0.17U 0.038 0.136 0.171*

Sample+O.Olimg

Fe+2 0.316 0.318 0.317 0.038 0.272 0.310

"The absorbance due to the added ferrous iron was read off the calibration
curve.

a 21; hour period, which may be due to nature of the complex itself. But

because all measurements of color were made within 1$ minutes after extraction

for the work at Urbana, there was no reason for concern in this regard. How-

ever, during the work at Rantoul, transportation of samples may have involved

up to five to six hours of delay in reading the color. The error in this case

was neglected because the total ferrous iron concentration in settled and

filtered water was very low. Filtrable ferrous iron was determined by first

filtering the sample through a 0.U5 micron membrane filter using the above

procedure.

Silica was determined according to the Standard Methods procedure using

the colorimetric molybdosilicate method. The pretreatment of digestion of

sample with sodium bicarbonate was omitted, and only the molybdate-reactive

silica was determined. Also, the standard solution used in the preparation

of calibration curve was not standardized by gravimetric analysis; instead,
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Wavelength, mp,

FIGURE 3. EFFECT OF STORAGE ON THE ABSORPTION SPECTRUM OF FERROUS-

BATHOPHENANTHROLINE COMPLEX
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the standard solution was prepared from reagent grade sodium metasilicate

nona-hydrate. The silica determinations were made within one hour of

collection of samples.

Chemical oxygen demand (COD) test was determined according to the 12th

edition of the Standard Methods using the alternate procedure of dichromate

reflux method for dilute samples. Because water samples of low COD were

involved, the concentrations of standard dichromate and the titrant ferrous

ammonium sulfate were reduced as given in Standard Methods. Two hours of

refluxing was allowed. In determining the COD of deposits of sand taken

from filter beds, a known wet weight of sand sample was taken in the reflux

flask with 20 ml of demineralized water in the place of 20 ml of sample.

The results of the tests were extrapolated to the wet weight of the sand

sample taken. Additions of dichromate and silver sulfate were made immedi-

ately after collection of sample, but addition of acid and refluxing was

generally done within eight hours. The titration was carried out within a

day.

Total plate count of bacteria were made according to Standard Methods

procedure, using nutrient agar as the medium. An incubation temperature of

20 C and time of 1;8 hours was used. The bacteriologic water samples were

collected in sterilized DO bottles and placed in an ice-chest immediately.

Plating of samples was done within eight hours.

When counts of bacteria on sand samples from the filter bed were to be

made, a known wet weight of sand was added to $0 ml of sterile water in a

flask and shaken vigorously for two minutes. The resulting suspension was

used in plating. The counts from plates were related to the wet weight of

sample. Because moisture content of wet sand varied between a narrow range

of l£ to 20 percent, the results were expressed on a wet weight basis.
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IV. PIIDT PLANT STUDIES AT RANTOUL, ILLINOIS

General

A natural water supply was used in this investigation rather than a

synthetic water. In order to obtain a continuous raw water supply it was

necessary to locate the pilot plant at a municipal water treatment plant.

Since the water treatment plant at Urbana derives its raw water from many

wells situated far apart from each other with varying raw water characteris-

tics, it was thought desirable to locate the pilot plant at Rantoul, Illinois.

The Water Softening Plant at Rantoul, Illinois, has four wells within a

distance of about 25>0 yards. The raw water characteristics from each well

are similar, with minor variation in some constituents. Also, at Rantoul,

Illinois, the raw water contains iron and ammonia in sufficient amounts

thought to be necessary for studies reported here.

Raw water tapped from the raw water intake pipe of the Rantoul plant

was first passed through a constant head device as shown in Figure U. The

constant head device was an overflow type, with the overflow going to waste.

The constant flow obtained from this device was passed through a multiple-

pass aerator. Aeration was accomplished by passing compressed air through

a porous stone diffuser. The aerator provided a detention time of about two

minutes. This was sufficient to raise the dissolved oxygen concentration

from near-zero in the raw water to near-saturation in the aerated water. The

aerated water was allowed to settle in a plexiglass tank, kh inch x 12 inch x

20 inch in size. A baffle wall with perforations was provided at the midpoint

of this tank to prevent short-circuiting of flow. The theoretical detention

time in this tank was about one hour. A V-notch type effluent weir collected

the settled water.
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The settled water flowed by gravity into a distributor which was open

to the atmosphere. Each filter unit was connected to an outlet from this

distributor. An overflow was. provided for this distributor so that the flow

through the aerator and settling tank could be held constant even while an

individual filter was being backwashed.

The filter units consisted of six-foot lengths of \ inch thick plexi-

glass tubing, (3 inch ID). A 30 inch sand bed was supported on four inch

gravel by a perforated plate at the bottom of the filter unit. The sand

used in these filter beds had an effective size of 0.£ mm and a uniformity

coefficient of 1.6. Holes on the side of the plexiglass tubing were pro-

vided for the purposes of obtaining sand or water samples at different depths

whenever desired. These holes were normally stoppered tightly during opera-

tion. Four filter units were supported on a wooden frame. U-tube mercury

manometers were used to indicate the headloss across the sand beds. Each

manometer was connected to a filter unit.

The filtered water from the filter unit passed through a rate-of-flow

control box. The rate-of-flow control box consisted of a tank float regu-

lating the flow from the filter into this box, and an outlet at the bottom of

the box. The outflow from the box was adjusted to give a rate of flow through

the filter of 2 gpm/sq ft. The purpose of this device was to maintain through-

out a filtration cycle, a nearly constant total headloss equal to the differ-

ence between the water levels in the distributor and the box. At the beginning

of a filter run, the tank float in the rate-of-flow control box caused a maxi-

mum headloss when the headloss through the filter bed was a minimum. As

clogging of the filter bed proceeded during filtration, the float valve

opened more, thus reducing the headloss through it. The water level in the

rate-of-flow control box decreased as the float descended to open the float
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valve. Because the rate-of-flow control box was only 12 inches deep, the

lowering of the water level in the box diminished the outflow. Therefore,

the outflow from the box had to be adjusted manually to take into account the

variation in the water level. This proved to be time-consuming, but necessary,

in order to maintain a reasonably constant flow through the system.

Gardenhose, 5/8 inch ID, and plastic tubing of varying sizes were used

in the hydraulic connections between different units of the pilot plant.

Difficulties were encountered occasionally when partial clogging of hose and

tubing due to deposits of iron precipitates or to air-binding caused a

reduction in the flow through the system. As a result, only about one-third

of the 128 filter runs had a rate of filtration of 2 gpm/sq ft within + 10

percent. Only these runs were taken into account in the average values re-

ported in this section. Since the variations in the flow were greater in the

other filter runs, the results were disregarded.

Pilot Plant Operation and Procedures

The four filters of the pilot plant were designated filters A through D

for identification. All filter runs were consecutively numbered; a new run

beginning with the beginning of filtration after a backwash operation. Five

minutes of backwash time was arbitrarily chosen and found to be sufficient to

give a clear backwash water at the end. The following is the chronology of

experimental work.

On June 12, 1967, the pilot plant was placed into operation, beginning

Run 1, with clean sand in the filter beds. Initial operation of the pilot

plant indicated that the filter runs could last as much as about l\Q hours

with terminal headloss of eight feet of water. However, with successive runs,

the length of filter run decreased over a three week period to about 2k hours.

A serious problem in the cleaning of the sand bed during backwash was en-
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countered after one week *s operation. At the end of filter run, a filter

cake of about one to one and a half inches thick accumulated at the top of

the filter bed. During a normal backwash procedure, this cake would break

into lumps and settle down to the gravel layer when the backwash water was

shut off. As a result, a simple backwash failed to clean the sand that had

formed into a filter cake and allowed the caked sand, commonly called mud-

balls, to accumulate. The formation of filter cake and mudballs was primarily

due to the nature of the suspended material being removed by the filter. In

this case, the suspended matter was, primarily, ferric hydroxide floe in

colloidal suspension.

At the end of Run 7, on the l£th day, the filters were disconnected, and

the settled water was bypassed to waste. The sand from each filter unit was

taken out and the mudballs were removed. The sand was replaced in the filter

units after cleaning. Operation of the pilot plant was then resumed, with

the length of the filter runs set at about 2\\ hours with the hope of avoiding

the formation of filter cake and mudballs. However, the problem persisted.

Ultimately, surface wash devices had to be installed in order to break up the

filter cake prior to backwashing.

At the end of Run 17, on the 27th day, the accumulated mudballs were re-

moved as before and surface wash jets were installed. Glass tubing, \ inch ID,

bent at right angles, was placed in such a way as to direct the jet of water

down on the filter cake; the tip of tubing was about l^ginch above the sand

bed surface. In subsequent filter runs, it was found that about two minutes

of surface wash at about hO gpm/sq ft of wash water flow was sufficient to

completely break up the filter cake prior to backwashing. This rate of appli-

cation of wash water is not representative of any design parameter, but,

rather, was found to be required under the operating conditions. Similarly,





3'0

the rate of backwash water was about 30 gpm/sq ft, providing about 50 percent

expansion of the sand bed. It may be mentioned here that the theoretical

rate of wash water required is calculated to be about 10 gpm/sq ft. The high

rate was required mostly due to the wall effects of filter tubes during back-

wash, though the wall effects during normal filtration was negligible (66).

With the installation of the surface wash devices, the problem of mudball

formation was eliminated.

Water samples (raw, aerated, settled and filter effluents) were often

taken for the determination and analysis of temperature, pH, DO, iron, alkali-

nity, hardness and ammonia, and total plate count. The results of such analy-

sis formed the basis for the study of the progress of bacterial growth on the

filter sand.

During Run 1;8, on the 59th day, samples were taken of the raw, aerated,

settled water and the filter effluents of Filters B, C and D, at four hour

intervals from the beginning of filter run to the end, for analysis in order

to ascertain the variation in the water quality during the run. This analysis

showed that the ammonia and DO present in the filter influent were depleted

during filtration.

At the end of Run 59, on the 71st day, Filter A was backwashed as usual,

and was disconnected from the pilot plant. The sand was removed from this

unit and used in studies of the kinetics of the uptake of potassium perman-

ganate by the filter sand, as described below.

Uptake of Potassium Permanganate by Filter Sand

Aliquots of 200 grams (wet weight) of sand taken from Filter A were

placed in one-liter beakers. A solution of KMnO, in 0.1 N Na„C0_ was used

to obtain a pH of about 10.5. At this pH, the KMnO, is reported to be most

effective in oxidizing organic matter (67). The following concentrations of
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KMnO, solutions were prepared: 25>0 mg/1, 500 mg/1, 1000 mg/1, 2000 mg/1 and

5000 mg/1. Measured amounts of these KMnO, solutions were added to the

beakers containing the wet sand and liquid samples were withdrawn from the

beakers to determine the concentration of KMnO, remaining, at regular inter-

vals of time. Applying corrections for the amount of permanganate withdrawn

for the analysis, the cumulative uptake of KMnO. in mg for the 200 grams of

sand in each beaker was calculated.

On the 73rd day, at the end of Run 61, the filters were backwashed as

usual. Filters B and C were then treated with potassium permanganate solu-

tion at the concentration and contact time determined in the kinetic studies.

Filter D was left as a control. The procedure used in the permanganate treat-

ment was as follows:

Filters B and C to be treated were drained. Potassium permanganate

solution, 5000 mg/1 in 0.1 N Ua
p
C0_, was allowed to flow by gravity from a

5-gallon carboy into the filters through the backwash lines, until the filter

sand was completely submerged. Thereafter Filter C was kept agitated using

compressed air applied through the backwash lines while Filter B remained

quiescent. The filters were left in contact with KMnO, solution for three

hours. The permanganate solution was then drained from both of the filters,

and the filters were backwashed again until the backwash water was free of

any permanganate color. The filters, including the control, were then re-

turned to operation. Sand samples from filter beds of Filters C and D at

depths of U.5 and lk.5 inches from the top of bed were taken both before and

after the permanaganate treatment so that bacterial counts could be made.

VJater samples were also obtained at the end of Run 6l and at six-hour inter-

vals during Run 62 to evaluate the effectiveness of treatment. Occasional

sampling of the water continued through successive filter runs so that the

regrowth of bacteria on the filter sand might be observed.
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On November 7, 1967, after Run 128, on the lU9th day, the pilot plant

operation at Rantoul, Illinois was terminated.

Results & Discussion

The progress of bacterial growth in the filters was followed by measuring

the dissolved oxygen concentration in the filtered water and the depletion of

ammonia during filtration. Oxidation of the ferrous iron in the raw water

was almost complete at the end of the sedimentation period. The filters

satisfactorily removed iron continually giving an effluent that met the

U.S.P.H.S. Drinking Water Standards (U3). Table 8 shows the results of analy-

sis of samples taken during Run 35, (July 26-27, 1967), six weeks after the

pilot plant was placed in operation.

TABUS 8

WATER QUALITY DURING RUN 35 OF PILOT PLANT
STUDIES AT RANTOUL

Temp.
°C

Concentration in mg/1
Sample D.O. Ferrous

Fe
Total

Fe
NH -N Alk Hdns

Raw 13.5 0.0 1.52 - 1.3 367 30li

Aerated 13.6 7.3 o.U5 l.k 1.33 365 301

Settled 13.8 7.3 0.18 0.70 1.22 367 298

Eff . Filter A m.7 2.8 0.02 o.i5 0.85 3U8 301

Eff. Filter B lit.6 1.7 0.02 0.0 0.8 3U8 298

Eff. Filter G lii.8 1.7 0.06 0.03 0.6 31*8 306

Eff. Filter D LU.8 1.7 0.09 0.20 0.55 350 298
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Table 8 indicates that during the six weeks of the operation of the pilot

plant, conditions developed within the filters which resulted in a partial

depletion of ammonia and dissolved oxygen. The observed depletion of dis-

solved oxygen and ammonia was presumably due to bacterial activity.

Table 9 shows the results of Run 1*8, on the 59th day, showing the

variation in various parameters during the filter run. Some variations in

the concentration of ammonia were found in the raw, aerated and settled

water during the Run U8. The characteristics otherwise remained essentially

the same. The bacterial count was reduced by aeration considerably and was

essentially the same after settling. This reduction from raw water is con-

sidered unusual.

The filter effluents showed that nearly complete DO depletion took place

during filtration, though there was some variation in the ammonia-N concen-

tration. The average values of ammonia-N for all filters was low compared to

settled water concentration. The bacterial plate count increased during fil-

tration. Hardness remained essentially the same throughout. There was deple-

tion of ammonia accompanied by decreases in alkalinity and pH during filtra-

tion. These changes indicated the occurrence of nitrification in filters.

The results of the kinetic studies of potassium permanganate uptake by

the filter sand from Filter A is shown in Figure 5. It may be seen from the

figure that the initial rate of permanganate uptake (slope of the curves) is

greatest for the highest KMnO, concentration used, and all the curves approach

asymptotic values after about three hours. It should be recognized that the

moisture content of sand reduced the effective concentration of the perman-

ganate solution applied by an estimated 20 percent. From the kinetic studies,

it was concluded that a concentration of 5000 mg/1 of KMnO. in 0.1 Na
?
C0_ may

be used over a contact period of three hours for the purpose of oxidizing the

organic matter on the sand.





TABLE 9

ANALYSIS OF WATER SAMPLES DURIIC FILTER RUN 1;8

OF PILOT PLANT STUDIES AT RANTOUL

5U

Sampling
Temp PH

Concentrations, in mg/1 Plate
time after DO Ferrous Total NBL-N Alk Hdns count
backwash, °C units Fe Fe nos/ml
Hrs.

Raw V7ater

i 13.2 7.5 0.0 1.5 _ 1.1*6 376 329 1*90

5 13.2 7.5 0.1 1.35 - 1.31* - - -

9 13.2 7.5 0.1 1.25 - 2.20 359 322 11*30

13 13.1 7.6 0.3 1.15 - - - - -

17 13.0 7.6 0.0 1.6 - l.U 380 328 700
21 13.2 - 0.0 - - 1.8 - - -

25 13.0 7-7 0.0 1.6 - 1.7 382 331 71*00

Average 13.1 7.o 0.1 1-1* - "T^J" 37U 328 2505

Aerated water

1 13. h 7.8 7.1 0.82 l.ol* 1.76 371; 329 32

5 13. 1* 7.8 7.1 0.82 l.ol* 1.1*1* - - -

9 13.3 7.9 7.1 0.68 0.68 1.1*0 359 311* 9^>

13 13.2 7.9 7.2 0.61; 0.68 1.1*6 - - -

17 13.1 7.9 7.0 0.96 1.16 i.5o 376 328 112
21 13.2 - 7.1 - 1.56 0.72 _ - -

2$ 13.2 7.9 7.1* 1.06 1.31* 1.76 351* 319 231;

Average 13.2 7.9 7.2 0.83 1.07 1.1*3 366 323 118

Settled Water

1 13.7 7.9 7.3 0.17 1.0 0.66 370 331* 122

5 13.6 7.8 7.0 0.17 1.08 1.10 - - -

9 13.6 7.9 7.3 O.lU 0.61; 1.31* 361 325 138
13 13.7 7.9 7.0 0.08 0.68 1.56 - - -

17 13. 1* 7.9 7.0 0.38 0.38 1.26 376 325 126
21 13.2 - 7.1 - 1.6 2.81* - - -

25

13.5
7.9
7.9

6.9
7.1

0.2 0.32 1.7 359 317 31*6

Average 6.16 oTSl 1.1*9 367" 325" 183

Filter B

1 _ 7.5 0.2 0.03 0.01 0.0 357 325 1760
5 lU-ii 7.5 0.1 0.03 0.01 0.5 - _ -

9 1U.5 7.6 0.1 0.07 0.0 0.02 351* 328 21*30

13 ll*.3 7.6 0.1 O.Oii 0.0 0.02 - - -

17 13.8 7.6 0.1 0.07 0.38 0.0 363 325 291*0

21 lii.O - 0.1 - o.o5 0.0 - - -

25 1U.3 7.7 0.1 0.0U 0.07 0.02 31*0 319 1750
Average 1U.2 i.6~ 0.1 0.07 0.07 o.oB 351* 321* 2220





TABLE 9 (continued)
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Sampling
Temp pH

Concentrations, in mg/1 Plate
time after DO Ferrous Total NH,-N Alk Hdns count
backwash, °C units Fe Fe nos/ml
Hrs.

Filter C

1 _ 7.6 0.2 O.Oli 0.02 _ 363 328 6800

5 Hi. h 7.5 0.1 0.03 O.Ol; o.5U - - -

9 lk.3 7.6 0.1 0.05 0.0 0.26 3U6 322 1700
13 11;. 3 7.6 0.1 O.Oli 0.01 0.0 - - -

17 - 7.6 0.1 O.Oli 0.0G 0.0 359 325 2170
21 lU.o - 0.0 - O.Oli 0.0 - - -

25 Hi. 3 7.6 0.1 O.Oli 0.0 0.22 3li8 319 6300
Average Hi. 3 7.6' 0.1 O.Oli 0.03 0.17 35U 321i U2li0

Filter D

1 — 7.5 0.1 0.12 0.02 0.08 357 328 1790
5 Hi.5 7.6 0.1 O.Oli 0.0 O.lili - - -

9 Hi.ii 7.6 0.1 0.08 0.0 0.3U 350 319 3U30
13 - 7.5 0.1 0.01 O.Oli 0.6 - - -

17 lii.O 7.6 0.1 0.03 0.11 0.3 352 331 U900
21 Hi.O - 0.1 - 0.2 0.0 - - _

25 Hi. 3 7.6 0.1 0.07 0.0 0.3
0.29

3U6
35l

317
32TT

3700
Average Hi.3 7.6 0.1 6.06" o.o5 3U50

The permanganate treatment of Filters B and C was carried out at the end

of Run 61, on the 73rd day. The results of analysis of water samples taken

just before and during Run 62 are shown in Table 10. The variation in pH

and DO for raw, aerated and settled water samples was not significant. How-

ever, some variations were observed in the iron and ammonia concentrations

as also in alkalinity values. Averages are shown in the table so as to afford

a comparison of the values before and after treatment. Filter D, which was a

control, was not treated, and the characteristics recorded for this filter did

not change. Results for Filters B and C indicated that bacterial activity was

diminished as shown by the persistance of dissolved oxygen. Ammonia concentra-

tion values, while somewhat erratic, indicated that the utilization of ammonia

had virtually ceased.
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TABLE 10

57

ANALYSIS OF WATER DURING RUN 62 OF PIIDT PLANT

STUDIES AT RANTOUL

Sampling
pH

Concentration, in mg/1 Plate
time after DO Ferrous Total NH--N Alk count
backwash, Fe Fe nos/ml
Hrs.

Raw Water

-l* 7.6 0.0 1.35 1.6 2.7 _ 1260
1 7.5 1.1 1.65 1.9 1.7 31*1* 700
7 7.6 0.9 1.55 1.9 2.1 31*1* 1110

13 7.6 0.5 1.55 1.9 1.55 358 272
19 7.5 0.5 0.98 1.5 2.2 376 13500
2* «t 7.5 1.0 1.1 2.3 2.1* 350 2070

Average 7.5 0.8 1.37 1.9 1.99 351* 3530

Aerated Water

-1* 7.75 6.0 1.06 1.1 1.8 _ _

1 7.8 7.2 O.i* 1.31* 2.1 31*2 2U7
7 7.8 6.6 0.51* 1.1*1* 1.85 352 520

13 7.85 7.2 0.36 i.5o 2.1 31*8 11*6

19 7.6 8.3 0.1*1* - 2.86 378 1210
2* 7.7 7.1 0.35 1.1*6 1.1 31*8 211;

Average 7.8 7.3 0.U2 1.1*1* 2.00 35U 1*67

Settled Water

-1" 7.7 6.0 0.30 l.ol* 2.50 _. 330
1 7.8 6.5 0.12 1.2U 2.U5 352 61*0

7 7.8 6.3 0.15 1.1*8 1.1* 350 250
13 7.8 7.2 0.12 1.58 1.1 356 530
19 7.7 8.3 0.2 o.9i* 1.20 393 520
25 7.7 6.9 0.1 l.li* 1.1*5 372 302

Average"' 7.3 7.0 0.11; 1.28 1.52 365 hhQ

Filter B

-1* 7.5 0.1 0.02 0.06 1.01* _ 2020
1 7.9 7.1 0.01 0.1 l.li* 359 930
7 7.8^ 6.8 0.0 0.05 2.15 351* 1*50

13 7.9 7.6 0.0 0.08 3.1 31*6 195
19 7.7 8.3 0.0 0.08 2.1*5 395 i*70

25 7.75 6.9 0.0 0.1 3.05 365 267
Average"' 7.8 7.3 0.0 0.08 2.38 361; 1*62

-1 hr refers to one hour before the end of Run 61

'"The average is for values of Run 62 only. (-1 hr values are omitted)
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TABLE 10 (continued)

Sampling
PH

Concentration, in mg/1 Plate
time after DO Ferrous Total NH

3
-N Alk count

backwash, Fe Fe nos/ml
Hrs.

Filter C

-V 7.6 o.o5 0.01 o.oi* 0.65 _ lllOO

1 7.95 7.2 0.01 0.29 0.65 357 1*15

7 7.85 7.0 0.0 o.oi* 2.1 35U 178

13 7.9 7.6 0.0 0.07 2.8 350 137
19 7.7 8.1* 0.0 0.09 1.55 391 1*20

25 7.75 6.8 0.0 0.1 1.9 370 390
Average"

'

7.8 7.U 0.0 0.08 1.8 361* 308

Filter D

-1" 7.6 0.1 0.01 O.Ol* 0.7 _ 1720
1 7.5 o.o5 0.01 o.i5 0.7 3U2 3910
7 7.55 o.o5 0.0 0.1 0.7 31*2 11*90

13 7.55 0.1 0.0 0.07 0.7 3U0 11*20

19 7.5 0.1 0.0 0.07 0.7 37U 1920

25 7.55 0.1 0.0 0.13 0.3 359 910
Average"' i.i 0.07 0.0 0.1 0.6 351 1930

"-1 hr refers to one hour before the end of Run 61

"The average is for values of Run 62 only. (-1 hour values are omitted)

Table 11 summarizes the filtration parameters and their average values for

the filter runs in which the flow rate did not vary more than 10 percent. It

may be seen that the flow conditions, both initially and at the end of a filter

run, were essentially same both for the permanganate-treated and the control

filters. The length of filter runs also remained essentially the same, i.e.,

about 21* hours, at an average rate of flow of 2 gpm/sq ft. Following perman-

ganate treatment, there was a significant change in the initial and final

headloss readings in all the filters including the control. The reduction

in headloss values were not necessarily the effect of permanganate treatment

alone, even though the reduction was slightly more marked in permanganate

treated filters than in the control. It is felt that the loss of fines from

the filter sand through successive filter backwashings together with the effect





$9

Q
In
COpH
•H
(X)

0)P
CM

CM

CM
On

H

CM

q
CM

OS
NO CM

1A cA
CM

i
En

O
o

o

q ON ia c—H On o r- -=f CO
• • • • • •

CM r-\ CM o MD CA
CM

o

(A ON
On

NO
O
•

CM

o
"LA

en
CM

ON
o
CM

CO
On

CA
o
CM MD

"LA

CM

HH

pq

3
•

CM

in
On

CM
o
CM

On
vO <A

UN

CO

en
CM

CM

On
OO
«

CM

"LA

o
NO CM

CM

P

to

hfl

o
rH

CT$

•HP
•H

+3

co

bO

Irt

oH
«H

H
ctf

C
•H

-P

a1

co

to

oH
«H

CD

SP

I

©P

-p

P

13

W
oH
"S
a>

Xi

H
«i

•H
-P

U

P
s
p

CO
CO

oH

•H





60

of coating of sand particles by iron floe removed during filtration may have

brought about the reduction in the final headloss readings.

The progress of bacterial growth as evidenced by the depletion of dis-

solved oxygen as water passed through the filter is illustrated in Figure 6.

The dissolved oxygen concentration in the raw, aerated and settled water,

averaged over the period of observation both before and after permanganate

treatment, are shown in the figure for comparison. For both of the perman-

ganate-treated filters, Filters B and C, the dissolved oxygen concentration

in the filter effluent at the beginning and the end of filter runs are shown

in the figure. The dissolved oxygen concentration in the filter effluent of

both filters at the beginning of a filter run (about an hour after a backwash)

and at the end of the run (immediately before the next backwash) gradually

decreased and, after the 55th day, the oxygen was almost totally depleted.

Between the IiOth and 55th days, the dissolved oxygen decreased most rapidly

from the beginning of the filter run to the end. The filters were treated

with parmanganate solution on the 73rd day. The treatment was effective in

inhibiting nitrification as concluded from the presence of dissolved oxygen

in the filter effluent. The dissolved oxygen was maintained at a high level

for about three weeks, from 73rd day to 95th day, after which depletion began

again (Figure 6). The dissolved oxygen was once again almost totally depleted

after the ll5th day, suggesting the reestablishment of the bacterial growth.
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V. PIIDT PLANT STUDIES AT URBANA, ILLINOIS

General

The operation of the pilot plant used at Rantoul, Illinois, resulted in

the design of a new pilot plant for studies conducted at Urbana, Illinois.

The new pilot plant was located in the basement of the Civil Engineering

Building of University of Illinois. It was thus possible to avoid the

difficulties involved in the transportation of samples. This was particularly

desirable from the point of view of sampling and analysis. In addition, new

features were built into the design and construction of the pilot plant to

obviate difficulties encountered at Rantoul, Illinois. Important among the

changes were better devices for rate-of-flow control, and minimum use of

plastic tubing. Galvanized iron piping was used in most of the plumbing, and

a Unistrut steel frame work was used to support the units of the pilot plant.

The pilot plant was specially designed and built for the work at Urbana,

Illinois. It consisted of a constant head device, counter-current flow aera-

tor, settling tank, eight filter units with rate-of-flow controllers and U-tube

mercury manometers for loss of head measurement. The general layout of the

pilot plant is shown in Figure 7. Orifice meters were provided for indicating

the flows on the raw water line and backwash water line. Gate valves or

quarter-turn plug valves were used wherever required.

A well drilled outside the Civil Engineering Building supplied the raw

water. The ground water was pumped through a pressure tank system, operating

under the control of a pressure switch, in the range of 20 to IjO psi# Accord-

ingly, there was considerable variation in the rate of delivery of raw water.

A constant head device of the overflow type shown in the figure was used to

obtain a uniform flow. The overflow was wasted, and the constant flow was

passed to the aerator.
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The aerator was designed on the principle of counter-current flow. Com-

pressed air was bubbled through a diffuser at the bottom of the center well

of the aerator. The raw water . flowing down came in contact with the rising

air bubbles in the center well. Further contact between air bubbles and

water was provided in the outer well as the mixture of air bubbles and water

moved upwards. The compressed air was filtered through an air-line filter to

remove oil and dust. Using sodium chloride as a tracer, the detention time

in the aerator was found to be about three minutes at the modal point, and

about nine minutes at the mean point from a plot of tracer concentration vs

time. The aerator readily raised the DO concentration in the aerated water

to near-saturation.

The aerated water was allowed to settle in a 100-gallon oval tank, k ft x

2 ft x 2 ft in size. The tank was provided with a perforated baffle wall at

the midlength of flow. The effluent was taken over a V-notch weir box as

shown in the figure. Tracer studies indicated the detention time in the tank

to be 37 minutes at the modal point and 63 minutes at the mean point as deter-

mined from a plot of tracer concentration vs time.

The settled water was distributed to filter units from a header pipe

through filter boxes at the top of the filters. Each filter unit consisted

of plexiglass tubing, li^ginch x \ inch (k inch 3D), and 9 ft long. The top

of the filter unit was open to atmosphere, and the bottom was provided with a

small effluent chamber with outlet for filtered water. The filter bed consisted

of 30 inches of sand, effective size 0.55 mm and uniformity coefficient 1.5,

supported over a bed of 12 inches of gravel, 1/8 to 1/h inch, over a per-

forated plate at the bottom. Surface washing was provided by a jet through \

inch copper tubing bent and placed so that the tip of tubing was about l^g

inches above the surface of sand bed. The influent to the filter entered
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from the filter box at the top of the filter unit which also served as the

wash water gutter. The wash water was distributed from a header to each

filter unit for surface wash as well as backwash. The city water supply-

available in the building was used for the backwash water supply. The city

water was found to contain between to 0.5 mg/1 of combined chlorine residual

in the building. This was considered not significant in this study.

The effluent from the filter passed through a rate-of-flow control

device. The rate-of-flow control device used in the pilot plant at Rantoul,

Illinois, involved considerable and constant manual adjustment of the outflow

from the box to compensate for the varying water levels in the box. A floating

siphon was installed in the rate-of-flow box at Urbana, as shown in Figure 7

so that a constant out-flow was obtained regardless of the water level in the

box. The float carrying the siphon was provided with a counter-weight and

guide-tube to keep the motion of the float free. This device was found to be

very satisfactory in maintaining a constant flow through the filter. An

occasional check on the actual rate of flow was made after it was set initially.

The variation observed was never greater than five percent, and often as little

as three percent.

The filter units provided a static head of about five feet of water above

the top of sand bed during operation. From a tracer study, it was found that

at a rate of filtration of 2 gpm/sq ft, the time of travel for water from the

filter box at the top of the unit to the top of the sand bed was, on the aver-

age, about 12 minutes. The average travel time of water from the top of the

sand bed to the sampling point on the effluent line was found from tracer

studies to be eight minutes. Since this travel time included the time re-

quired for passing through the gravel bed and the effluent lines, it is esti-

mated that the residence time of water in the 30 inches of sand bed was about

five minutes.
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The room temperature where the pilot plant Has located averaged 2$ C.

Experimental Procedure

The filter units of the pilot plant were designated Filter 1 through 8

for the purpose of identification. The well was pumped for about two months

at about an average rate of two gallons per minute, in order to avoid any

variability in the water characteristics associated with a new well. The

orifice meters on the raw water and wash water lines were calibrated. The

flow from the constant head device was adjusted to correspond to the eight

filter units at the rate of 2 gpm/sq ft. This flow was calculated as l.u gpm

through the pilot plant. The siphons on the rate-of-flow control boxes were

also adjusted to correspond to the flow through each unit, namely, 0.173' gpm

or 661 ml/minute. Filter 8 was not used in this study. Instead, Filter 8

was used as an overflow for excess settled water. An overflow' standpipe in

the sedimentation tank \<ss.s also provided. The elevation of the sedimentation

tank was adjusted so that gravity flow would ensure a sufficient depth of

water in the filter box at the too.

At the beginning of a filter run, the rate-of-flow control box was filled

with water to the top, with water flowing through the siphon. The influent

and effluent valves were opened, keeping the surface wash, backwash and waste

water valves closed. At the end of the run, the influent and effluent valves

were closed and the waste valve opened. The surface xjash valve was opened

gradually over a period of 10 to 1$ seconds to establish the desired flow which

was maintained for 1 2g minutes. It was gradually closed over a period of 10 to

1E> seconds at the end of surface wash. The total time of surface v/ash was thus

two minutes. Then the backwash water valve was gradually opened over a period

of about 30 seconds to the desired level to obtain a desired expansion of sand

bed and maintained at that level for hh minutes. The valve was gradually closed
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over a period of 30 seconds, thus involving a five minute backwash. The total

time of surface wash and backwash was seven minutes. At the end of each wash-

ing operation, the waste valve was first closed, then the influent and efflu-

ent valves were opened in that order. The effluent valve was gradually opened

so as to avoid any surge in flow through the filter, after the rate-of-flow

control box was filled with water.

The water samples at the beginning of a filter run were obtained at least

ligto 2 hours after the filter was placed into service so that the wash water

left in -the filter unit at the end of washing was displaced. The sampling

procedure consisted of first noting the headloss on the manometer and then

breaking the siphon from the rate-of-flow control box. The float valve was

then immediately closed and the sampling outlet on effluent line was gradually

opened to obtain the same headloss as noted earlier, resulting in the same

rate of flow. The sampling line was allowed to flow under these conditions

for at least five minutes before collecting any sample. At the end of samp-

ling, the sampling line was closed, the float valve was opened and the siphon

started again.

Operation and Results

On June 21, 1968, the pilot plant was placed in service, beginning Run 1,

with four filter units, Filters 1 through k, including the surface wash system.

A surface wash rate of about Uo gpm/sq ft was found to be required for com-

pletely breaking up the filter cake in two minutes time. Surface wash pre-

ceded the backwash. A backwash rate of about 30 gpm/sq ft was found to be

required for a 5>0 percent expansion of the sand bed. The rates of surface and

backwash were experimentally determined and are not representative of the

design rates in oractice. These rates were very high compared to the design

rates, but were required taking into account the size and geometry of filter
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units. The theoretical rate of backwash was calculated to be about 11 gpm/

sq ft. The higher rate used was mostly due to wall effects during backwash

conditions. The wall effects during normal filtration were negligible (66).

Filters 1 and 2 were backwashed at $0 percent expansion; Filter 3 was back-

washed first at 2$ percent expansion for 2 1§ minutes and at £0 percent ex-

pansion for the rest of the time, and Filter k was backwashed at 2£ percent

expansion for five minutes. Different degree of expansion of sand bed for

different filters was used to observe any effect of backwash rates on the

filtered water quality. Raw water, settled water and filter effluent samples

were routinely obtained at the beginning and end of each run. Routine analy-

sis of samples included temperature, pH, DO, total ferrous and total iron,

alkalinity, hardness and ammonia-W. Filtrable ferrous iron determinations

were made on raw water and settled water samples only, as the total ferrous

iron concentration in the filtered water was generally low. Occasional

analysis for silica, COD, and bacterial plate count were made.

During Run 1, samples were taken at eight hour intervals to ascertain the

variation in the quality of filter effluent with respect to filter influent.

Figure 8 shows the plot of characteristics of filter influent (settled water)

and filter effluent for this first run. It can be seen from the figure that

the results were similar for all four filters. There was a slight increase

in temperature since the room temperature was higher than the water tempera-

ture. The slight rise in pH was probably due to loss of carbon dioxide from

the water. No significant changes in the concentrations of alkalinity, hard-

ness, ammonia and DO were observed. Iron removal was satisfactory (k3) .

Sampling and analysis continued through Run UO on the 8lst day of opera-

tion. During Run Ul, samples at eight hour intervals were once again taken

for analysis to observe the variation in quality of filtered water after 11
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•weeks of operation. Figure 9 shows the plot of filter effluent and settled

water during this run for the four filters. It may be seen from the figure

that there was again a slight increase in temperature. DO concentration in

the filtered water decreased, and ammonia-U was depleted. This was accompanied

by decreases in pll and alkalinity. Hardness remained essentially constant.

Quantitatively, about O.O mg/1 of ammonia-nitrogen was consumed while the DO

decrease was about 3.5 mg/1. The decrease in pH was about 0.15 unit while

the decrease in alkalinity was about 10 mg/1. These concurrent changes

strongly suggested that biological nitrification was taking place in the

filters. Iron removal still was satisfactory (U3). Following Run i|l,

sampling and analysis was not done for every run, but, on an average, on

alternate runs.

Ammonia-nitrogen concentration in the raw water was about 1 mg/1. At

the end of the settling period, this was reduced to about 0.9 mg/1* due to

some nitrification in the sedimentation tank itself. Complete nitrification

of the 0.9 mg/1 of ammonia-nitrogen would theoretically require U.l mg/1 of

DO. This demand, if exerted, would still leave considerable DO in the filter

effluent. Since earlier investigators have suggested that anaerobic condi-

tions in filters may be associated with breakthrough of iron during the

filtration of waters containing ammonium ions (6J4), attempts were made to

bring about anaerobic conditions in the filters in this work. Reduced aera-

tion was attempted during Run £0-5>l, to give a low DO concentration. Anaero-

bic conditions occurred in the filters as a result, but anaerobic conditions

also occurred in the dead spots in the sedimentation tank causing unsightly

gas bubbles to rise and interfere with sedimentation. Because of these un-

desirable conditions, the aeration was increased to the normal level at the

end of Run 5>1.
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In another attempt to obtain anaerobic conditions, a solution of

ammonium chloride was added to raw water just before aeration to increase

the concentration of ammonia-K. The addition of ammonium chloride was

started at the beginning of Run ££, on the 109th day of operation. A positive

displacement pump"'*' xras used for maintaining a constant feed of ammonium

chloride solution to the raw water, so as to increase the ammonia-rl concen-

tration to about 2.5 mg/1. Samples were obtained at eight hour intervals

during Run 5>i? to observe the effect of increased ammonia-11 in the filter in-

fluent. Figure 10 shows the results for this run for all four filters. It

may be seen from the figure that the temperature rise was as usual, and hard-

ness remained essentially the same. However, a larger depletion of ammonia-

R

was observed with concurrent larger decreases in DO, pH and alkalinity. The

DO concentration was close to zero during the latter half of the run with

about 2 mg/1 of ammonia-11 depletion. The pH decrease was about 0.35 unit and

the alkalinity decrease was about 20 mg/1. Once again, the iron removal was

satisfactory (i;3).

Although the chemical changes observed were justifiably assumed to be due

to nitrification, confirming evidence of nitrification, the formation of nitrite

and nitrate was not available. Therefore, beginning with Run 86 on the 170th

day of operation, determinations of nitrite and nitrate were also made on

water samples. Because varying the expansion of a sand bed during backwash

had not shown any significant effect on the effluent quality, (possibly be-

cause of the effectiveness of the surface wash), all filters were backwashed

at $0 percent expansion beginning x-jith Run 86. The surface wash was discon-

tinued for Filter k effective Run 86 in order to observe the effects of the

Model A.L. I4E, a product of Sigma Motors Inc., Middleport, II. Y.
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absence of surface wash on the filtered water quality. In earlier work in

which nitrification was associated with breakthrough of iron in filters (6U)

>

surface wash was not employed.

Three more filters, filters 5 through 7 were placed in service beginning

with Run 86, on the 170th day of operation, without surface wash facilities.

ilter £ was identical to Filters 1 through h and was backwashed for seven

minutes at 5>0 percent expansion of sand bed. Filter 6 was provided with a

Camp's nozzle (Jalker Process) in the place of gravel bed support to permit

the use of compressed air for two minutes of air-scour at the beginning of the

backwash. This was followed by five minutes bacicwash at £0 percent expansion.

The purpose of employing air- scour was to observe the effect of such a proce-

dure on the effluent water quality. Filter 7 was identical to Filter 5> ex-

cept that an immersion heater was placed at the too of filter unit at the

entrance of the filter influent so as to raise the water temperature to about

23 C to observe the effects of temperature on the filtered water quality.

Earlier studies (Rl) have indicated that temperature may influence the bio-

logic activity resulting in deterioration of filtered water quality. Filter 7

was backwashed at 50 percent expansion for seven minutes. Routine sampling

and analysis were carried out on samples from all seven filter units beginning

with Run 86 on the 170th day of operation.

In order to evaluate the effects of a longer residence time of water in

the filter bed, the flow was reduced to 1 gpm/sq ft in Filters h and 5> be-

ginning with Run 99 on the 196th day of operation.

The raw water at Urbana has been calculated to be supersaturated with

respect to ferrous carbonate. Similar calculations showed that the aerated

water was undersaturated with respect to ferrous carbonate. These theoretical





75

calculations are based on equilibrium constants "which may be accurate only

within an order of magnitude. In order to evaluate the effects of higher

degree of saturation of ferrous carbonate in the filter influent on the

filtered water characteristics, a solution of ferrous ammonium sulfate

(acidified to pH 3 to keep the iron from being oxidized) was added to the

raw water before aeration. The total ferrous iron concentration was about

5> mg/1, compared to the 1.1 mg/1 in the natural water. The addition of

ammonium chloride solution was discontinued during the time ferrous ammonium

sulfate solution was added because the ammonium ion from the latter was suffi-

cient to raise the ammonia-I! concentration to about 2.5' mg/1. The addition of

ferrous ammonium sulfate solution was started with Run 112, on the 222nd day

of operation, and was terminated with Hun 128, on the 2u^th day of operation.

Addition of ammonium chloride solution was resumed to augment the ammonia-N

in the raw water beginning with Run 129.

The sampling of all units of the pilot plant continued until the end of

Run 157 on April 17, 1969, the 300th day of operation. However, the pilot

plant was operated until April 28, 1969, the 311th day of operation for addi-

tional studies. Individual filters have also been used in studies in which

(a) glucose was added to the filter influent to observe the effect of in-

creased COD; (b) ferrous carbonate was added to the filter influent to observe

the effect of precipitated ferrous iron and (c) different dosages of chlorine

solution were used to evaluate the effectiveness of chlorine as a chemical

agent for the control of bacterial growth on sand beds.

General Observations

Operation of Pilot Plant

Table A-l of the Appendix summarizes the operational data for the pilot

plant for those runs in which sampling and analysis were carried out. During





76

the 300 days of operation, only twice was the flow interrputed and then only

for a few hours. On the early morning hours of August U, 1968, at the end

of Run 22 (Uhth day of operation), there was a power loss for about four hours

in the building due to a heavy thunderstorm. During this time, the well pump

had stopped and the filters were drained. On January 17, 1969, at the end

of Run 105 (208th day of operation), the pilot plant was shut down, with

filters standing full, for about seven hours for the purpose of replacement

of the pressure tank which had sprung a leak.

Table A-l of Appendix shows operational data for the 90 of the 15>7 runs

that have been sampled. The average length of run is found to be 1.97 days,

within a range of 1.20 to 2.l£ days. The lower values for the length of run

were due to the early clogging of filter beds during the runs when ferrous

ammonium sulfate was added to the raw water.

General Characteristics of Settled Water

Table A-3 of the Appendix summarizes the averages of characteristics

of settled water for the 90 runs listed in Table A-l. Table 12 shows the

mean, minimum, maximum and the standard deviation for each of the parameters

listed in Table A-3. Figure 11 shoitfs a plot of the data of Table A-3. Re-

ferring to Table 12 and Figure 11, it may be seen that the variations in

temperature and hardness were small throughout the period. The DO concentra-

tion averaged about 8 mg/1 except during Run 50-51 (99th to 101st day) when

reduced aeration resulted in a DO concentration of about 6 mg/1. The trough

in the DO curve in Figure 11, on the 100th day, coincides with a trough in

oH curve on the time scale. This is as expected because of the reduced

release of carbon dioxide due to reduced aeration. The ammonia-N concentra-

tion was about 0.9 mg/1 up to the 108th day. Due to the addition of the

ammonium chloride solution, the ammonia-N concentration was higher from the
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TABLE 12

MEAN, MINIMUM, MAXIMUM AND STANDARD DEVIATION OF
OBSERVED CHARACTERISTICS OF

SETTLED J'ATER AT URBANA, ILLINOIS

-> ,, -,r. . -v«- Standard.
- arameter Mean Minimum Maximum ~ ...

Deviation

Temperature, C

nH, units

DO, mg/1

Total Iron, mg/1

Total ferrous, mg/1

Filtrable ferrous, mg/1

Ammonia-N, mg/1

llitrite-ll, mg/1

Nitrate -II, mg/1

Alkalinity, mg/1

".iardness, mg/1

16.9 13'. 1 19.1 1.11

7.80 7.52 7.92 0.09

0.6 6.J4 9.6 0.U6

1.31 0.89 5.23 0.89

0.18 0.0 O.I4I 0.08

0.06 0.0 0.22 0.06

1.67 0.78 5.20 0.90

0.02 0.0 o.o5 0.01

0.35 0.17 0.52 0.09

331.6 321.5 336.5 2.9

216.

$

238.0 2U9.0 2.0

109th day as seen in Figure 11. Mechanical troubles with the operation of the

sigma pump caused erratic variation in the rate of addition of ammonium

chloride solution. Therefore, a large variation in the ammonia-N concentration

was observed in the settled water after the 109th day. The small amounts of

nitrite and nitrate in the settled water was presumably the product of some

nitrification taking place in the sedimentation tank itself. The raw water

did not contain any significant amount of nitrite and nitrate.

Ferrous ammonium sulfate solution was added to the raw water between the

222nd to 2U5th day of operation, as seen from Figure 11. During this time,
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the average total iron concentration was about £ mg/1. Coinciding with this

peak in the total iron curve were troughs in the pH and alkalinity curves.

Such decreases in pH and alkalinity were partially the result of the oxidation

of ferrous iron and partially the result of the addition of the acidic ferrous
i

ammonium sulfate solution. Oxidation of ferrous iron, according to reaction,

l4Fe
+2

+
2

+ 10H
2

> IjFe(OH), + 8H
+

produces hydrogen ions which in turn neutralizes some alkalinity and decreases

the pH. Figure 11 shows that the oxidation of ferrous iron was nearly complete

with only about 0.2£ mg/1 of the 5> mg/1 or about five percent remaining as

ferrous iron in the settled water during the period ferrous ammonium sulfate

solution was added. The ferrous iron in the settled water during other periods

was also low as can be seen from Figure 11. Table 12 gives the average total

ferrous iron for the whole period to be 0.18 mg/1 of which only 0.06 mg/1 was

filtrable.

General Characteristics of Filter Effluents

Tables A-U through A- ID in the Appendix summarize the average characteris-

tics of filter effluents for Filters 1 through 7 during the runs in which the

samples were obtained and analyzed. Figures 12 through 18 show the plots of

variation in effluent characteristics respectively for Filters 1 through 7,

except for the concentrations of ammonia-N, nitrite-N and nitrate-I!. Figure 11

shows that the ammonia-N concentration in the settled water varied significantly

due to malfunction of the pump used for the addition of the ammonium chloride

solution. The filter effluents also, therefore, contained ammonia-N in vary-

ing concentrations as can be seen from Tables A-1+ through A- 10. Figures 12

through 18 show the following curves for forms of nitrogen:

Ammonia uptake (AM. UPTK) = Ammonia-N in filter influent-
Ammonia-N in filter effluent
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Nitrite formed (N02-N) = Nitrite-N in filter effluent-
Nitrite-N in filter influent

Hitrate formed (H03-N) = Nitrate-N in filter effluent-
Nitrate-N in filter influent

The plots of data for all filters as seen in Figures 12 through 18 show

some similarities. Considering Filters 1 through U, shown in Figures 12

through 15, it may be seen that the variation in temperature and hardness

was small. During the first 10 days, the ammonia uptake in the filters was

very small, with alkalinity, pH and DO remaining essentially the same. During

the next 10 days, the ammonia uptake increased and alkalinity, pH and DO de-

creased. Ammonia uptake approached the influent concentration of ammonia-II

by about the 20th day. Nearly steady-state conditions existed between the

20th and 99th days. The troughs in the curves for DO and pH between the 99th

day and 101st day correspond to similar troughs in the curves for settled

water shown in Figure 11, when aeration was reduced. VJhen additional

ammonia-II was added to the raw water beginning with the 109th day, increased

ammonia uptake was noticed in all four filters. The increased ammonia uptake

was reflected in the decreased alkalinity and pH, with DO being near-zero.

The ammonia uptake, after the 109th day, was always limited by the availability

of DO and not by the ammonia-II concentration in the settled water which was

always 2 mg/1 or more (except on the 195th day, when it was about 1.5 mg/1)

.

The changes noted above in the concentrations of ammonia-II, alkalinity, pH

and DO are attributed to nitrification in filters. For reasons not yet known,

a few days later the ammonia uptake decreased briefly as shown by the trough

in the All. UPTK curve and by peaks in the alkalinity, pH and DO curves. This

"recovery" from nitrification occurred in Filters 1 and 2 between the 120th

and lUoth day, in Filter 3 between the 130th and 160th day, and in Filter h

between the lijOth and loOth day as seen in Figures 12 through 15. It is
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interesting to note that the phenomena took place in all four filters reason-

ably close together on the time scale and lasted three to four weeks. The

Dhenomena were repeated in all filters between the 190th and 200th days.

This may be related to some factors in the life cycles of the bacteria on the

filter sand, particularly the slow-growing nitrifiers. The nitrite and ni-

trate formed during filtration are shown for the period between the 170th

and 300th days. The figures also show that nitrate-IT was predominant in the

effluent of Filter 1, while nitrite-N was predominant in effluents of Filters

2 through k» Since two species of bacteria are involved in complete nitrifi-

cation, it was thought that the sand bed of Filter 1 contained a predominance

.'itrobacter bacteria which resulted in higher nitrate concentrations, and

the sand beds of Filters 2 through k contained a predominance of Mitrosomonas

bacteria which resulted in higher nitrite concentrations in the filter efflu-

ents. The kinetics of nitrite and nitrate formation may also be responsible

for oredominance of either nitrite or nitrate in filter effluents. VJhy this

should be so is not understood in view of the fact that all four filter units

were identical and received the same filter influent. Troughs in ammonia

uptake curves and oeaks in alkalinity, pH and DO curves were observed again

in Filters 1 through 3 between the 222nd and 2l6'th days, as seen in Figures

12 through lU. This time the phenomena coincided with the period when the

ferrous ammonium sulfate solution was added to the raw water. It is hypothe-

sized in this instance that the high concentration of iron in the settled

water may have coated the filter sand containing the bacteria and decreased

the availability of ammonia to the bacteria. It may be seen from Figure 15>,

that Filter h did not experience the phenomenon between the 222nd and 2l6'th

days. This was attributed to the lower rate of filtration at 1 gpm/sq ft

during this period in Filter U. The longer residence time due to lower
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filtration rate was probably sufficient for nitrification to proceed in spite

of the deposition of iron in the filter sand. The troughs in alkalinity and

pH curves during this period for Filter k were due to similar variations in

the settled water.

Figures 16 and 17 are the plots of the characteristics of effluents

from Filters 5 and 6 respectively. Filter 5, though started on the 170th

day at 2 gpm/sq ft was operated at a loiter rate of 1 gpm/sq ft between the

196th day and 231st day, and then changed back to 2 gpm/sq ft for the rest

of the period up to the 300th day. Figure 16 shows that for Filter 5>> there

was little ammonia uptake until the rate of filtration was reduced on the

196th day after which there was a sharp rise in the ammonia uptake curve,

with sharp decreases in alkalinity and pH, with DO near zero. No significant

changes were observed in the temperature or the hardness. The filter effluent

contained higher concentrations of nitrite-N than nitrate-N. When the rate of

filtration was changed back to 2 gpm/sq ft on the 231st day, there was no

significant change in the effluent characteristics.

Figure 17 shows the plot of effluent quality for Filter 6. It may be seen

from the figure that ammonia uptake was minimal for about thirty days at the

beginning of operation (from the 170th to 200th day) , with alkalinity, pH and

DO remaining essentially the same. This long period before higher ammonia

uptake was observed was attributed to the air-scour employed as part of the

backwash operation for Filter 6. When the ammonia uptake increased after the

200th day, there were decreases in alkalinity and pH, with DO near zero.

Figure 17 also shows higher concentration of nitrite-N in the filter effluent.

Special Studies

Individual filter units were used to evaluate the influence of some en-

vironmental factors on the filtered water quality. The effects of decreased
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rate of filtration have already been described with reference to Filters k

and 5.

Filter 3 was used in the study of effect of increased COD of filter

influent. Glucose solution was used to augment the COD of the filter in-

fluent to about 50 mg/1, beginning with Run 102 on the 202nd day. The surface

wash was discontinued during the time the COD was added to the influent. Re-

ferring to Figure lU, it may be seen that there was a sharp decrease in

ammonia uptake indicating interference with nitrification. This was attributed

to the growth of heterotrophic bacteria that proliferated on the filter sand

due to the glucose feed. As a matter of fact, the bacterial growth was so

great that the filter cake was about six inches thick and caused high headloss.

The headloss at the beginning of filter run was as great as four feet of water,

and the length of filter run was shortened drastically to about eight hours.

Finally, the glucose addition was discontinued at the end of Run 107 on the

2l!ith day and the surface wash was reinstalled. Nitrification was observed

after the glucose addition was discontinued.

Filter 7 was used in the evaluation of effects of temperature, hardness

and ferrous carbonate precipitate in the influent, on the characteristics of

filter effluent. When Filter 7 was started on the 170th day, the filter in-

fluent was heated to about 23 C by an immersion heater. Figure 18 shows the

characteristics of filter effluent for Filter 7. Ammonia uptake rapidly

increased after about 10 days of operation, due to the increased bacterial

activity at the higher temperature. Otherwise, there was no other significant

effects noticed. Calcium chloride solution was added to the filter influent

beginning with Run 135 on the 2!?6th day to observe the effects of high hard-

ness on nitrification and effluent quality. The amount of calcium chloride

solution added was increased in successive runs as seen in Figure 18. The





91

rate of flow in the filter was reduced to 1^§ gpm/sq ft after the 270th day

in order to increase the residence time of the water in the filter. The

total hardness reached a maximum of 7kQ mg/1 on the 276th day with no signi-

ficant change in the filtered water quality. No precipitation of hardness was

observed though the quotient (Q/K)„
CC)

was calculated to be 1.9$ indicating

a high degree of supersaturation. The addition of calcium chloride solution

was discontinued from the 281jth day, and the flow rate changed back to 2 gpm/

sq ft from the 292nd day.

A suspension of saccharated ferrous carbonate" was used to increase pre-

cipitated ferrous iron in the filter influent, beginning with Run 15U on the

292nd day. When about one mg/1 of ferrous iron in the form of the precipi-

tate was added to the filter influent at the top of the filter unit, it was

found that all of it was oxidized by the time it reached the top of the filter

bed. Increasing the ferrous carbonate added to about 2 mg/1 gave about 0.6

mg/1 of total ferrous at the top of the filter bed. Addition of saccharated

ferrous carbonate to the filter influent was observed to inhibit the nitrifi-

cation in the filters as seen in Figure 18. This may have been due to the

increased COD derived from the sugar and lactose present in the solution along

with ferrous carbonate. It may be recalled that additional COD had interfered

with nitrification in Filter 3 (Figure lli) . It was estimated that about 2J?

mg/1 of sugar and lactose was added to the filter influent. Along with some

inhibition of nitrification in the filters, evidence of denitrification was

observed during the period when ferrous carbonate was added to the filter

influent. This appears in Figure 18 as negative values of nitrate formed

after the 292nd day. The DO was near zero, and ammonia uptake decreased

A prescription compound made by Mallinckrodt Chemical Company, New York, con-
taining, according to the Merck Index, 70$ sugar, 10$ lactose and 20$ ferrous
carbonate (7.23$) iron).
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during this period. The alkalinity increased slightly both due to inhibition

of nitrification and the addition of carbonates.

Depth Studies

In order to determine the changes in the water quality as the water

passed through the sand bed, water samples were obtained at different depths

from the sampling Dorts on the side of the filter unit. During Run 96, on

the 190th day, Filter U was sampled at the beginning and end of the run when

the rate of filtration was 2 gpm/sq ft. Figure 19 shows the plot of values

determined in this study. It may be seen from the figure that the temperature

increased slightly with depth as a result of higher ambient temperature. Hard-

ness remained essentially the same throughout the depth. Most of the changes

in iron, DO, pH, alkalinity, ammonia-N, nitrite and nitrate-N took place within

the top nine inches of the sand bed indicating that the bacterial activity was

greatest at the top of the filter bed. The effluent contained some DO, because

the ammonia-N concentration in the filter influent was only about 1.71? mg/1.

Comparing the removals at the beginning and end of run, it may be seen that

most of the changes took place within the top six inches of the sand bed of

the filter at the end of the run. This is probably due to filtration through

the cake formed at the top of filter bed at the end of filter run.

Figure 20 shows the changes in water characteristics with depth for

Filter 7 during Run 1^8 on the 301st day, when saccharated ferrous carbonate

was being added to the filter influent. Only one set of samples was obtained

at the middle of the run. Figure 20 shows that hardness remained essentially

constant. In this instance, the temperature decreased with depth due to cool-

ing because filter influent was at a higher temperature than the ambient temper-

ature. Most of the changes in characteristics of water took place in the top

nine inches of the filter bed. Because of increased COD in the filter influent
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associated with added ferrous carbonate, nitrification was again inhibited.

The DO was near-zero at depths below 1$ inches from the top of the bed.

Nitrate-N increased initially at the one inch level, but decreased rapidly

with depth, and was zero below the 1$ inch depth from the top of the bed.

This denitrification was possibly due to the presence of ferrous carbonate

in the filter influent which may have acted as a reducing agent. It is in-

teresting to note that denitrification took place even when DO was present

in water. This may be due to existence of pockets of anaerobic areas in the

filter bed, such as filter cake or mudballs. Aerobic denitrification (68)

though possible, occurs at rates which are too slow to account for the

changes observed in the filter bed.

Iron Removal

In all filters and under all conditions of operation of the pilot plant

described above, the iron removal was satisfactory (U3). In Filter 6, the

concentration of iron sometimes was as high as about O.U mg/1 particularly

at the beginning of the filter operation. Overall, the average concentration

of iron in the filter effluents of Filters 1 through 7, was found to be from

0.06 to 0.13 mg/1, as seen in Table 13 which shows the mean and ranges of

concentration of iron in effluents of Filters 1 through 7.

In contrast with the work of Ghosh (Ul), nitrification did not have any

effect on the iron removal in the filters studied in this investigation. Fil-

ters 1 and 2 were operated for 10 months with surface wash prior to backwash.

The surface wash was effective in keeping the sand beds free of mudballs. The

average iron concentration in effluents from Filters 1 and 2 was 0.09 and 0.11

mg/1 respectively (Table 13) . Surface wash was discontinued in the operation

of Filter k between the 170th and the 300th day, permitting mudball formation

to take olace. The average iron concentration in the effluent from Filter h
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0.09 0.0 0.32 0.08

0.11 0.0 0.53 0.09

0.09 0.0 0.31 0.08

0.10 0.0 0.28 0.08

0.07 0.0 0.22 0.07

0.13 0.0 0.U3 o.iU

0.06 0.0 0.22 0.07

TABLE 13

IRON CONCENTRATION IN EFFLUENT FROM FILTERS 1 THROUGH 7

OF PILOT PLANT STUDIES AT URBANA

Concentration of iron, mg/1
Effluent of — — Standard
Filter Mean Minimum Maximum

Deviation

1

2

3

h

was 0.10 mg/1 as seen from Table 13. Filter $, which was operated for 130 days

(between 170th and 300th day, Figure 16) without surface wash also removed iron

satisfactorily (Table 13). From these observations, it may be concluded that

the presence of mudballs in sand bed of filters did not have any effect on the

iron concentration in the filter effluents. Considerable mudballs were present

in the anaerobic zone of filter brought about by depletion of DO due to nitrifi-

cation. The fact that iron concentration was low in filter effluent indicates

that there was no chemical reduction of ferric iron (deposited in the mudballs

or on sand ^articles) due to anaerobic conditions in filter bed as was hypothe-

sized by Ghosh (Ul). Redissolution of ferrous carbonate precipitate also does

not appear to be a possible mechanism of breakthrough as seen from the studies

carried out on Filter 7 in this investigation.
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Chlorine Treatment of Filter Beds

General

Bacterial growth on the filter sand has been suggested to be responsible

for the chemical changes observed in the water during filtration ihX) • It is

desirable to destroy the bacterial growth because of its possible significance

in the iron breakthrough in filters (610. High concentration of bacteria as

determined by the total elate count in the filtered water may be undesirable

from aesthetic point of view. In the selection of an agent for control of

bacterial growth in filter beds and required dosage and time of contact,

economic factors are important. In this study, only chlorine was used as the

control agent while potassium permanganate was used in the study at fiantoul,

Illinois. The pH of the chlorine solution was adjusted to I4. to ensure

optimum effectiveness.

Procedure for Control of Bacterial Growth

The filter to be treated with chlorine solution was allowed to drain for

about 30 minutes after a backwash operation, so that the moisture content of

the sand was reduced. An aspirator bottle containing four liters of chlorine

solution of desired strength was connected to the sampling outlet on the

effluent line. The float valve of the rate-of-flow control box was closed.

By raising the aspirator bottle to a level above the sand bed surface, the

solution was allowed to flow by gravity from the aspirator bottle into the

filter unit. The filter unit was filled so as to submerge the sand bed by

about four inches. Four liters of solution was sufficient to do this. After

the desired contact time, the aspirator bottle was lowered below the level of

sampling outlet so that the solution flowed back into the aspirator bottle.

After mixing the contents of the aspirator bottle, an aliquot was taken for

analysis to determine the concentration of chlorine remaining. The solution
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was reapplied to the filter bed for further contact time. This procedure

was repeated either until very little change was observed between two con-

secutive analyses or until all of the chlorine had been consumed.

The chlorine solution was prepared from household bleach (Clorox brand)

and adjusted to pH h with sulfuric acid in order to convert 0C1 to CI and

H0C1. The Drop Dilution Method using the orthotolidine reagent and a com-

parator was employed in determining the concentration of chlorine in the

solution (69).

Results

Filters 2 through $ were treated with chlorine solutions to observe the

effects of treatment on the filtered water quality. Filter 2 was treated

with a chlorine solution of 75> mg/1 of chlorine for a contact time of 1^

hours at the beginning of Run li|8 on the 280th day. Filters 3 and k were

treated with chlorine solutions of 200 and I|O0 mg/1 of chlorine respectively,

at the beginning of Run l£0 on the 28Uth day, with contact times of three and

five hours respectively. Filter $ was treated with a chlorine solution of

1000 mg/1 of chlorine for a contact time of seven hours at the beginning of

Run l£l on the 286th day. Figure 21 shows the kinetics of chlorine consumption

determined from these experiments.

The moisture content of wet sand in the filters caused an immediate

dilution of the solution applied. A broken vertical line is drawn in Figure 21

in all cases to represent the immediate dilution. The degree of dilution was

estimated to be 20 percent from the percent moisture of wet sand.

Figure 13 for Filter 2 shows that the treatment with 75> mg/1 of chlorine

solution was ineffective, as no changes were observed as a result of the

treatment on the 280th day, and nitrification continued as if nothing had

happened. Figure lU for Filter 3 also showed that 200 mg/1 of chlorine for a
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contact time of three hours was ineffective even though more than 99 percent

of the chlorine applied had been consumed according to Figure 21, and nitri-

fication continued in spite of the treatment. Figure 15 for Filter k shows

that a dosage of U00 mg/1 of chlorine and a contact time of five hours was

able to partially reduce the bacterial concentration on the filter sand as

seen from reduced ammonia uptake and increased DO in the filter effluent.

However, nitrification was again observed after two days.

Figure 21 indicates that a solution of 1000 mg/1 of chlorine applied to

Filter £ was depleted to Uo mg/1 in seven hours. As a result of this treatment,

as shown in Figure 16 for Filter 5, nitrification was nearly arrested as indi-

cated by the very low ammonia uptake and the high DO in the filter effluent.

The effect of treatment lasted only for a short period. Nitrification was

observed within ten days indicating reestablishment of bacterial growth in

the filter beds.
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VI. CHEMICAL AND MICROBIOLOGICAL ASPECTS OF FILTRATION

General

The pilot plant operation at Urbana included monitoring the quality of

raw, settled and filtered water over a period of 10 months. Except for a

short period at the beginning, there was always considerable depletion of

ammonia and DO, with decreases in alkalinity and pH during filtration. Thus,

the filter bed was a "chemical reactor" where chemical changes were observed

to take place. As such, considering the filter bed to be a closed reactor

system, the chemical changes talcing place within the system would be expected

to conform to stoichiometric relationships and mass balances from equilibrium

considerations. Because the changes observed appear to have reached steady

state conditions most of the time, assumption of equilibrium conditions is

reasonably valid. The date represented in Tables A-3 through A-10 in Appendix

have been analyzed to compare the calculated values with the observed values

as a result of nitrification which tool: place in the filter.

Stoichiometric Relationships
I .1 T I

- - -
^

General

The process of nitrification is represented by the following reactions:

mt + ±h
2

* NO" + HpO + 2H
+

(VI- 1)

mt + 20
2

> NO" + H
2

+ 2H
+

(VI-2)

The hydrogen ions produced during oxidation of ammonia as shown in reactions

VI-1 and VI-2, can neutralize part of the alkalinity present in the water.

At near-neutral oH, the alkalinity is predominantly present as bicarbonates.

The neutralization reaction is represented by:

H
+

+ HCO" > H
2
C0 (VI-3)
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The amount of alkalinity neutralized is converted to equivalent amount of

carbonic acid. (It is convenient to refer to free carbon dioxide and the

carbonic acid in the water as "carbonic acid" as a whole.) The carbonic acid

thus produced alters the carbonate equilibrium,

H
2
C0 ^ *r H

+
+ HCO" ^ = 10"6 * 3 at 25°C (58) (VI-U)

In the detailed calculations shown below, the + or - signs on the ions

are omitted for convenience (e.g., H for H ). Subscripts are used to dis-

tinguish the quantities: c for "consumed, " d for "demand, " f for "formed,

"

in for "influent, " eff for "effluent, " obs for "observed, " and cor for

"corrected. " The calculations described below were made using a computer

program. The variable names are capitalized as used in the computer program.

A detailed explanation of all variables is given in the Appendix.

Mass balance on nitrogen is made by considering the ammonia-H, nitrite-N

and nitrate-N in the influent and effluent of each filter. The organic nitro-

gen was found to be very small, and hence disregarded in the mass balance

considerations. The mass balance of nitrogen is represented by:

(NH, +N0.+N0J . = (NH, +N0-+N0.) __ + AMUP in mg/1 as N
h 2 3 in h 2 3 eff

where AMUP represents nitrogen incorporated into cell mass of bacteria, calcu-

lated as the difference between the total nitrogen in the influent and efflu-

ent. This is expressed as a percent, PGNV, as

vrmr - 4 2 3 'in h 2 3
y eff 1m #PCNV

<hh,+no +noJ.
x 10° '°

h 2 3 in

A mass balance on oxygen is made by considering the DO concentrations in

the influent and effluent and the oxygen required for nitrification. Equations

VI-1 and VI- 2 indicated that,
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Oxygen required for nitrite
formation = l^g moles of

?
per mole of

nitrite-N formed

= 3.1*2 mg of
2

per mg of

nitrite-N formed

Oxygen required for nitrate
formation = 2 moles of

?
per mole of

nitrate-M formed

= \\,$$ mg of
?
per mg of

nitrate-H formed

From the above relationships, the oxygen required for nitrification is

calculated to be:

°2(d)
= N0

2(f)
x 3.U2 + N0

3 ( f j
x U.55 in mg/1

where,

!,0
2(f)

= H0
2(eff) " fI0

2(in)
to ™Z/l

and

N0
3(f)

= N
°3(eff) " lf0

3(in)
in mg/1

The mass balance on oxygen is thus found to be:

^in = DO
eff

+
°2(d)

+ WVP in ^/X

where DOUP represents oxygen requirement of heterotrophic bacteria and endo-

genous respiration of all bacteria in the aerobic part of the filter. The

oxygen required for oxidation of ferrous iron is about O.lli mg/1 of Op per

mg/1 of ferrous iron. Since the average ferrous iron in the filter influent

was only 0.18 mg/1, the oxygen demand was, at most, 0.03 mg/1 of Op, which is

negligible.

The degree of nitrification may be defined as the extent to which nitri-

fication has proceeded to completion as seen by the formation of nitrates. An

indicator of the degree of nitrification is obtained by calculating the
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theoretical DO demand per mg/1 of ammonia-N undergoing nitrification (TRDOD) as:

TRDOD =
2(d) / (N0

2(f)
+ N0

3(f) )

It may be seen that a value of 3.U2 for TRDOD would indicate formation of

nitrite only, and a value of U.55 would indicate formation of nitrate only.

A value of TRDOD between 3.1*2 and U.!?!? would indicate the extent to which the

nitrification has proceeded to completion.

The amount of hydrogen ion formed during nitrification is calculated

from Equations VI- 1 and VI- 2 as:

H
f

= 2(N0
2

/

f
v + NO ,

f
v) in moles/1

From Equation VI-3 it is seen that the alkalinity consumed in the neutraliza-

tion by the hydrogen ions is:

HCO_, v = H in moles/1

= 2(H0
2
^v + N0

3 (f )) in moles/1

Since the alkalinity as CaCO = HC0_/2 in mcles/1,

Alk = HCO-, v/2 in moles/1 as CaCO.,
c 3(c)' 3

= HCO , n x 50000 in mg/1 as CaCO

The computed alkalinity (ALKCOM) of the filter effluent due to nitrification

is therefore given by:

AliCCOM = Alk. -Alk - DHDNSm c

where, DHDNS represents the change in hardness of water (as CaCO-) between the

filter influent and effluent. Changes due to precipitation of hardness were

alvxays very small. The variation between the computed and observed alkalinity

(AliCVAR) is calculated as:

AIKVAR = Alk „_ - AIKCOM
ell
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In the calculations for pH, it is necessary to correct the observed pH

and equilibrium constant, K . It may be recalled that pH was measured at

room temperature, and the value of K^ is reported for 2$ C. The observed

pll is corrected for instrument errors for temperature according to the

equation,

pH'=pH
obs

+ 0.003(25 - Temp
(

.

n)obs)

The correction of 0.003 unit per degree centigrade was experimentally

verified for the water. The temperature correction for K is applied

according to the vant Hoff 's equation. The correction for ionic strength is

made according to Dye (5>6), as:

pK^ - pK
1

- Al/ (1 + l.U/p, )

where pK is - logK , and [i is the ionic strength of the water, calculated

as 0.009101 moles/1. For the filter influent:

HCO.,. v = Alk. / 50000 in moles/1
3 (in) in

The "carbonic acid" content of the filter influent is calculated from the

equilibrium represented by the Equation VI-U to be:

HoC0_,. v =H. xHC0_,. v / T/Lf. v in moles/1
2 3(m) in 3(m) \L (in) cor

or,

P (H
2
C
°3(in)>

= #L - ^(Alk^AOOOO) - pK
l(in)cor

H
2
C0

3(in) = io-P
(H

2
C0

3(in) ) ^ ^les/1

The additional carbonic acid formed from the neutralization of part of the

alkalinity as a result of nitrification is calculated from Equation VT-3 to be;

H.C0-/_x = HCO-, s in moles/1
2 3U; 3(c)
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The total carbonic acid content of the filter effluent is therefore:

H
2
C0

3(eff)
= H

2
00

3(in)
+ H

2
C
°3(f)

in m°les/1

From Equation VI-U again, the pH of the effluent is calculated to be:

Klf = ^WffP + log <AU{c0M/50000) + PKi(eff)cor

Applying the instrument correction, the computed pH of effluent (PHCOM) is:

PHCOM = pH^
ff

- 0.003 (25-Temp
eff)

The variation in the computed and observed pH of effluent (PHVAR) is then:

FHVAR = pll - PHCOM

In order to compare the variations between the observed and computed values

of alkalinity and pH, the following differences are calculated:

DAIKOBS = Alk. - Alk „ in mg/1
in eff ^

DAIiiCOM = Alk. - AIKCOM in mg/1
in ^

DPHOBS = pH. - pH _. units*in ^ eff

DPHCOM = pH. - PHCOM units^ in

The above calculations were performed using a computer program for data in

which the nitrite and nitrate determinations were made, namely, Runs 86

through l£7 for all seven filters. The results of these calculations for each

run observed are given in the Appendix in Tables A- 11 through A-17 for Filters

1 through 7 respectively. Also included at the bottom of the tables are the

results of the statistical evaluations of the observed and computed values.

Table Ik summarizes the mean values obtained in the statistical evaluations.

It may be seen from the table that the mean total nitrogen in the effluent

closely agreed with the mean total nitrogen in the influent. The percent

variation was found to range from -1 to -h percent. The minus sign indicates
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that the effluent total nitrogen was slightly higher, which may be due to

experimental errors. This also indicates that no measurable amount of

nitrogen was fixed into bacterial cell mass. This is in contrast with the

observation of Ghosh, who found that up to 1.6 mg/1 of ammonia-nitrogen

was unaccounted for during filtration (39), which was assumed to be due to

biological fixation. The ratio of TRDOD in Table IJ4 is seen to vary from

3.5>9 to 3.80 except in the case of Filter 1, when it is U.36. In other

words, nitrification was more complete in Filter 1 than in other filters,

an observation noted in the previous chapter. The value of DOUP, averaged

about 0.9 mg/1 within a range of 0.6 to 1.2 mg/1. The higher value of

oxygen uptake occurred in Filter 7 in which the filter influent was heated

resulting in higher biologic activity.

The agreement between the mean observed and computed values of alkalinity

in the filter effluent is excellent. 'The mean depletion of alkalinity varied

between 12 to 1$ mg/1 in the filters.

The mean computed values of pH also agreed well with the mean observed

values. The mean observed decrease in the pH was found to vary from 0.27 unit

to O.38 units for different filters. The variation of mean computed values

from the mean observed values is seen from the table to range between -0.02

to 0.0U unit.

The agreement between the mean observed and computed values discussed

above enables one to predict such changes due to nitrification in the quality

of water during filtration.

The calculations described previously were repeated for the data from

all runs, observed and sampled, assuming that all of the AM UPTK underwent

nitrification in the filter. The results of the calculations are tabulated

in the Appendix in Tables A-18 through A-2U, including the statistical





110

evaluations of the observed and calculated values. The mean values are shown

in Table l£ for alkalinity and pH. It may be seen that the agreement between

the mean observed and calculated values is very good even though the differ-

ence was smaller when nitrate and nitrite data were used.

Results shown in Table l£ indicate that, generally, the calculated

alkalinity was slightly higher than observed values whereas the calculated

Til was slightly lower than the observed pH values. This apparent anomaly is

probably due to the assumption made in the calculations that the filter bed

is a closed chemical system. However, the filters were open to atmosphere

at the top suggesting some possible loss of carbon dioxide to atmosphere. In

addition, carbonate and carbon dioxide may serve as a carbon source for the

autotrophic bacteria in the filter bed. Thus it may be seen that when car-

bonate served as a carbon source for cell growth, the observed alkalinity

values would be lower than the calculated values. Similarly, when carbon

dioxide served as a carbon source for cell growth or lost from the system,

the observed pH values would be higher than calculated values. The differ-

ences between the observed and calculated values of alkalinity and pH shown

in Table 15 are considered to be due to the assumptions made in the calcula-

tions.

Chemical Treatment

From the studies of uptake of potassium permanganate by filter sand

(Figure 5) , a solution of 5>000 mg/1 of KMnO, was selected for the control

of bacterial growth in the filter beds during the study at Rantoul, Illinois.

Table 16 compares the quality of filtered water with respect to the influent

quality before and immediately after the treatment. Filters B and C were

treated with permanganate solution at pH 10.5, while Filter D was a control

filter. Filter C was kept agitated with compressed air during the contact
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TABLE 16

FILTERED WATER QUALITY BEFORE AND AFTER PERMANGANATE TREATMENT
DURING PILOT PLANT STUDIES AT RANTOUL

NHo -N. mg/1
Sample InT. Eff. Inf. Eff. Inf. Eff. Inf. Eff,

DO mg/1 ALKALINITY, mg/1 pH. units

Before
Treatment

FILTER B
After
Treatment

'Before
Treatment

FILTER C

After
Treatment

Before
Treatment

FILTER D
After
Treatment

1.1*9 0.08 7.1 0.1 367 351* 7.9 7.6

1.52 2.38 7.0

1.1*9 0.17 7.1

1.52 1.80 7.0

1.1*9 0.29 7.1

1.52 0.60 7.0

7.3 365 36U 7.8 7.8

0.1 367 351* 7.9 7.6

7.1* 365 36U 7.8 7.8

0.1 367 351 7.9 7.6

0.1 365 351 7.8 7.5

time of three hours. It may be seen that all filters showed signs of nitri-

fication, namely, ammonia uptake and DO depletion, and decreases in alkalinity

and pH before treatment. These changes continued in the control Filter D,

but were not observed in Filters B and C after the treatment. The effective-

ness of the permanganate treatment is also reflected in the changes in the

bacterial concentrations on the filter sand. Table 17 compares the plate

count of bacteria on sand and in water samples obtained before and after the

treatment from Filter G and corresponding samples from control Filter D.

The reductions of bacterial concentration due to permanganate treatment does

not appear to be great, though the reduction in Filter C at the U.5 inch level
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TABLE 17

BACTERIAL CONCENTRATION BEFORE AND AFTER PERMANGANATE
TREATMENT DURING PILOT PLANT STUDIES AT RANTOUL

PLATE COUNT - BACTERIA

Water samples, no/ml Sand samples, no/gm
Sample Influent Effluent U.5 inch from 1U.5 inch from

top top

Before
Treatment 183 U2h0 6.5 x ID

1*
3.9 x 10

1*

FILTER C

m 308 7.5 x 10
3

After
Treatment 2 x ID

3

Before
Treatment 183 3U50 U.l x 10

1* n.i x lcr

FILTER D

m 1930 U.5 x io
1*

After
Treatment U.2 x ID

1*

was about 88 percent. It should be noted here that the nitrifying bacteria

are not counted in the bacterial plate count using nutrient agar media. The

nitrifiers are slow growers and would need specific media and long incubation

times for enumeration. The fact that nitrification was inhibited as a result

of permanganate treatment would support the conclusion that nitrifying bacteria

have been minimized on the filter sand. The Table 17 shows the reduction in

other bacteria present on the filter sand. Concentration of bacteria in the

filtered water can also be seen to be reduced from Table 17 as a result of

permanganate treatment.

Chlorine solution was used in the control of bacterial growth in sand

filters used in the work at Urbana, Illinois. Filters 2 through 5 were

treated with chlorine solutions at pH U of concentrations 75, 200, 1400 and

1000 mg/1 respectively. Table 18 shows the averages of results of analysis

of influent and effluent water samples during runs before and immediately





Hi;

CO

I -P O u

O CtS -H O
O -P E-i K

I

OH
Xi

CD

o
oO Pi Q

-p

Ph

3

i

ca|

5

O

PJ

CfH

W

a

gp
•H 0)

Ph-H
6 Eh

CO

^

Pi
CD

-P

1A

H

in

C\J

ca

VA

r-

nOH
ca

C\J

ca
CA

CA
cA

o

CM

1Ao

CA

On

PJ

o

PJ

vO
CA

H

3
CA

O
CA
CA

On

CO
CA

CM

o
cvi

CM

On

Pi

CO

P.
Eh

nO oo

7-f 7-?

CA

oo
CM

"LA

o
s

ca

CM

CO

CA

CA

CM
s-

NO

CA

CA
rH
CA

O
CA
CA

O
o

On
rH
•

CM

o

o
On

Pi

I

O

XI
PJ

"LA
•

rH
CM
CA

U\

CA
CA

CA
On

O

M3
CM

•

CM

CO

CM

LA

CO

-p
£ PJ
cq o

*« §
<D cd

-P <D

On O
-q 1AH H

OA

c—

laH
CA

O
CA
CA

1A
CM

OnH
CM

•LA
o

O
On

O

X(
P!

"LA
•

O
CM
OA

"LA

CA
<A

•la

NO
CM

CM

CM

"LA

"LA

CO

-p
^ pj

pq Q

<D <ti

<+h Pi< Eh

On O
3 2

On
CM

NO

H
pH

H
Ph

H

MDH
CA

CM
CA
CA

On
CM

s
CM

O
o

LA

CO

PJ

Pi

O

n
P!

o
LA

"LA

H
Ph

On
MD

-ct

LA
•

CO
CM
CA

H
CA
CA

On
O
CM

3
CM

•LA

CO

c3

Ph

0) cd

d)
P.
Eh

-P

3

"LA
CO
cd

o
cd

P3

.m





115

after chlorine treatment of filters. In all cases, the analysis of samples

before treatment showed nitrification, as seen from the ammonia uptake and

DO depletion and decreases in alkalinity and pH. Treatment of Filter 2 with

chlorine solution of 75> mg/1 was ineffective in bringing any significant

change in the filtered water quality. Filter 3 treated with 200 mg/1 solution

of chlorine shoxred only a very small effect, as seen by the low concentrations

of ammonia and DO in the effluent. Filter U, treated with U00 mg/1 of chlo-

rine, showed a greater inhibition of nitrification, but some nitrification

was taking place in the filter. A solution of concentration of 1000 mg/1 of

chlorine was applied to Filter 5, and very little nitrification was observed

in the filter as a result of the treatment. As had been observed before, the

treatment was effective in inhibiting the nitrification for a short period of

about a week, after which nitrification was taking place as before the treat-

ment, due to reestablishment of nitrifiers.

Table 19 shows the comparison of COD and bacterial plate count on water

and sand samples for Filters 2 through $. The bacterial concentrations in

water and on sand, before and after the backwash operation, and after the

chlorine treatment for all filters were small. The variations observed in the

numbers are not significant although the numbers were higher for the top of

the bed. The COD of water is low and shows no significant change between

influent and effluent, regardless of the chlorine treatment. The COD of sand

samples leads to some interesting observations. There was generally some

reduction in COD after a backwash operation possibly due to cleaning of the

bed by backwashing . However, the chlorine treatment apparently failed to

reduce the COD on sand significantly. This is perhaps due to the fact that

the organic matter including the bacteria on the sand was not oxidized by

chlorine. The bacteria were inactivated by chlorine. Once again, the
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bacteria plate count did not include the nitrifiers. Hence the plate counts

are not indicative of either the presence or absence of nitrifying bacteria.

No correlation between the COD and bacterial plate counts, either for

water samples or for sand samples, was apparent from Table 19. However,

Filters 2 and 3 operated with surface wash showed lower accumulation of

organic matter in sand (as seen from COD values) than Filters h and 5 without

the surface wash.

Chlorine was used at Urbana and potassium permanganate was used at

Hantoul for the control of bacterial growth in filter beds. Though the work

was carried out at two places with different waters, the similarities of

nature of growth in filters allows a fair comparison. Comparing the treatment

of filters with potassium permanganate and chlorine, it may be seen that the

former was effective in inhibiting nitrification for about three weeks while

the latter was effective at high concentration only for a short period of one

week. The molar concentration of the solutions used, 5000 mg/1 of permanganate

(at pH 10.^) and 1000 mg/1 of chlorine (at pH h) are comparable, namely, 0.031

moles/1 of permanganate and 0.028 moles/1 of chlorine. It would therefore

appear that permanganate at pH 10.5 is a better chemical agent for the control

of nitrifying bacteria. Potassium permanganate has the advantage of being

reusable with only makeup requirement of chemicals. Chlorine has the ad-

vantage of being readily available in a water treatment facility. Longer

contact times are required with chlorine, with more frequent applications for

the control, while shorter contact time and less frequent applications are

sufficient for permanganate. These observations may be used in economic

considerations for the chemical agent to be used in any given situation.
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Cost Estimates of Chemical Treatment

Making certain assumptions, it is possible to compare the costs of

treatment of filters with potassium permanganate and chlorine. Considering

a filter consisting of a 30 inch sand bed supported by 12 inches of gravel,

and assuming that the porosities of sand and gravel are respectively 35 and

50 percent, the solution required to submerge the filter bed by six inches

is calculated to be Ik gallons per square foot of filter bed exclusive of

storage in pipes, underdrains, etc. For a filter of size 10 ft x 10 ft,

the amount of solution required is liiOO gallons.

Since it was found that a solution of potassium uermanganate of 5000

mg/1, in 0.1 N Na^CO. (to give a pH of 10.5) was effective in inhibiting

nitrification for three weeks, and estimating that the make-up requirement

of chemicals is 1/3 for each reuse of the solution, it is calculated that the

weekly requirement of chemicals are: 6.5 lbs of KMnO. and 6.9 lbs of Na
?
C0_.

A contact time of three hours was found to be necessary. The chemical cost

per week for permanganate treatment is therefore:

6.5 lbs of KMnO, at U0^/lb = $ 2.60

6.9 lbs of Na
2
C0 at U^/lb = 0.27

Cost 'oer week $ 2.8?

On the other hand, it has been found that a solution of chlorine, 1000

mg/1 of pH k, with a contact time of seven hours, was effective in inhibiting

nitrification for one week. When chlorine solution is prepared from gaseous

chlorine in distilled water, the pH of resulting solution is calculated to be

considerably less than U. However if bleaching powder is used, considerable

acid will be required to lower the pH to U. It is assumed here gaseous

chlorine is used so that no pH adjustment is necessary. The chemical
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requirement is calculated to be 11.7 lbs of chlorine/week. The chemical

cost at 10(i/lb of chlorine is $1.17/week. It is concluded from these estimates

that chemical cost for chlorine treatment is less than that for per-

manganate .

Microbiological Aspects

General

The microbiological quality of water is usually judged from the concen-

tration of coliform organisms (U3). Recently, interest in fecal coliform

and fecal streptococci has increased so that these organisms are used as

indicators of pollution in addition to, or in the place of, coliforms as a

group. It should be realized that there may be present in water many other

kinds of bacteria of unknown public health significance. Most of the bacteria

that can be grown on agar media as in a total plate count are probably harm-

less. However, their occurrence in large numbers in water supplies should be

cause for suspicion.

A sand filter is normally able to remove a high percentage of coliform

bacteria during filtration. At the same time, high concentrations of bacteria

determined by the total plate count method in the filtered water have been

reported (Ul) . Because of the large surface area of the sand particles and

laminar flow of water through the filter, a sand bed often becomes a breeding

site for bacteria. The bacteria of interest that are known to be responsible

for chemical changes in water quality will be briefly considered here.

Nitrifiers

llitrifiers are chemoautotrophic aerobic bacteria, and utilize carbon

dioxide and bicarbonate as a carbon source and ammonia-nitrogen as a nitrogen

as well as an energy source. They are present in soil and are of great

importance in the nitrogen cycle in nature. The most common genera of
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of nitrifiers are Hitrosomonas and Nitrobacter. The former is known to

oxidize ammonia to nitrite, and the latter, nitrite to nitrate. This

oxidation rate has been reported to be greatest at pH between 8.5 and 0.8,

with an optimum temperature of about 30 C (Ij.6) . These bacteria are inhibited

by the presence of excessive amounts of organic matter. Thiourea was used

as an inhibitor of nitrification by Ghosh (III), and a 0.2 percent sugar

solution is reported to be strongly inhibitory (70).

In the present investigation, the presence of nitrifiers in the filter

was inferred from the chemical changes observed during filtration.

Iron Bacteria

It is generally believed that iron bacteria are autotrophic and can

derive the energy required for metabolism from the oxidation of ferrous iron

to ferric iron. The formation of a sheath or stalk is a typical morphological

feature or iron bacteria (U6)

.

Gallionella is recognized by its twisted ribbon-like stalks, made up of

ferric hydroxide and organic matter. Figure 22 shows the photomicrograph of

slime taken from the wall of the sedimentation tank at the inlet end of

pilot plant at Urbana. The twisted stalks seen in the Figure 22 were identi-

fied based on morphological features to be those of Gallionella .

Sphaerotilus is the other most common genus among the iron bacteria (U6).

The bacteria comprise sheathed filaments. Figure 23 shows some filaments

presumed to be Sphaerotilus based on morphological features. The bacteria

that are lost from the sheaths start new sheaths. The figure shows some

half-empty sheaths.

Sulfate-Reducing Bacteria

Sulfate-reducing bacteria are strict anaerobes. They are curved rods

of the vibrio type (U6) . The optimum temperature of their growth has been
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reported to be about 30°C (71). The nuisance from these bacteria is greater

in the •warmer months of the summer in distribution systems and other water

treatment units (71). Because they are strict anaerobes, all of the oxygen

must disappear before sulfate-reducing bacteria can grow, and reduce sulfate

to hydrogen sulfide. The production of hydrogen sulfide has many secondary

effects in addition to imparting a rotten-egg odor to the water. Important

among these changes are the precipitation of metal sulfides and the possible

reduction of iron from the ferric to ferrous state. In the latter case, the

significance of sulfate-reducing bacteria in filter beds may be very great

indeed, though not widely recognized so far. The bacteria are curved rods,

belonging to the genus, Desulfovibrio . The slime taken from the raw water

line of the pilot plant at Urbana showed typical vibrio type bacteria as

shown in Figure 2U, which may be sulfate-reducing bacteria. The presence of

some hydrogen sulfide found in the raw water was perhaps due to these

bacteria.
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VII. SUMMARY AMD CONCLUSIONS

General

The rapid sand filter as presently designed and used in practice has

the highest cost-benefit ratio of any unit water treatment process (72)

.

However, instead of being beneficial, some filters have been known to be

harmful in that the filtered water has deteriorated in quality in some

respects (Ul) . Many iron removal plants fail to remove iron satisfactorily.

Often, considerable iron is found in the filtered water (Ul, U2, h$ 9 13-1%) .

Such conditions have been reported to be due to bacterial growths in the

filters (Ul).

Most recent studies dealing with filtration consider primarily the

removal of suspended matter by the filter media (26-29, 76). Chemical as-

Dects, when considered, have been limited to the effects of the chemical

environment on the removal of suspended matter (77 9 78). The effects of

filtration rate on the quality of filtered water has also been reported

(31, 32, 33). Backwash operations have been studied in relation to the

quality of filtered water (79-81), and a new method proposed (82).

Most often, studies on filtration have been made employing clean filter

beds. It is well known that the character of the filter medium changes with

continuous operation, a process generally called "filter-ripening. " The

problems associated with distribution systems resulting from long usage have

been described by Larson as "disorders of age" (71). The fact that filter

repairing and rebuilding is practiced (83-85) in the case of old filters,

emphasizes the need for taking preventive measures towards avoiding the

"disorders of age" in the filters.
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The investigation described here draws attention to the implications

and significance of bacterial growths in filter beds in relation to the

chemical changes taking place during filtration.

Summary

Pilot plant studies were carried out for nearly five months at Rantoul

and for ten months at Urbana, Illinois, in the treatment of aerated ground

waters for the removal of iron by filtration.

In the work at Rantoul, nearly complete depletion of DO and considerable

depletion of ammonia were observed during filtration after about eight weeks

of operation. Accompanying the depletion of DO and ammonia were decreases

in alkalinity and pH. These changes were attributed to the biological process

of nitrification.

The work at Urbana indicated that nitrification occurred in the filters

in four weeks of operation as seen from the depletion of ammonia and decrease

in DO, accompanied by decreases in alkalinity and pH. These were confirmed

to be due to nitrification from the observation of the formation of nitrite

and nitrate. The observed chemical changes were in very good agreement with

the stoichiometric relationships.

Surface wash devices employed in the experimental filters were effective

in cleaning the sand that formed into a filter cake at the top of the bed

during filtration. The absence of surface wash as part of backwash created

extensive mudball formation in the filter bed. Use of compressed air to scour

the filter bed during backwash was also found to be effective in cleaning the

filter bed, though the extra plumbing and source of compressed air required

may not be economical compared with the surface wash devices. The air scour

only delayed the growth of bacteria on the filter sand, but did not prevent

it.
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Treatment of filters containing the bacterial growth with a potassium

permanganate solution of concentration of 5000 mg/1 at a pH of about 10.5

and a contact time of three hours was found to be effective in inhibiting

the nitrification for a period of about three weeks in the pilot plant studies

at Rantoul. A chlorine solution was used in an effort to control the bacterial

growth in filters at Urbana. A solution of chlorine, 1000 mg/1 at pH U, and a

contact time of seven hours was found to be effective in inhibiting the nitri-

fication for only about a week.

Iron removal in all filters, both at rlantoul and Urbana, was very satis-

factory. The concentration of iron in the filtered water averaged well below

the 0.3 mg/1 as given in the Drinking '/later Standards of U.S.P.H.S. (U3).

Iron breakthrough in filters was not observed in the operation of filters for

periods of up to ten months, although Ghosh has suggested that nitrification

is responsible for breakthrough of iron in filters (Ul)

Conclusions

Based on the experimental results of this investigation, it is concluded

that:

1. Surface washing devices are required to adequately clean the filter

bed and prevent the formation of mudballs in the operation of filters for iron

removal. However, surface wash will not prevent the growth of bacteria on the

filter sand.

Alternately, the use of compressed air to scour the filter bed during

backwash is not any more effective in controlling the growth of bacteria on

the filter sand than surface wash, although air scour was also effective in

preventing mudball formation.

2. The mudball formation which took place in the experimental filters

without surface wash had no effect on the filtered water quality.
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3. Nitrification takes place in the filter when the filter influent

contains ammonia and DO, resulting in the formation of nitrite and nitrate in

the filter effluent. Nitrification could result in dissolved oxygen depletion

in the water being filtered and may cause anaerobic conditions in the filter

bed. Decreases in alkalinity and pH accompany the process of nitrification

in the water being filtered. Denitrification may take place in the filter

under conditions of favorable temperature and presence of reducing agents like

ferrous carbonate.

U. The chemical changes in the alkalinity and pH observed during filtra-

tion of aerated ground waters were found to closely conform to stoichiometri-

cally predicted values based on the process of nitrification.

£. Iron removal was very satisfactory in the filters in spite of nitrifi-

cation, though the work of Ghosh had suggested that breakthrough of iron may

take place in filters under such conditions (hi) . It now appears that nitrifi-

cation may be a necessary, but not a sufficient, condition for the breakthrough

of iron in filters.

6. Potassium permanganate was found to be more effective than chlorine in

inhibiting the process of nitrification in filters, though the chemical cost

for chlorine treatment was estimated to be less than that for permanganate

treatment.

Engineering Significance

Water Quality Criteria set by the AWWA Task Group 222£ M describe quality

water as (86)

:

"Ideally, water delivered to the consumer should be clear,
colorless, tasteless, and odorless. It should contain no
pathogenic organisms and be free from biological forms
which may be harmful to human health or aesthetically
objectionable. It should not contain concentrations of
chemicals which may be physiologically harmful, aestheti-
cally objectionable, or economically damaging. The water
should not be corrosive or incrusting to, or leave deposits
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on, water-conveying structures through which it passes,
or in which it may be retained, including pipes, tanks,

water heaters, and plumbing fixtures. The water should
be adequately protected by natural processes, or by treat-
ment processes, which insure consistency in quality.

"

The quality water desired, though technologically attainable, is economically

impractical in most cases at the present time. The work reported here is

aimed at understanding the chemical forces at work in the filtration of

aerated ground waters, which in turn will hopefully contribute towards

achieving the above goal of quality water.

"Whether nitrification in filter beds is objectionable or not may depend

on many circumstances. If the nitrification increases the nitrate concentra-

tion in the filtered water to undesirable levels (U3) , it would be desirable

to inhibit nitrification not only in the filters, but also in the distribution

system. If the nitrification contributes to other secondary effects such as

breakthrough of iron, then also it should be inhibited. If the nitrate and

ammonia concentration of the filter influent is small (less than 1 mg/1), the

oxygen demand is not large enough to cause anaerobic conditions in the filter

when the raw water is aerated sufficiently. It may, in such cases, be desirable

to allow the nitrification to proceed in the filter as otherwise the slime

growths may occur in water mains (71). Removal of ammonia may be considered

for the raw water so as to prevent nitrification in filters as well as distri-

bution systems. Ifl/hen the filter bed contains other bacteria, in addition to

nitrifiers, chemical control may be desirable. Economical considerations

usually would dictate the course of action in any given problem.

Because physical methods, e.g., air scour or surface wash prior to back-

wash, for the control of bacterial growth in sand filters were not effective,

chemical methods become necessary. Potassium permanganate and chlorine have

been found to be effective. When chemical treatment of filters need be
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practiced regularly as indicated in the studies reported here, some changes

in the design and operation of water treatment plants become imperative.

Important among the changes is the provision for storage and application of

solution of desired chemical agent to the filters. In case of potassium

permanganate, a pump may be needed to enable the solution to be reused.

In case of chlorine, more frequent treatment would be required with longer

contact time so that filter area requirement may be increased. Storage and

handling of the chemicals also should be considered.

Suggestion for Future Work

Breakthrough of iron in many iron removal plants is a real problem.

Nitrification has been reported to be responsible for the phenomenon. How-

ever, the present work has shown that nitrification alone does not result in

breakthrough of iron in filters. More work needs to be carried out to determine

all of the factors involved in breakthrough of iron. In this connection, the

role of sulfate reducing bacteria deserves serious consideration because of the

possibility that the hydrogen sulfide produced by sulfate reduction may be

responsible for breakthrough of iron. After all the factors involved are re-

cognized, the mechanism of iron breakthrough also need be delineated. After

a complete understanding of the phenomena and mechanism involved, modification

of design and operation of iron removal plants would be necessary to ensure a

finished water of high quality with respect to iron.
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APPENDIX

This Appendix contains the data obtained from the pilot plant studies at

Urbana, Illinois. Tables A-l through A-10 represents the data obtained

during experimental work. The abbreviations used for the column titles in

the tables are:

RUN NO : The run during which the sampling was made. The values
given for a particular run are averages for that run.

TEMP : Temperature of water samples,
PH : pH of water samples, units
DO : Dissolved oxygen concentration in water, mg/1
FE2T : Total ferrous iron concentration, mg/1
FE2F : Filtrable ferrous iron concentration, mg/1
FET : Total iron concentration, mg/1
AIi( : Alkalinity, mg/1 as CaCO^
HDNS : Hardness, mg/1, as CaC03
NH3N : Ammonia nitrogen concentration, in mg/1
HO 211 : Nitrite nitrogen concentration, in mg/1
N03H : Nitrate nitrogen concentration, in mg/1

In Tables A-11 through A-17, the abbreviations used for the column titles are:

NRUN : RUN NO as above
TNIN : Total nitrogen concentration in the filter influent,

(HH3N+ N02N+ N03N), in mg/1
TNEF : Total nitrogen in the effluent, in mg/1
PCNV : Percent variation of TNEF with reference to TNIN
TDOD : Theoretical dissolved oxygen demand, mg/1, calculated

as k»$$ x (N03N formed) + 3.U2 x (N02N formed)
TRDOD : A ratio, TD0D/(N03N formed+N02N formed), to indicate

the degree of nitrification
DOUP : The difference in the mass balance of dissolved oxygen

between filter influent and effluent, assumed to be due

to biological uptake, mg/1
AIKCOM : Computed alkalinity of filter effluent from the data of

nitrite and nitrate formed
ALKVAR : Observed alkalinity of filter effluent - AIKCOM
DAIECOK : Observed alkalinity of filter influent - AIKCOH
DAIKOBS : Observed difference between the alkalinities of

filter influent and effluent
PHCOM : pH of filter effluent calculated from the data of

nitrite and nitrate formed
PHVAR : Observed pH of filter effluent - PHCOM
DPHOBS : Observed difference between the pH »s of filter

influent and effluent
DPHCOK : Observed oil of filter influent - PHCOM
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Tables A-18 through A-2h contain the following abbreviations:

DOD

RDOD
ALKI1I

AIKEF
ALKCAL

ALKDEV
DAIICOBS

DALKCAL
PHIN
PHEF
PHCAL

PHDEV
DPHOBS
DPHCAL

Difference between the dissolved oxygen concentrations
of filter influent and effluent
A ratio, D0D/(HH3N in influent - NH3N in effluent)
Alkalinity in the filter influent, rng/1 as CaGO^. (Observed)
Alkalinity in the filter effluent, mg/1 as CaC03. (Observed)
Calculated alkalinity in the filter effluent from the
data of ammonia depletion in the filter
Observed alkalinity of filter effluent - ALKCAL
Observed difference between the alkalinities of

filter influent and filter effluent
Observed alkalinity of filter influent - ALKCAL
Observed pH of filter influent
Observed pH of filter effluent
Calculated value of pH of filter effluent from the
data of ammonia depletion on the filter
Observed pll of filter effluent - PHCAL.

As before
Observed tH of filter influent - PHCAL

For all values found in a given column, the statistical evaluations were

made and the results given at the bottom of all tables.
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TABLE A-1
CPtRATIOf.AL DATA

KUN \C CAY HEGlr DAY END KUN I FNGTH

] 0.35 2.35 2.00
2 2.35 4.35 2. "0
1 4.35 6.35 2.00
4 6.35 8.40 2. "5
5 8.40 1C.35 1.05
fi 10.35 12.35 2.00
7 12.35 14.35 2.00
8 14.35 16.35 2.00
Q 16.35 18.35 2.nn

10 18.35 20.35 2. 'in

11 20.35 22.35 2.00
1? 22.35 24.35 2.00
13 24.35 26.35 2.00
14 26.35 28.35 2.00
15 28.35 30.35 2. 00
16 30.35 32.35 2.00
17 32.35 34.35 2.00
18 34.35 ""6.35 2.00
1° 36.35 38.35 2.10
20 38.35 4C.40 2.05
21 40. 4C 42. '5 l.°5
2? 42.35 44.35 2. 00
23 44. 35 46. 35 2.00
24 46.35 48.45 2.10
25 49.45 50.45 2.00
2e 50.35 c 2.35 2.00
27 5?. 35 54.35 2.00
28 54.35 56.30 L.«5
20 56. 3C 58.35 2.05
?u 58.35 6C.35 2.00
31 60.35 62.40 2.05
32 62.40 64.40 2.00
?-a 64.41 66. 4C 2.00
?4 66. 4C 68.40 2.10
35 68.40 7C.40 2.00
3t 70.40 72.40 2.00
37 72. 4C 74.40 2.00
3x 74. 4C 76. 4C 2.00
31 76.40 78.40 2.00
'0 78. 4C 80.40 2.00
41 8 0.40 92.40 2.0"
41 64.35 86.40 2.0 5

4<« e6.4C 88.40 2.00
46 90.35 02.30 I.05
48 04.25 96.30 2.05
50 06.35 100.35 2.00
51 ICC. 35 1C2.35 2.00
* 3 104.35 1C6.40 2.05
55 1C8.40 110.45 2.05
57 112.50 114. 5C 2. on

5 ° 116.50 118.50 2.00
6 1 120. 50 122.55 2.05
f 3 124.55 126.55 2. CO
£4 126.55 128.55 2.00
66 13C. ct 132.55 2.00
(J 134. 5C 136.55 2.05
10 138. 5C 140.45 I.05
7 2 142.45 144.45 2.00
7-. 146.50 148.50 2.00
76 150. 5C 152. 5C 2.00
78 154. 5C 156.55 2.05
ec 156. C C 160.50 2.00
(2 162. '5 164.40 l.°5
E3 164.40 166.55 2.15
(? 168.45 17C.45 2.00
86 17C.45 172.50 2.05
88 174.45 176.45 2.00
oc 179.65 18C.65 2.00
c 5 iee.45 100. 4* 2 .00
C P 104. 45 196.45 2.0C
r.^

l
c 6.45 108.60 2. 15

1C2 2C2.5C 204.55 2.0 5

1C7 212.50 214.60 2.10
110 218.45 220.55 2.1C
113 223.65 224.05 1.3C
115 22b. 20 227.40 1.2C
110 231. 2C 232.45 1.25
123 236. 2C 237.45 1.25
127 241.25 242.55 1.30
131 247. C5 248.80 1.75
134 252. 4C 254. 5C 2. 10
137 258.50 260.50 2. CO
140 264.45 266.50 2."5
143 27C5 272.25 1 .oc
146 276.35 278.40 2.05
140 262. 'C 284.50 2.00
IM 286 . 55 288.55 2. on
153 290.50 292.55 2.05
155 2°4.55 206.50 l.°5
157 2Q8.45 300.55 2. 10





TABLE A-2
PAh V.ATEP CAT*

139

RUN NO TFMP PH FE2T FE2F FET NH3N ALK HONS

1 15 .90 7. 2 s 1.15 1.07 1.17 1.14 33 '.50 240.00
2 17.00 7. 16 1.C2 C.92 1.14 1. 15 3 3 4.50 249.00
3 15.10 7.19 1.04 0.88 1.08 1. 11 337.50 246. 50
4 16.30 7.17 l.Co 0.9B 1.10 1.15 3 3'". 50 246.00
5 16. °0 7. 1 7 1.2C 1.16 1.21 1 .18 332.50 246.50
6 16.20 7.14 1.37 1.23 1.22 1.33 33'. Ou 248.00
7 16. 10 7.14 1.36 1.23 1.17 1. 13 3^1.50 248.00
p 15. PC 7.13 1.25 1.17 1.20 1.05 3 3 1.50 246.00
9 16.30 7.17 1.32 1.18 1.30 1.04 331.00 24Q.00

10 If. 50 7. 10 1.38 1.27 1.29 1.11 3*0.50 243.00
11 15.80 7.12 1.27 1.24 1.12 1 .09 331.00 240.00
1? 15.70 7.09 1.33 1.21 1.01 1.04 33! .00 230.50
13 16.20 7. 16 1.25 1.15 1.01 0.9R 331.50 230.50
14 16. 6C 7. 13 1.23 1.13 1.20 0.94 330.00 240.50
15 15.50 7.10 1.2C 1.08 1.02 n.98 331.00 241.50
16 16.00 7.12 1.21 l.OP 1.19 0.98 334.50 246.00
17 16.80 7.11 1.2C 1.11 1.33 1 .05 332. OC 246.50
18 17.40 7.C8 1.20 1.05 1.16 1.06 33 3.50 246.00
1"? 15. 70 7.11 1.23 1.13 1.19 1.01 334.00 246.00
20 15.80 7.19 1.24 1.10 1.23 1.0? 3 3 2.00 244.00
21 15.90 7. 12 1.25 1.13 1.06 ".97 330.50 245.00
22 16.00 7. 18 1.26 1.13 1. 11 0.96 3'4.00 246.00
23 17.50 7. 16 1.43 1.11 1.26 1.00 3' 3. 50 248.00
24 16.90 7. 14 1.27 1.07 1.28 1.01 333.00 '47. 00
25 16.50 7.1b 1.21 1.10 1.31 1.01 3 3 2.50 246.00
26 16. ?0 7. 10 1.24 1.12 1.26 1.02 334. OC 245.50
27 15.60 j.ic 1.25 1.14 1.21 O.oq 3?1.00 245.00
28 16.90 7.17 1.28 1.08 1.20 1.05 3'4.0G 247.00
29 17.70 7.CP 1.32 1 .1° 1.38 1. 14 334.00 247.50
30 17.00 7.11 1.24 1.11 1.37 1.11 3'4.0G 247.00
31 17.60 7. 14 1.15 1.C3 1.47 1.07 3'3.0O 245.50
32 16.90 7. lh 1.16 1.04 1.28 1. 10 3 3 5.50 246.00
33 16.60 7.13 1.19 I.C5 1. 14 1.C6 332.00 246.50
34 16.50 7.1 7 1.23 1.13 1.15 1.05 335.50 246. CO
35 16.40 7.13 1.23 1.11 1.11 1.04 332.50 246.00
36 16.60 7.17 1.26 1.13 1.11 1.01 331.50 24e.00
37 16.60 7.16 1.28 1.21 1.29 1.05 3 3 1.50 248.00
38 16.40 7.16 1.28 1.11 1.34 1.09 333.50 248.00
39 16.40 7.C7 1.28 1.10 1.21 1.12 333.50 246.50
40 16.40 7.14 1.30 1.06 1.28 0.94 3 3 3. 50 245.00
41 16.20 7.39 1.37 1.22 1.16 n.98 335.00 246.00
43 16.20 7. 15 1.3C 1.15 1.13 1.00 337.00 246.50
44 16. 10 7.18 1.37 1.11 1.12 1.00 3 '4. 50 245.50
46 15.60 7.19 1.28 1.09 1.05 1.13 33'. OC 24*. 50
48 16. 10 7.23 1.31 1.C8 1.C6 0.98 3 3 6.0C 247.50
50 15.50 7.17 1.27 1.11 1.14 1.08 3 3 '.50 246.00
51 15.50 7.21 1.27 1.09 1.09 1.15 326. 5C 246.50
53 15.30 7.20 1. 17 1.06 1.08 1.13 337. 5C 247.00
55 14. QO 7.2? 1.38 1.12 1.05 1.03 336.00 246.00
57 15.40 7.17 1.21 1.12 1.15 1.05 3'6.00 246.00
59 15.70 7.16 1.22 1.15 1. 1" 1.07 3 31.50 246.00
61 15.20 7. i e 1.2C 1.12 1.04 1. 12 334.50 246.00
63 15.20 7.21 1.26 1.14 1.04 1. 12 3'6.00 246.00
64 14.90 7.2C 1.25 1.12 1.20 1.08 338.50 248.50
66 15. 1C 7.21 1.2C 1.10 1. 15 1.06 335.n0 248.00
66 l

c .10 7.19 1.22 1.11 1.16 0.9O 336.00 247.00
70 15.00 7.20 1.25 1.14 1.26 1.07 335.50 246. 50

72 15.20 7.22 1.30 1.13 1.13 1.00 334.50 240. 50
74 14.80 7.21 1.27 1.19 1.23 1.05 336. 50 244.00
76 14.90 7.23 1. 34 1.17 1.13 0.98 336.00 246.00
78 15. CO 7.22 1.26 1.15 1.14 1.03 336.50 246.00
80 15.00 7.21 1.24 1.1' 1.14 0.99 336.00 243.00
82 14.90 7.21 1.23 1.11 1.13 0.95 327.00 247.00
83 14.90 7.23 1.2? 1.18 1.09 0.94 336.00 '46.00
85 14.70 7.21 1.29 1.18 1.33 I. 00 335.50 245.00
86 14.50 7.21 1.25 1.06 1.29 0.9 6 336.50 245. *0
88 14.60 7.U 1.34 1. 14 1.17 0.05 336.00 248.00
00 14.60 7.25 1.29 1.20 1.37 1.02 337. 5C 247.00
95 14.40 7. 17 1.31 1.20 1.34 1.02 ?3 8.50 246.00
98 14.40 7.24 1 .3' 1.20 1.38 1.02 335.00 246.00
90 14.30 7.18 l.?C 1.21 1.39 1.02 334.00 246.50

102 14. 2C 7.18 1.27 1.22 1.17 1.03 3 3 5.50 246.00
107 15.40 7.17 1.42 1.13 1.18 1.04 335.50 2-5.50
llu 14.30 7.19 1.22 1.07 1.13 0.98 "6.00 246. 50
113 14.40 7.19 1.29 1.27 1. 18 0.9Q 334.00 246.00
115 14.70 7. 15 1.37 1.24 1.23 1.24 336.00 245.00
11° 14.60 7.18 1.6C 1.24 1.46 1.01 337.00 247.00
123 14. 80 7. 16 1.32 1.22 1.09 0.98 336.50 747.00
127 14.70 7.16 1.28 1.18 1.06 0.97 333.50 247.00
131 14.70 7.14 1.28 1.18 1.11 1.00 333.00 243.00
134 14.80 7. 14 1.2P 1.18 1.11 0.98 332.50 243.00
137 15.00 7.14 1.45 1.37 1.26 0.97 '33.00 243.50
140 14.90 7. 16 1.49 1.38 1.26 1.01 333.00 244.00
143 15.00 7. 1 7 1 .44 1.25 1.11 0.09 334.00 244.00
146 14.80 7. 16 1.35 1.26 1.62 0.96 3'2.50 244.50
140 14.70 7.le 1.22 1.21 1.28 0.95 332.00 24'. 00
151 15.40 7.17 1.41 1 .30 1.29 1.31 334. CO 244.00
1*3 14. oo 7. 14 1.4b 1.31 1.27 0.99 3'4.00 245.00
155 14.60 7. 12 1.45 l.»5 1.15 0.98 3'4.C0 244.00
157 15.20 7. 1 5 1.59 1.41 1. 12 0.97 '36.00 24' .00

STATISTICAL EVALUATIONS

Mean 15.63 7.W 1.28 1 .15 1 .20 1 .04 333.82 2U5.68

Mi n imum 1U.20 7.07 1 .02 0.88 1 .01 . 0.9A 326.50 239.50
Max imum '7.70 7.39 1 .60 1 .41 1.62 133 338.50 249.50
Standard

Dev iat ion 0.88 0.05 0.10 0.09 0.11 0.08 2.24 203





TABLE A-3
(1ATA OF FILTER INFLUENT

UjO

RUN NJ TFMP PH P.O. FE2T FET ALU HONS NH3N nitn N03" ff.t

1 17.70 7.81 8.40 0.30 1.07 332.00 246.00 1.11 r>. 0'
? 1P.3C 7.83 4 . ?0 0.15 1.08 332.00 248.00 1.20 — , f1 1

3 16.90 7.87 8.50 0.15 0.93 329.00 246.00 1.11 — — 0.0
u 16.83 7.81 8.4C 0.23 1.11 329.00 247.00 1.06 — _ ?• 1

'

r 17.40 7. 84 8.40 0.31 1.13 331.00 246.00 1.11 _ _ ".1!
6 17. 10 7.82 e.9c 0.34 1.27 329.00 246.00 1 .15 _ _ >.l '

7 16.70 7.84 8.90 0.41 1.09 327.00 246.00 1.07 — _ 0.2?
H 16.70 7. 82 8.90 0. ?9 1.21 329.00 246.00 0.98 _ _ ". 1

'

c 17. 10 7. e3 8.9C 0.37 1.18 330.00 246.00 n.97 _ '••1-

ir 17.50 7.86 8.8C 0.33 1.20 331.00 242.00 C.08 _ _ '. ?!

n 17. 50 7.86 R.5C 0.31 1.04 328.00 240.00 0.96 _ _ 0.2 1

12 18.40 7.79 8.40 0.2° 0.91 330.00 238.00 0.85 _ _ '
. •'!

13 18.30 1.9C 8.40 0.23 P.°2 331.00 240.00 0.91 — _
1 . ! 4

14 18.60 7. 88 B.40 0.24 0.98 331.00 24 1.00 0.90 _
' . ! '

15 17.90 7.87 a. 7r 0.21 0.98 331.00 241.00 0.93 _ ">.l!
It 18.40 7.83 0.40 0.16 1.04 333.00 247.00 0.92 _ _ ,%

. 04
17 18.60 7.85 8.30 0.14 1.16 335.00 246.00 0.91 _ _ 0. " '

Id 18. 50 7.86 8.30 C.16 1.09 33?. 00 246.00 O.oi — _ >.<"-,

1" 17.10 7.84 e.7c 0.21 1.14 335.00 24 6.00 0.97 _ _ >
, ' 1

2f 17.20 7.89 8.7r 0.21 1.09 329.00 245.00 0.89 _ '. 1 '.

21 17.40 7. 87 8.70 0.23 1.01 329.00 244.00 0.84 _ 1.13
22 17.00 7.84 8. EC 0.17 0.9' 330.00 246.00 0.87 _ 0.1"
21 19.10 7.83 8.U 0.22 1.26 332.00 247.00 0.82 — _ ". 1 !

24 l c .10 7.90 8.30 C.16 1.34 333.00 249.00 C.85 — _ ' .
e

25 18.50 7. CO 8.40 0.12 1.26 330.00 246. Ou 0.86 _ _ . -j 4

26 17.60 7.85 8.80 0.?' 1.23 331.00 245.00 0.86 — ' '"' *

27 17.60 7. 84 B.eo 0.15 1.21 333.00 24S.0O C.85 _ ".07
2H 18.40 7.8 7 8.50 0.35 1. n 335.00 246.00 0.96 _ _ '.' 1

2" 18.60 7. C4 8.30 C.27 1.32 3 3 1.00 245.00 1.00 — _ ". 1 1

3d 18.60 7. (-4 8.40 0.17 1.36 332-. 00 2 4 5.00 0.91 _ 0, n R

31 1°.10 7.92 8.50 0.11 1.31 332.00 245.00 0.89 _ _ o.n
3? 19.10 7.92 8.40 0.11 1.21 33"!. 00 247.00 0.9 1 _ _ 0.0!
33 18.30 7. 5 P.tf 0.12 1.05 332.00 246.00 0.85 _ 1.01
24 17. 6C 7. P9 8.8C 0.13 1.08 332.50 247.00 0.90 _ _ 1.0'
35 17.40 7.89 8.60 0.16 0.99 330.50 245.50 0.88 _ _ '.04
36 17.70 7. 8" 8.6C 0.14 1.04 330.00 248.00 r

. 8' _ _ 1. 14
37 17.50 7. 87 e.7C 0.19 1.23 331.00 2<-f.0C 0.9 3 _ O.o*
38 17.50 7.89 H.60 0.21 1. 19 '31.50 248.50 0.9 7 _ _ 1.09
3" 17.40 7.80 8.6C 0.12 1. 12 331.50 247.00 0.89 _ _ .1.0!

40 17.50 7.82 8.4C C.13 1.12 332.50 24 6.50 C.76 _ 0, 11

'

41 17.60 7.69 8.5C 0.24 1.10 334.00 24 5.50 0. 79 _ _ 0.0°
43 17. 50 7.85 8.7C 0.21 1.03 314.00 245.50 0.H5 _ _ .10
44 17.50 7.89 8.6C 0.23 1.01 3'5.50 244.00 0.9Q — _ , 1"

46 17.10 7.91 8.7C 0.18 1.01 332.00 245. 50 0.92 _ _ ".0"
48 17.50 7.°2 e.6r 0.19 0. 89 334.00 247.50 0.67 _ _ 0.06
50 17.00 7.6? 6.9C 0.24 1. 11 311.50 246.00 O.RH _ _ •.0"
51 16.60 7.59 6.40 n. )9 0.98 332.00 247.00 0.98 _ _ ii,0 =

53 16.70 7. 85 8.7C 0.10 0.99 335.60 247. 50 0.9? _ 1. '!

55 16 .20 7.81 8.30 C.16 0.°7 332.00 246.00 2.47 _ _ 0.04
57 16.70 7.RC 8.6C 0.C9 1.05 33'. 50 246.00 2.22 _ — 1, n

59 17.20 7.R1 8.6C 0.17 1.08 328.00 246.00 2.3' _ _ 0,"4
61 16.40 7.8C 8.5C 0.12 0.95 330.50 247.00 2.80 — — > # 'li

63 16 .70 7. 8? 8.60 0.1 J 1. 1? 333.00 248.00 ' .
c 8 _ _ ". 1

'

64 16.20 7. 79 8.50 0.13 1.10 '36.50 249.00 '.47 _ _ 0.01
66 16.40 7.79 8. 60 0.11 1.17 332.00 24 6.00 2.44 _ _ o.o'l

t-8 16.40 7.77 8.40 0.11 1.09 '32.50 248.00 2.17 — _ fl. n

7C It. 50 7.83 8.7C 0.13 1.C3 334.0" 247.50 1 . 98 - _ -, ^ n

72 16.40 7.82 8.80 0.18 1.05 333.50 249.00 1.97 _ 0.0'
74 16.30 7.8C 8.70 0.18 1.05 334.00 243.00 2.02 _ _ l.O*
76 16.20 7. 79 ».50 0.23 1.07 334.00 245. 50 2.32 — — 0.19
78 16.30 7.79 9. If 0.15 1.03 33'. 50 246.00 2.06 — _ 1.0'
80 16. 5J 7.77 8.70 0.C7 1.0b 334.00 244. CO 2.34 — n .O
f2 16.70 7.74 8.2C CO 0.94 333.00 247.00 2 .04 — — 1.0
P3 16.70 7.73 8.40 0.11 0.9S 333.00 24*. 00 ?.19 _ _ 0.1'
85 16.10 7.69 8.40 0.C7 1.08 333.00 245.00 2.39 _ 1.9

86 15.50 7.71 9.20 0. 14 1.20 333.50 244.00 2.05 0. r? 0. '4 1.1'
RP 15.70 7.65 7.9C 0.19 0. Q K 334.50 247.00 '.04 0.01 0.24 ). o c

90 15.70 7.86 8.30 0.16 1.25 336.50 247.00 ?. 1 = 0.01 ?. '4 n,r '

05 15.30 7.65 p. 70 0.15 1.21 334.00 247.00 2.0 3 0.02 0.46 o.p*
58 15.10 7.73 8.6C 0.16 1.23 334.00 245.00 1.46 0.0? 0. 4 3 1.07
99 15.10 7. 74 8.70 0.21 1.20 333.50 245.50 * . 20 0.02 0.41 o.ll

102 15.10 7. 7C 6.80 0.1° 1.02 333.50 245.50 3.94 . n
l 0. 27 0.O9

1C7 15.60 J. 74 9.50 0.11 1.04 336.00 245.00 ' .55 0.0? 0. '8 0.01
110 15.10 7.77 9.6C 0.04 1.43 334.51 246.50 '.50 0. "' 0.2' 1."

113 15. 10 7.58 9.0C 0.28 5.10 325.00 246.00 2.51 0.0' 0. 36 1. '

115 15.60 7.52 f.tC 0.25 4.88 325.00 246.00 2.7' 0.0' 0. '6 ' .

119 15.70 7.65 o.K 0.26 5.23 3'5.00 247.00 2.79 0.0' 0. 35 0."!
123 15.40 7.57 e.70 0.25 4.55 326.50 247.00 2.62 0.04 0.43 ",r?

127 15.40 7.59 8.9C 0.22 4.85 3 21.50 242.50 2.82 o.c? 0. 39 1.0'

131 15.40 7.7C 9.00 0.13 0.97 321.50 243.00 .'.2 5 3.01 0. '6 i.oi

134 15.80 7.7C 9.5C 0.10 0.94 332.50 24'. 50 2.67 0.01 0.17 . 1

137 15.90 7.69 9.30 r. 18 1. 16 332.50 242.50 2.60 n. r> n. '3 o.nj

140 15.70 7.73 9.60 0.23 1.1? '31.00 244.00 ?.56 r.oi 0.2* r .06

143 15.50 7.75 9.80 0.11 0.98 331 .00 244.00 2.4? . 0? . '4 1.0

146 It. CO 7. 73 9.6C 0.01 1. 17 ?34. CO .'45.00 2.51 0.02 0. 4« 0.0
149 15. '0 7.72 9.CC 0.06 1.04 330.00 244.00 2.19 O.C? 3.41 .

<~

151 16.30 7.76 e. c o 0.11 1.10 331.00 24'. 00 2.46 0."? r. is 0. j

153 16.20 7.75 R.?r CIO 1.07 332.00 244. CO 2.53 O.o? 0.'4 1.1'

155 15.70 7. 74 8.40 0. 19 1.C6 330.00 244.00 2.81 0.0? 1.6O 0.01
157 16. 10 7.75 8. 40 0.19 C.99 333.50 243. Ou 2.43 0.02 0.5' 1.0*

STATISTICAL EVALUATIONS

Mean 16.89 7.80 8.62 0. 18 1.31 33161. 21*5.1*7 1.67 0.02 0-35 0.06

M i n i mum 15.10 7.52 6.U0 0.0 0.0 321.50 2 38.00 0.78 0.0 0.17 0.00

Max imum 19.10 7.92 9.80 0.1)1 523 336.50 21*9.00 5.20 0.05 0.52 22

Standard
Dev i at ion 1.11 0.09 0.1*6 0.08 0.89 2.87 2.03 0.90 0.01 0.09 0.06





TABLE A-4
H*l

CATA OF FILTER #1 EFFLUENT

HUN NO TFMP PH D.r. FE21 FET ALK HDNS NH3N NP.2N NrjiN

1 18.30 7.86 8.10 C.C1 0.23 323.00 240.00 1.05
2 19.00 7.87 «. 20 0.0 0.15 331.00 248.00 1.13 — —
3 18.00 7.9? 8.30 CO 0.11 330.00 246.00 1.07 — _
4 18.00 7.84 8.10 0.03 0.12 329.00 248.00 1.01 — _
5 18.20 7.e5 7. EC 0.C9 0.26 329.00 246.00 0.98 —
6 18.10 7.81 8.CC 0.23 0.23 325.00 247.00 0.96 — —
7 17.90 7.82 7.7C 0.21 0.21 326.00 246.00 n.ao — —
H 18.00 7.76 6.SC 0.14 0.20 326.00 247.00 0.49 —
9 18.30 7.73 6.1C 0.17 0.22 323.00 244.00 0.37 _ —

1C 18.50 7.73 6.1C 0.21 0.20 327.00 242.00 0.32 _
11 18.40 7.72 5.4C 0.17 0.08 322.00 239.00 0.17 _
12 19.10 7.63 4.7C 0.16 0.0 322.00 238.00 0.02 _
13 19.30 7.74 4.9C. 0.07 0.03 324.00 240.00 0.0 _ _
1* 19.40 7.72 4.20 0.08 0.01 322.00 240.00 0.01 _ _
15 18.90 7.72 4.30 CIO 0.04 323.00 238.00 0.01 _
16 19.10 7.65 4.30 C.04 0.08 327.00 247.00 0.05 _ —
17 19.40 7.71 4.1C 0.C3 0.19 328.00 246.00 0.05 _ _
18 19.40 7.73 4.10 C.04 0.09 327.00 248.00 0.08 — —
19 18.50 7.69 4.SC 0.07 0.07 328. CO 247.00 0.04 _ _
20 18.10 7.71 4. PO 0.10 0.06 326.00 245.00 0.04 _ —
21 18. 2C 7.73 5.1C CC9 CO 324.00 244.00 O.C _ —
22 18.00 7.72 4.7C 0.08 CO 324.00 246.00 CO _ _
23 20. CO 7.69 4.CC 0.C7 0.11 327.00 247.00 0.01 _ _
24 19.80 7.77 4.6C 0.07 0.12 325.00 246.00 0.03 _ _
25 19.20 7.76 5.10 0.03 O.io 325. CO 244.00 0.06 _ _
26 18.50 7.73 5.5C 0.03 0.09 327.00 245.00 0.01 _ —
27 16.60 7.7C 5.20 0.02 0.07 326.00 245.00 0.02 — —
28 19.30 7.72 5.2C 0.06 0.15 325.00 245. OC 0.12 _
29 19.30 7.71 5.30 0.13 0.23 325.00 243. CO 0.24 _ _
3" 19.30 7.71 5.2C 0.04 0.29 327.00 24 5.00 0.22 _
31 19.70 7.79 5.2C C.02 0.27 3 26'. 00 245.00 0.11 — _
32 19. 80 7.78 5.10 0.01 0.16 325.00 245.00 0.11 _ _
33 19. 30 J. 75 5. 20 O.C CO 326.00 245. CO 0.06 — —
34 18.20 7.75 5.4C 0.01 0.01 325.50 246.00 0.07 —
35 18. 7C 7.75 5.40 C.01 0.03 325.00 246.00 0.11 _
36 18.50 7.76 5.20 0.06 0.O4 323.50 246.00 0.O2 _
37 18.30 7.74 5.20 CC4 0.14 325.00 246.00 0.07 _
38 18.40 7.7b 5.10 0.09 0.17 325.5" 246.50 0.13 —
39 18.30 7.67 5.10 0.C4 0.15 326.00 245.50 0.09 — _
40 18.30 7.69 5.CC 0.04 0.07 326.00 244.00 0.02 _
41 18.60 7.74 5.CC 0.06 0.03 327.00 243.50 CO —
43 18.30 7.75 5.<;c 0.04 0.04 329.00 242.50 0.23 _ _
44 18.40 7.75 5.1C 0.C4 0.10 327.00 245.00 0.01
46 18.30 7. 75 5.CC 0.03 0.06 327.50 246.00 0.14 —
48 18.40 7.8C 4.80 CCS CO 325.50 243.00 0.02 —
50 17.90 7.55 2.8C 0.C6 0.05 329.50 246.00 0.18 —
51 18.00 7.46 2.40 0.02 0.15 329.50 246.50 0.25
53 18.00 7.69 5.10 0.0 0.05 329.50 247.00 0.06 —
55 17.60 7.40 l.?0 0.03 0.06 315.50 246.00 0.46 —
57 17.70 7.40 C.4C CO 0.07 320.00 245.50 0.02 — —
59 18.40 7. 36 C.2C CC2 0.09 315.00 246.00 0.36 — _
61 17.80 7.40 0.5C 0.C1 0.01 316.00 246.50 0.72 —
63 18.00 7.59 2.eo CC5 0.08 323.00 246.00 1.36 — —
64 17.50 7.62 4.<-C 0.0 0.09 330.00 249.00 1.70
66 17.60 7.54 1.60 0.0? 0.11 318.50 246.50 1.03 — _
68 18. 10 7.49 l.EC 0.0 0.09 320.50 247.00 0.71 _
70 18.00 7.51 c.so 0.04 0.04 321.00 246.00 0.24 — _
72 17.80 7.52 1 .40 0.04 0.03 321.00 247.50 0.35 _
74 17.80 7.52 1.20 0.05 0.12 322.50 244.00 C.53 —
76 18.00 7.45 0.30 0.01 0.0 320.00 245.00 0.49 _
78 17.90 7.42 C.1C 0.C1 0.12 320.50 245.00 0.29 _

,

80 17.90 7.4C 0.10 0.0 0.05 319.00 243.00 0.46 _ •

82 18.00 7.41 c.ec 0.0 0.04 318.00 247.00 0.33 —
83 18.40 7.41 C1C O.C 0.01 318.50 245.00 0.43 — —
85 18. CO 7.37 0.10 0.C1 0.13 319.50 245.50 0.55 — —
et 17.20 7.37 0. 10 0.C1 0.13 320.00 245.00 0.18 0. 87 1 .".0

88 17. 2C 7.33 CIO 0.02 0.05 320.50 24 6.50 0.63 0,85 1.20
90 17.40 7.51 o.ic 0.04 0. 19 319.50 245.50 0.17 0.58 1 .49
95 17.00 7.43 0.5C 0.C3 0.17 321.00 2*5.00 0.39 0.3? 1. 78
9P 16. 70 7.55 3.20 CC6 0.22 324.00 245.00 0. 1 9 0.26 1.47
99 16.80 7.45 1.10 0.13 0.20 322.50 246.00 3.49 0.21 1.76
102 16.80 7.34 o.ic 0.07 0.03 318.50 245.00 1.96 0.6? 1.03
1C7 17.40 7.35 CIO 0.01 0.0 3 20. O'J 245.00 1 .59 0. 80 1 .60
110 16.90 7.3e C.2C 0.0 CO 319.00 245.50 1.77 0.35 1 . «8
113 17.30 7.2e 0.10 O.C 0. 12 311. CO 246.00 0.81 0.02 2.00
115 17.40 7.25 0.30 0.02 0.10 311.00 245.00 1.20 0.05 1 .82
119 17.20 7.44 2. CO 0.04 0.04 314.50 246.00 1.60 0.01 1.5?
123 17.50 7.34 ?.cc 0.0 0.01 315.00 247.00 1.44 O.03 1.51
127 17.40 7.38 2.eo 0.01 CO 312. CO 242.00 1 .84 0.1P 1.2P
131 17.20 7.33 C. 3C CC1 CO 317.50 24 3.00 0.33 0.85 l.?5
134 17.50 7.33 o.c 0.0 CO 318.50 243.00 0.74 0. 50 1.78
137 17.60 7.35 O.IC 0.04 0. 11 319.50 242.50 0.84 o.U 1.9*
140 17.40 7.36 C.C 0.04 CO 318.00 244.00 0.67 0.15 2.04
143 17.30 7.40 O.C CO CO 318.00 244.00 0.50 0. 33 2. 08
146 17.30 7.38 o.c 0.0 0.32 316. CO 244.00 0. 74 0. 15 2. !6
149 17.30 7.35 o.c 0.0 0.12 316.00 244.00 0. 35 0.19 2.18
151 17.80 7.38 C.C O.C 0.C9 317.00 243.00 0.64 0. 24 2.2o

153 17.90 7.37 o.c 0.0 0.02 319.00 244.00 0.75 0.21 2. 10
155 17.60 7.38 C.C 0.C3 0.04 316. CO 244.00 1.22 0.19 1.9-1

157 17. PO 7.37 O.IC 0.02 0.03 318.50 242.50 0.71 0. 34 1 .99

STATISTICAL EVALUATIONS

Mean I8.lii 7.58 3.22 0.05 0.09 322.58 24 "4.88 0.51 0.33 1 .77

M i n imum 16.70 7.25 0.0 0.0 0.0 311.0 238.0 0.0 0.01 1 .20

Max imum 20.00 7.92 8.30 0.23 032 3310 249.0 3.49 0.87 2.20

Standard
Deviat ion 0.75 0. 18 2.62 0.05 0.08 4. 7 2.12 0.60 0.28 0.31





TABLE A-5
CATi OF FILTER *2 EFFLUENT

U|2

RUN NO TEMP PH o.r

.

FE2T FET ALK HDNS NH3N M02N N03N

1 18.30 .86 8. 1C 0.C4 0.23 322.50 235.00 1.04 _ _
2 19.10 7.88 8.2C 0.0 0.53 328.00 247.00 1.12 — —
3 17.90 r.94 8.20 0.0 0.11 323.50 241.00 1.15 — —
4 17.90 '. 84 8.30 0.02 0.19 332. CO 248.00 1.04 — —
5 18.40 7.P6 8.CC 0.11 0.27 337. CO 246.00 0.97 — —
t 18.10 .81 7.5C 0.17 0.22 324.00 247.50 0.88 _ _
7 17.60 .84 7.8C 0.20 0.21 324.00 246.00 0.82 — —
fl 17.80 .75 6.7C 0.12 0.24 324.00 245.50 0.47 _
Q 18.20 .73 6.40 0.17 0.26 322.00 245.00 0.33 — —

10 18.40 r. 72 5.6C 0.22 0.17 322.50 240. 50 0.27 _ —
11 18.30 .71 5.2C 0.17 0.11 322.00 238.50 0.15 — —
12 19. 1C .63 4.50 0.17 0.0 327.00 239.50 0.02 — —
13 19.20 r.74 4.7C 0.C9 0.02 323.00 239.00 0.0 _ _
1* 19.30 r.Ti 4.5C C.ll 0.0 322.50 238.00 0.01 _ _
15 18.70 .73 4.3C 0.10 0.04 319.50 238.50 0.01 — —
16 1°. 10 7.67 4.60 0.C4 0.09 328. CO 246.00 0.03 — —
17 1°.40 r. 73 4.6C 0.C5 0.15 326.50 246.50 0.06 — —
IK 19.30 r.74 4.4C C.C5 0.16 327.50 246.00 0.06 _ _
19 IP. 50 7. 68 4. EC 0.08 0.06 327.50 244.00 0.05 _
20 17.90 .71 4.7C 0.C8 0.15 326. CO 244.00 0.07 — —
21 18.20 r.73 4.60 0.11 0.01 3?3.50 243.50 0.03 — -

22 17.90 r. 7 1 4. EC 0.C8 0.0 323.00 242.00 0.0 — —
23 15.90 7.68 4.5C O.C? 0.13 326.50 246.50 O.C _ _
24 19.70 r.76 4.7C 0.04 0.16 326.50 246.00 O.Cl — —
25 19.20 f. 76 5.2C C.C3 COS 325.50 244.50 0.05 — _
26 18.50 .72 5. c 0.C2 0.15 327.00 244.50 0.0? —
27 18.50 7.7C 6.CC 0.0? 0.12 327.00 244.50 0.02 _ _
28 15.30 r.7l 5.1C 0.05 C.12 327.00 246.00 o. 11 _ _
25 19.20 I.7C 5.20 0.12 0.24 325.50 244. 50 0.17 — _
3" 19.30 r.7o 5. 1C 0.C5 0.31 324.50 244.50 0.15 _
31 19.60 r.78 5.10 0.C1 0.22 325.00 24 3.00 0.06 _ _
32 1°.80 r.79 5. EC O.C 0.19 326.50 24 3.50 0.25 _ _
3? 19.10 7.77 6.1C o.c 0.03 325.00 245.00 0.2' _
34 If .50 1.76 6.CC 0.02 0.06 325.50 244.00 0.18
35 IB. 60 7.75 5.5C 0.03 0.04 324.50 245.50 0.08 _
36 IP. 40 7.76 5. 20 0.C4 0.06 322.00 244.00 0.02 _
37 18.30 7.74 5.7C 0.C4 0. 1" 324.00 245.00 0.08 — —
3H IP. 30 7.76 5.4C 0.07 0.21 324.00 246.00 0.14
35 18.30 7.67 5.4C 0.0 0.11 326.00 244.50 0.07 _
40 IP. 30 7.68 5.30 0.01 0.05 325.00 243.50 0.02 _ _
41 18.50 7.73 5.6C 0.C9 0.03 327.00 243.50 0.0 _
-.3 18.30 (.75 6.20 0.C6 0.09 328.00 243.00 0.29 _
At IP. 30 7. 74 5.30 0.05 0.08 325.00 24?. 50 0.1 1 _ _
46 18.20 7.73 5.4C 0.C3 0.04 327.00 245.50 0.11 _
48 18.20 7.8C 5.1C 0.C6 0.02 325.01 242.50 0.12 _ _
50 17.90 7.53 2.P0 0.C5 0.06 329.00 247.00 0.18 _ _
51 IP. 00 7.48 3.CC 0.C2 0.12 329.50 246.00 0.'2 _ _
53 17.90 I.6S 5.4C 0.01 0.04 328.00 246.00 0.C5 _ _
55 17.50 7. 37 C.5C 0.01 0.06 318.50 246.00 0.15 _ _
57 17.70 7.36 0.5C O.C 0.13 320.50 246.00 0.01 _ _
55 IP. 20 7.41 0.10 c.cz C. 11 318.00 245.00 0.16 _ _
61 17.70 . 36 0.10 O.C 0.0 315.50 246.50 0.52 _ _
63 IP. 10 7.47 l.'C C.C7 0.12 318.00 246.00 0.68 — —
64 17. PC 7.47 1.40 0.10 0.13 323.00 247.00 1.37 — _
66 17.50 7. 56 2.8C 0.C2 0.09 318.00 246.00 1.19 — —
68 le.oo 7.52 2.6C 0.01 0.08 3'4.00 246.00 0.93 _
7C 17.90 7.5C l.EC 0.04 C.ll 322.00 247.00 0.25 _ —
72 17.70 7.47 1.2C 0.C5 0.12 320.00 ?47.50 0.07 _ —
74 17.70 7.44 0.7C 0.C7 0.14 320.50 243.00 0.18 _ —
76 17. 7C 7.40 0. 10 0.C5 0.01 318.50 246.00 0.25 _
78 17.70 7.39 C.4C 0.0 0.02 318.50 244. CO C 19 —
80 17. PO 7.3 7 0.7C 0.C1 0.09 319.50 243.50 0.30 —
82 18.10 7.35 0.20 o.o 0.03 315.00 246.00 0.08 —
f 18.10 7.3P CIO O.Cl 0.01 317. CO 245.00 0.25 —
es 17.60 .33 0.1C 0.0 0.08 318.00 245.00 0.41 — —
86 17.10 7.34 C.20 0.01 0.14 320.50 245.00 0.05 1.67 0.61
88 17.50 . 30 0.1C 0.C4 0.-C5 320.00 246.50 0.21 1.58 0.63
9C 17.40 7.45 0.3C C.06 0.17 320.50 ?46.50 0.15 1.48 0.»3
55 16.80 7.40 C.50 0.C4 0.20 322.00 245.00 C.15 1.38 1.04
•58 16.50 7.52 3.2C 3.06 0.20 3'5.00 244.00 0.37 0. ol 0.70
99 16.70 7.41 1.5C C.ll 0.18 3 20.00 245.50 3.46 1 . 45 0. PO

IC2 16. °0 7.31 0.10 0.C7 C.02 317. CO 245. 50 1 .69 1.93 0. 71

1C7 17.30 7.3C CIO O.Cl C.03 318.00 245.00 1.28 2. 3? 0.45
110 16.80 7.33 0.10 O.C CO? 317.03 247.00 1.30 2.1 1 0.63
113 17.20 7.23 0.10 - 0.01 0. 19 307.00 24 5.00 0.46 1.96 0.67
115 17.30 7.18 0.1C O.C 0.05 308.00 245.00 0.69 1.70 o. 82

119 17.20 r.3P 1.50 0.C3 0.09 312.00 246.00 1.35 0.65 1.25
123 17. 3C 7.33 1.6C 0.01 0.0 312.50 247.00 1.35 0. »5 1

.'•>

127 17.20 .37 2. C.C 0.10 0.0 311.50 242.00 1.80 0.43 1.05
131 17.20 .31 CIO O.C 0.0 318.00 243.00 0.?8 I.'? 0.53
134 17.60 7.29 o.c 0.01 0.08 317.00 24 3.50 0.50 1.^3 1 . oo
137 17.50 7.31 C.C O.Cl 0.10 316.00 243.00 0.51 1.5-> 0.83
140 17.40 .32 C.1C 0.C2 0.06 315.00 243.00 0.43 1. 45 1.13
143 17.20 \35 CO O.C 0.02 316.00 244.00 0.18 1 .71 1.10
14t 17.20 .34 C.C O.C 0. 19 316.00 244.00 0.44 1 .47 1.16
149 17.20 7.3C C.1C O.C C.05 313.00 244.00 0.0 1. 75 0.56
151 18. OC .31 O.C O.C 0.13 314. CO 243.00 0.22 2.03 0.77
153 17.80 7.31 0.0 0.0 C.05 314.00 244.00 o.3? 2. 0' 0. 9?
155 17.50 7.28 0.7C 0.0 0.04 314.00 243.00 0.88 1.8? 0. 5)

157 17. PO 7.3 3 C.C C.C6 o.o 316.50 242.50 0.36 1.55 O.cS

STATISTICAL EVALUATIONS

Mean 18.08 ; 56 3.28 0.05 0. 1 1 321.72 2Mt.39 0.1)1
1 -5** 0.88

Mini rrturi 16.50 .18 0.0 0.0 0.0 307.0 235.0 0.0 0.35 0.1*9
Max i mum 19.90 i • S"* 8.30 0.22 053 337.0 2U8.0 3.1.6 2 32 1 4,2

Standard
Deviat ion 0.76 f. .20 2.69 0.05 0.09 5.30 2.30 0.55 0.51 0. 22





TABLE A-6
11*3

C4TA OF FILTEP »3 EFFLUENT

RUN NU TF«P PH D.C. FE21 FFT ALK HONS NH3N NU?N NT13N

1 IP. 40 . P5 P.CC 0.0? 0.23 332.03 248.00 1.06
2 1H.O0 . 67 8.1C O.C 0.18 329.00 245. 50 1.07 — _
3 17.80 '.03 8. 10 O.C 0.09 321.50 241.50 1.11 — —
4 17.90 '.PA 8.2C 0.C2 0.26 329.50 246.50 1.03 _
5 16. 4C '.PP 7.oc 0.06 0.28 327.00 246.00 1.02 _ _
6 17.90 r. 82 8. 10 0. 14 0.31 325.00 245.50 0.94 — —
7 17.60 .65 7.7C C.20 0.24 324.00 245.50 0.79 — —
A 17. PO '.77 6 . P C.15 C.26 321.00 245.00 0.53 — —
c ie.20 .74 6. 10 0.16 0.21 322.50 245.00 0.35 —

10 It. 40 .72 5.3C C.18 C.19 322.50 244.00 0.19 — _
11 16.30 .73 5.30 0.17 0.09 322.00 239.00 0.12 —
12 19. CO .6 ? 4.5C 0.16 0.0 322.00 238.50 0.01 —
13 1C20 .74 4. 60 0.C9 C.02 323.00 238.00 CO _
1* 19. 3C .71 4.20 0.09 0.01 322.50 238.00 0.01 _ _
l
c IP. to .72 4. 40 0.11 0.04 320.00 236.50 0.05 —

It. l
c .10 .65 4. 71 0.04 0.07 327.50 247.00 0.09

17 19. 4C '.7? 4.4C 0.C4 0.17 327.50 246.00 0.10
19 19.30 .75 4. 5C 0.C3 0.11 327.50 245.50 C07 _
19 IP. 50 '.69 4. EC O.CO 0.07 327.00 244.50 0.09 —
20 16. 1U r. 72 5.CC 0.08 0.08 325.50 243.00 0.06 — _
21 Id. 20 .74 5.1C 0.10 0.0 322.00 241.00 0.C3 _
22 17. QC .71 4.7( 0.11 0.0 320.00 242.00 0.C3 _
2? 1

C .8C .69 ** • 4C C.C4 0.11 326.50 247.00 CO
24 19. tC r. 77 4. PC J. 04 0.09 326. CO 245.50 0.02 _
25 19.10 . 77 4.CC 0.C2 0.19 326.50 245.00 0.07
2f IP. 50 . 7? 5.3C 0.05 C.16 326.50 243.50 0.07 _ —
21 18. EC .7C 5.20 C.C2 0.06 325.50 242.50 0.01 _ —
2* 1C30 .71 5.20 0.06 0.12 326.00 245.50 0.10 _ _
29 1C10 ,7C 5.10 0.10 0.22 323.50 242.50 C 17 _ _
30 1 = .30 • 7C 5. 10 0.C6 0.26 324.50 244.00 0.13 _
31 1°.6C r . 78 5.1C 0.C1 0.27 325.00 244.50 0.07 _ _
32 19. 7C .77 5.3C C.C1 0.18 325.50 244.00 C15 _ _
5 T 19.10 '.74 5.4C 0.C1 CO 3?6.00 • 245.00 0.09 _
34 IP. 7) .74 5.5C o.n C.C3 323.50 24 3.50 0.10 — —
3C 16. 5C '.75 5. PC 0.C4 0.01 324.50 245.00 0.11 — —
36 1 6. . 40 '.75 5.10 C.C3 0.01 310.53 243.50 0.02 — —
?7 IP. 30 . 75 5. 40 0.C3 0.20 323.53 246.50 0.07 —
3 ° 18.30 r. 77 5.3C C.06 0.21 323.50 245.50 0. 18 —
39 IP. 20 .67 5.4C C.C4 0.0 5 325.50 24C50 0.09 — —
40 18.30 .67 5. ?C 0.C1 O.Pi 324.50 241 .50 0.03 _
41 18. 6C .73 5.3C COS 0.05 326.00 24 3.50 0.01 _
43 18.30 1.75 6.1C 0.C6 C.06 328.00 243.50 0.27 — —
44 18.30 .74 5.2C 0.06 C.08 325.00 243.00 0.02 — —
46 18.30 .74 5. 4i: 0.0 0.04 328.00 243.50 0.11 — —
4," IP. 20 .60 4.6C 0.C3 0.0 324.00 24! .50 G.06 — —
50 17.90 .53 2. PC 0.C9 C.OA 3'9.00 246.00 0.19 _ _
51 17.90 .47 2.8C 0.C2 C.ll 32P.OO 246.50 0.33 — —
c-1 17.90 .6 9 5.40 O.C 0.04 328.50 246.50 0.03 — —
55 17. tO t

ic C. K C.C3 C.C7 317.50 246.00 0.14 — —
57 17.70 .40 C.4C O.C 0.C7 31Q.0O 246.00 0.0 — —
5 9 IP. l r .3<- C.2C C.C4 0.06 318.00 246.00 en — —
ei 17.70 .?? C.1C 0.C1 0.P8 31 c .0n 246.00 C42 — —
6' 18.10 .45 C.3C C.C4 0.07 316.00 246.00 C.42 — —
64 17.80 '.4C C.3C C.C1 0.09 321.50 24O.0P 0.42 — —
fi 17.60 (.42 0.2C 0.C1 0.11 3T-.00 245. OC 0.40 — —
66 18.00 I.5C ?.4<" 0.0 0.04 323.00 247. 50 C.83 — —
7C 17.90 .71 5. 7C 0.0 = 0.07 320. CO 247.00 1.36 — —
72 17. 7r '.68 4. eo 0.C4 0.05 326.50 248.00 1.18 _ —
74 17. 7J '.66 4.5C 0.04 0.11 328.50 243.00 1.31 — —
76 17.50 '.57 2.0C 0.C3 0.C2 325.50 245.00 1.10 — —
76 17.80 '.4C C.4C O.C! 0.01 319.00 245.00 ".27 — —
PO 17. 9C .37 0. 10 O.C 0.03 313.03 24 3.50 0.31 — —
62 18. CO .36 C.1C 0.0 0.0 310.00 245.00 0.07 — —
t>3 18.40 . 36 CIO O.C 0.0 318.53 246.00 0.28 — —
85 17.60 '. 33 C.1C 0.0 0.11 3ia.no 24 5.00 0.43 — —
P6 17.20 . ?5 C.20 C.C 0.14 330.00 245. OJ 0.06 1 .50 0. 78
e» 17.10 .31 0.1C O.C? 0.04 320.00 246.00 0.21 1.40 0.71
cr 17.30 '.47 0. ?r 0.06 0.19 321.03 245.00 0.0>> 1.51 0. 09
5 = 17.00 .4C 0.3C 0.04 0.18 320.00 245.00 o.ll 1.43 1 . OB
np 16.70 .51 2.70 0.04 0.16 334.03 244.00 0.07 1.11 3. 7?
QC 16.80 3 C 0.6" 0.10 0.22 319.50 247.00 3.23 1.48 1.15

102 18.00 .30 C.20 C.1C 0.0 316.00 245.00 2.05 1.40 0.7O.

1C7 17.30 '.45 ?.4( 0.C2 0.07 320.00 245.00 2.90 0.03 0.79
110 17. CO .33 C.1C O.C 0.01 315.53 245.50 1.37 2.20 0.41
113 17.20 .22 C. 1C 0.01 0. 18 308.00 245.00 0.45 1 . 75 0. 00
115 17.00 '. 19 0.1c O.C 0.04 309.00 245.00 0.80 1 .h5 3.06
ll c 17. 1C . 34 C.3C C.C O.C 310.00 246.00 1.01 1 .2' 1 .09
123 17. 30 .33 1.6C 0.C2 0.0 313.50 246.00 1.61 0.53 1. l«
127 17.10 '.4C 3.4C O.C 0.0 312.50 242.00 1.93 0.'7 1 .05
131 17.00 . 34 C.5C O.C CO 316.50 24 2. 50 C.41 1 .08 0. 57
134 17.50 .32 0.10 0.C1 0.0 317.53 243.50 0.61 1. «1 1.11
137 17.50 .32 0.1C O.C 0. 10 316.50 243.00 0.51 1 .2" 1.07
140 17.30 .32 O.C 0.0 C.06 316.00 244.00 0.40 1 .45 1.16
14? 17. 2P . 34 O.C 0.0 0.C2 315.03 244.00 0.26 1.79 1 . "34

14(- 17.20 . 34 O.C 0.0 0. 19 31C03 245.00 C.4^ 1.74 C 06
140 17.20 .1 C.K O.C C.01 313.00 243.00 CO i.eo O.flo
15] 17.90 . 36 0.10 O.r 0.09 316.00 243.00 0.45 1. '* 0.81
15? 17. 80 .31 c.c 0.0 0.C6 31 4.03 244.00 0.32 2.01 0. 75

155 17.50 .27 C. 1C O.C 0.C3 313.00 244.00 0.76 2.0 7 0. 04

157 17.70 .33 C.K 0.0 0.C3 316.50 243.00 0.34 2."! 0. Rl

STATISTICAL EVALUATIONS

Mean 18.08 7 57 3.32 0.01* 0.09 321.76 24iU. 39 0.1*5 1.1*6 0.90

M i n ifnum 16.70 7 19 0.0 0.0 0.0 308.0 236.5 0.0 0.0! 0.1*1

Max i mum 19.80 7 93 8.20 0.20 0.31 332.0 21*9.0 3.23 2.20 1.18
Standard

Dev i at ion 0. 74. 20 2 66 0.05 0.08 5.27 2 .22 0.61 0.51* 18





TABLE A-7
TATA OF FILTER «4 EFFLUFNT

Ujli

8 LA NU TF«P PH D.r. FF? 7 FFT ALK HDNS NH3N NOZN N0 3N

1 IR..30 7. Ph F. U CCl 0.23 '34.50 24 7.50 1.03
2 18.80 7. 88 8. 1C o.c 0.18 329.00 244.50 1.G8 — —
3 17.70 7.94 P. 20 0.0 0.10 321.50 244.00 1 .08 — —
4 17. PO 7.P* 8.3C 0.0 0. 26 331.00 248.00 1 .00 _ —
5 16.30 7.9C 8.20 C.C8 0.25 328.00 248.00 1.16 — —
6 17.80 7. P«, 8.«C 0.17 0.28 3?7.0O 249.00 ! .01 _ —
7 17.60 7.P7 P. 10 0. 19 0.25 327.00 245.50 0. PO — -
o 17. 7C ?. PC 7.50 0.12 0.23 325.50 246.00 0.67 _ _
c 18.00 7.77 7.CC 0.17 0.2 2 3.31.50 246.00 0.62 _ —

10 16.40 7. 75 e.rc 0.20 0.22 3?3.00 242.50 0.35 _ _
11 16.20 7.74 5. 7C 0.15 0.12 322.03 239.50 0.24 _ _
12 19.00 7.64 4. PC 0.15 0.0 322.00 239. 50 0.01 _ _
13 19.20 7. 7^ 4.6C 0.C8 o.c 333.00 738.00 O.C _ _
1*. 19.20 7. 71 4.6C 0.C7 0.01 322.00 238.50 0.01 _ _
l
c 16 .60 7. 73 4.4C 0.04 0.04 320.00 237.00 ".23 _ _

It 18.90 7.6 6 4.6C o.c? 0.05 378.00 24 7.00 CC'4 _ _
17 1".»0 7.74 4.4C o.c? 0.16 32P.O0 245.00 0.C6
18 1". 30 7.75 4.5C C.C 0.09 327.50 745.50 0.09 _ _
19 IP. 40 7.7C 4. FT 0.C3 0.07 326.50 246.00 0.05 _ _
2" 1P.0C 7.71 4. C.C 0.C8 0.12 324.50 244.00 0.06 _ _
21 IP. 20 7.73 4. FT 0.C7 C01 323.00 24'. 50 O.C? _ _
22 17. PO 7.71 5. 1C 0.C9 0.01 323.00 24 6.00 0.0 _ _
23 19.7 1 7.7C 4. c

l 0.C4 0.13 3?7.5D 747.00 c.ri _ _
2*. 1C6C 7. 77 4.51 0.04 0.15 3?3.50 743.00 0.C2
25 ! = . 1 7. 76 5.CC 0.C3 0. 19 3?5.50 244. 5U 0.07
26 16.40 7.73 5.4C 0.04 0.13 325.50 244.50 n.05
27 1-. '

: 7.7" c
. T CCl 0.11 3'5.50 245.00 0..O1 _

2° 19.20 7.71 5. 3C o.c? 0. 11 327.00 247.00 C 11
29 1 C .10 7.7C 5. 1C 0.1? 0. ?5 3?4.00 243.50 0. 19 _
30 19.30 7.7C 5. 1C C.C6 0.24 3?5.00 745.50 0.15 _ _
31 19. 5C 7. '8 5.10 0.C1 0.28 375.50 245.00 0.07 _
32 19.60 7.7P 5.20 CCl 0.17 325.50 745.00 0.15 _
33 l c . 10 7.76 5.6C CC 0.03 325.50 744.50 C13 _ _
34 18.60 7.7t 5.6 0.03 0.C3 326.50 245.50 ".18
1 c It .40 7. 74 >.f r 0.02 0. 01 324.50 245.00 0.09 _ _
It IP. 40 7. 78 5.1C 0.04 0.05 321.00 2 4 '.00 O.CI _ —
37 16.20 7. 75 5.5C 0.C4 0.17 3»4.00 246.50 O.C 6 _
38 18.20 7.77 5.4C o.n 0. 13 324.50 245.50 0.12 _
3 = 18.20 7.6 7 5.5C 0.0 0.09 335.50 245. 50 0.08 __ _
AC IP. 20 7.67 5.20 0.0? 0.03 323.00 241 .50 0.02 _ _
41 1B.6C 7. 74 5.2C C.07 0.03 325.00 242.50 0.01
4 ' IP. 30 7.76 6.1C 0.03 0.04 328.00 247.50 0. ?7 _
44 16.30 7. 74 5.20 0.08 0. 10 325.00 242.00 O.CI ,

46 16.20 7. 74 5.5C 0.02 0.05 328.00 24 3 . 50 0.22 _ _
4P 18.20 7. PC 4. ec CC5 0.01 324.50 241.50 0.12 — —
ep 17.90 7.54 ?.ec C.C8 0.08 3?P. c 246.00 C21 _
51 1P.0C 7.5C 3.30 0.C2 0.15 330.00 246.00 0.37 _
53 17.80 7.7C 5.4C o.c 0.05 32P.O0 246.00 0.0 3

55 17.50 7.41 C.6C o.ci 0.06 318.00 746.50 0.35
47 17.70 7.4C 0.30 CO CC7 319.00 245. 50 O.CI — —
c c 16.20 7.4C 0.1C 0.C2 u. 09 319.no 746. 50 0.14 _ _
61 17.70 7.37 0.10 o.c O.CI 31'. 53 746.00 0. 5'

63 18.00 7.4F C.5C 0.C7 0.10 317.50 246.00 r.55 _
64 17. 70 7.42 0. 3( 0.01 0.10 322.00 24P.00 0.5 5 — —
66 17.60 7. '3 C. 1C 0.C2 0.08 317.50 245. 00 0.51
e» 1P.CC 7.42 C.1C o.c 0.06 320.00 247. 5u r. '4 _ _
70 17.80 7.49 C.9C 0.05 O.Ch 320.00 24 6.50 0.15 _ _
72 17. 6C 7.59 3.2C 0.04 0.05 325.50 249. Oo C . 70
74 17.75 7.6P 4.6C 0.05 0.07 3?9.00 244.50 1.28 _
7ft 17.60 7.53 2.4C 0.C8 0. 10 3'3.50 245.00 1.35 _
76 17. ec 7.41 C.FC 0.01 0.01 319.00 244. 50 0.22 _
PO 17.90 7. 37 0. 1C o.c 0.05 316.50 744.00 C ?3 — —
e2 lri. 10 7. 37 l.CC 0.0 0.01 317.00 244.00 " .97 — —
83 16.30 7. 38 C. If 0.0? O.CI 317.00 245. 50 0.21 _
65 17.80 7.32 C.1C 0.02 0. 14 318.50 245. 50 P. 39 — —
P6 17. 10 7. '5 C.2C C.C 0.12 319.50 246.00 0.07 1 . 48 0. '5

se 17. 2C 7.32 e.2( 0.C2 0.06 320.50 246.50 C. 26 ! . s 5 ".41
so 17.40 7.47 0.3C C.05 0.20 322. "0 246. 50 C 15 1.42 ".6°
55 1 7 . n 7.4C C.'C 0.01 0.22 322.00 246. 00 0.12 1

. '"
'. . 1 4

96 16.70 7.51 2.60 C.04 0.1° 323.00 244.00 0.08 1 .10 ".7?
or 17.70 7. '6 CIO o.io 0.18 317. =0 247.00 ?. PO ] . PS 0.92
102 18.00 7.'1 0. 10 0.C6 0.02 317.00 24 8. 50 1 .77 1.9! O.Ph
107 16.50 7.3 2 C.1C O.C 0.05 317.00 245.50 1.3' 1 . 95 0.73
110 If. 10 7. 34 0.10 O.r 0.01 31 5.50 74 5.00 1 .44 1 . 9° 0.69
11' 18.30 7.23 0. 1C CC? 0. '. p '09.00 245.00 r . *<, 1 .

?' 0. PI

115 1 P. 90 7.15 C. 10 0.11 0.20 '09.00 245.50 0. 78 1. 51 0. 86
11° 16. 30 7. 3C 3.1C 0.05 0.06 308.51 245.50 C.73 1 . 66 0.07
12' 18. ?0 7.23 C. 10 o.ci CO 309.00 247.00 C70 1 . ^4 0."?
127 IP. 2C 7.2? C.C 0.C2 0.0 306.5" 242.00 0.8 5 1.67 0. pp

131 lb. CO 7. 32 o.c 0.0 0.01 317.00 242.50 0.34 1. 16 1 . 01

174 1". 40 7.32 c.ir o.c 0.0 317.00 24'. 00 0.67 0. 97 1 . ' '

137 IP. 50 7.32 C.C 0.0 0.09 316.50 242.00 0.59 1.21 1.1?
1*0 It. 20 7. '6 C.C 0.04 C.Oft 316.00 242.00 0.48 1.15 1 • ' '

143 16 .CC 7. '6 C.C 0.0 CO 317.03 244.00 0.32 1 . '6 ! . ?P

1*6 17.90 7. 3 C C.C 0.0 0. 17 312.00 742.00 0.64 0. °* 1.6'
149 18.10 7.34 C.C o.c 0.0 '15.00 244.00 0.25 0. T 1.43
151 17.90 7.5C 2.FC o.c n.06 322.00 744.00 1.21 . 44 1. 33

153 17.90 7.37 0.5C o.c 0.16 3 '0.0 3 744.00 0.60 1.15 1 .
'4

155 17. PC 7.3C C.C 0.C4 0.03 314. CO 244.00 C62 1 . 57 1.34
157 17.40 7. 35 c.c o.c 0.02 317.00 242.50 0.44 1 .

c °

STATISTICAL EVALUATIONS

Mean 18.22 7.57 3.23 321.74 O.I<2

Minimum 16.70 7-19 0.0 0.0 0.0 30650 237.00 0.0 0.M 0.61
Ma* i mum 19.70 7.94 8.40 0.20 0.28 334.50 21<9.00 2 80 1 99 1.52

Standard
Deviation 0.61 0.20 2.78 0.05 0.08 5.50 2.26 0.U8 0.39 0.26





TABLE A-8
CA7A UF FILTER «5 EFFLUENT

IMS

RUN NO TtMP PH o.r. FE2T FE f »LK HONS NH3N N02N NO?N

ft 17.00 7.74 e.7c 0.01 0.09 333.00 245.00 2.00 0.04 0.3?
se 17.30 7.67 7.6C 0.03 0.04 334.00 246.00 2.03 O.n? 0.23
90 17.30 7.88 7.7C 0.C3 0.22 335.00 245.00 1.97 0.O6 0.3?
Cc 16.90 7.7C 7.7C 0.C4 0.17 333.00 246.00 l.«l 0.10 n. '«

<,« It. SO 7.68 6.5C C.C4 0.16 329.00 245.00 1.01 0.47 \'.i
OQ le.oo 7.42 1.40 0. 11 0.14 320.00 248.00 3.16 1.95 0. ss

lo2 18. CO 7.30 C.1C 0.08 0.C1 *16. 00 245.50 1.66 2.36 1.44,

107 18.40 7.3C r. ir O.C 0.0 318.00 246.00 1.22 2.54 0.4.)

lie 18. CO 7.?2 C.10 O.C 0.03 314.00 245.00 1.21 2.55 J. 39

113 18.40 7.20 C.1C 0.0 C.09 309.00 246.00 0.52 2.45 0.31
115 18.41 7.16 C.1C 0.C2 0.19 307.00 246.00 0.59 2.?5 0.3?
ll^ 17.20 7.28 0.2C 0.03 0.01 307.50 246.00 0.60 2.41 0. >6

123 17.40 7. ?C 0.0 0.01 0.0 308.00 246.00 0.40 2.28 0.4?
127 17.30 7.17 o.c 0.01 0.0 301.00 245.00 0. 73 2.35 1. 36

131 17.20 7.25 C. 1C O.C 0.0 314.50 244.00 0.14 1. 98 0.4f,

134 17.60 7.24 C.C 0.0 0.0 313. CO 243.00 0.42 2.0? 0.5?
1?7 17.50 7.28 c.c 0.C2 0.C9 315.50 242.50 0.36 1.98 0.60
140 17.40 7.3C o.c 0.C3 0.03 315.00 243.00 0.28 1.82 0.7?
143 17.30 7.3? o.c O.C CO 316.00 244.00 0.2? 2.10 C°0
l'e 17. 10 7. '3 0.10 O.C 0.19 317.00 244.00 C7 2.0^ 0.80
149 17. 10 7.32 0.40 CO 0.04 315.00 244.00 ( .0 2.00 (; "i0

151 18. CO 7.71 6.8C o.c 0.07 328.00 243.00 2.11 0. 18 0.5?
153 17. 9C 7.60 5. CO O.C 0.10 325.00 24 3.00 1.76 0.6? CM
15* 17.50 7.33 c.ec o.o 0.04 316.00 2'4.00 0.O9 1. °5 0. 58

157 17.80 7.33 o.c 0.C2 0.C2 316.00 243.00 0.?? 2.17 0.^2

STATISTICAL EVALUATIONS

Mean 17.55 7.40 2.14 0.02 0.07 318.22 244.72 1 .04 1.63 0.48

Mi n imum 16.80 7.16 0.0 0.0 0.0 301 .0 242.50 0.0 0.02 0.29
Maximum 18.40 7.88 8.70 o.n 0.22 335.0 248.0 3.16 2-55 0.80
Standard
Deviation 0.47 0.21 3.25 0.03 0.07 9.27 1.38 0.82 0.93 0.15

TABLE A-9
CMA UF FILTER «6 EFFLUENT

RUN NO TEMP PH C.f . FE2T FFT ALK. HCNS NH3N N32N N0'»»1

86 17.10 7.74 8. PC O.C C.21 332.50 ?44. 50 1 .°8 0. 3 7 0. ->n

88 17.20 7.67 7.60 0.05 0.33 333.00 246.00 1 .61 0.02 0.55
90 17.20 7.91 7.FC 0.05 C41 335.50 245.50 l.°8 1.03 0. Lu
95 17.20 7.75 8. CO CC8 0.43 334.00 245.00 1.95 3.05 0. *4
98 16.70 7.78 8.1C CC3 0. 19 332.00 244.00 1.30 0. 10 0.36
99 i6.ee 7.76 7.6C 0.C9 0. IB 332.00 246.50 5.C7 0. 15 0. 33

1(2 17.00 7.M 6.CC CO" C.01 3 30.50 246.50 ?.31 0. "=8 0.40
107 17.40 7.32 C.20 C.C1 0.01 318.00 2 4 5.00 1 .29 2.5? C \<\

lie 17.00 7.36 0.30 o.c C02 316.50 246.50 0.92 ?.?1 0. ?l

113 17.10 7.23 C7C CO? C41 311.00 745.00 0.56 ? . 1? 0. <5
115 17.40 7.20 0.30 cci 0.0 30°. 00 246.00 0.6« 2. 35 0. ?>

119 17.30 7.32 0.9C 0.0? c.01 308.80 245.00 0.08 ?.?2 0. '0
123 17.30 7.25 CcC CCI c.01 3! COO 246.50 0. 74 2.04 n. to
127 17.30 7.30 etc 0.C2 CC3 307.50 24?. SO 1.29 l.DQ 0. 3?
131 17.20 7.31 C.4C o.n CO 31=. 00 24C50 0.12 2.01 0. 44
134 17. 70 7.31 C.C o.c CO 314.50 244.00 0.27 2. 06 C 5°
137 17.60 7.?P 0.1C 0.02 C.ll 31C50 243.00 C42 ?.C1 C 56
140 17.40 7.32 C.7C 0.0 c.c 315.00 244.00 0.45 '. 10 0.6
143 17.20 7.33 C. 1C 0.0 0.04 314.00 244.00 0. 18 ?.?4 0. 56
146 17. CO 7.33 C.2C o.c 0.27 316.00 244.00 0.33 2.16 0.65
149 17.20 7.32 CPC o.c 0.14 315.00 244.00 1" .0 2.16 0.65
151 17. CO 7.^4 0.10 o.c 0.13 312.03 242.00 CI" ?. 1° 0.=6
153 17. 8C 7.33 0.1C o.c C 12 316.00 244.00 0. 33 2.20 0.61
155 17.60 7.29 C.FC 0.C1 0.04 314.00 243.00 0.79 2.10 0.'4
157 17.73 7.34 0.1c 0.01 0.06 316.50 24^.00 C32 ?.io 0.65

STATISTICAL EVALUATIONS

Mean 17.29 7.43 2.44 0.02 0.13 318.04 244.53 1.05 1.58 0.47

M i n i mum 16.70 7.20 0.0 0.0 0.0 307.50 242 .00 0.0 0.02 23
Max i mum 17.90 7.91 8.80 0.09 0.43 335.50 246 50 5.07 2.52 0.68
Standard

Oev iat ion 0.30 21 3 39 0.03 0. 14 9.23 1.33 1 .16 0.93 0. 14





1U6

TABLE A-10
CATA OF F ILTER #7 EFFLUENT

KLIN NO TFMP PH O.C FE?T FET ALK HONS NH3N ND2N N03N

ee 21.90 7.72 8.5C 0.06 0.16 333.00 .246.00 1.88 0. 04 o.?o
PH 21. 9C 7.62 6.90 0.04 0.02 331.50 246. 00 1.79 0. 14 0.46
9C 21.40 7. PI 6.60 0.06 0.18 332.50 246.50 1.82 0. 14 0.4 6

95 22.60 7.41 0.4C 0.C1 0.13 ?20;00 247.00 C07 1.96 0.5"
99 22. CC 7.51 3.1C 0.C4 0.22 322.00 245.00 0.12 1.33 0.45
<JC 21.90 7.36 0.4C C.12 0.17 319.00 246.00 3.35 2.11 0.98

10? 22.30 7.3C o.ir 0.C7 0.0 314.00 246.00 1.69 2.35 0.44
1C7 23. 3C 7.3C 0.1c 0.02 0.02 319.00 246.00 1.39 2.30 0.£4
110 22.10 7.?2 CIO 0.0 O.C 315.50 247.00 1.40 2.11 0.43
11? 22. SC 7. IP O.lf O.Cl 0. 14 307.00 245.00 0.52 2.^2 0.?1
115 23. CO 7.16 C.3C 0.C2 0.10 299.00 229.00 0.78 2.07 0. '5

119 23. 10 7.28 CIO 0.C4 C.02 299. CO 230.50 ".63 2.18 C'2
123 22.90 7.1? C.C O.C CO 3J6.50 246.CC 0.41 2.2 C- 0.40
127 23.60 7.19 0.90 0.01 CO 303.00 241.50 C65 2.2" r.4 7

131 22.90 7.2P 0.2c C.C 0.0 315.00 24 '.00 C12 1.91 r. .5?
13* 22.90 7.27 C.K o.c C.C 315.00 243.50 0.36 2. 09 0.58
137 23.00 7.?C O.C 0.0 0.C8 315.50 441. 00 0.45 1.96 0.5^
140 23.00 7.18 cir 0.C4 o.O 313.01 559.00 0.3? 2.00 0. 7 b

1*3 24.60 7.21 C.C CO 0.0 313.00 619.00 0.29 2.0Q 0.66
146 2?. 80 7. It 0.10 CO 0. 10 ^12.00 748.00 0.48 1.9? 0. 90
l^a 23.60 7.21 0.20 O.C C.np 311.00 606.00 C .C6 1.9? O.90
151 25.00 7.32 O.C C.C 0.02 316.00 2<-4.00 0. 30 1.56 0.6 9

153 25.20 7.31 O.C O.C 0.02 316. CO 243.00 C40 2. CO O. 7K

155 23.20 7.24 C.C O.C 0.09 316. CO 244.00 0.80 ?.03 0.06
157 24. CC 7. ?C C.C O.Cl CCS 323.00 242.50 0.43 0. J o 0. 16

STATISTICAL EVALUATIONS

Mean 23.12 7-32 1.13 0.02 06 3I'<.98 313.90 O.8I4 1.75 0.49

Mini mum 21 .1*0 7.16 0.0 0.0 0.0 289.0 228.0 0.06 0.04 0.06
Max imum 25.80 7.81 8.50 0.12 22 3330 7^8.0 3 35 2.35 80
Standard

Deviation 1 . 1

1

0.17 2.44 0.03 0.07 9.89 150. 18 0.78 70 0.20
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