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Abstract:
In over 40 percent of the groundwater drinking water sources in the United States, iron (Fe) and
manganese (Mn) concentrations exceed the recommended levels set by the Environmental Protection
Agency (EPA). Iron and manganese are not considered health hazards, although micro-environments
may be supported in wells and distribution systems which harbor microorganisms. The main concern
with these metals is the color imparted by the oxidized forms that rarely go unnoticed by the consumer.
In addition, clothes and plumbing fixtures are easily stained.
This project investigated chemical and biological aspects of removing iron and manganese from
groundwater, with treatment design based on implementable practices for small systems. Small water
systems are finding it increasingly difficult to meet water regulations, and due to lack of resources,
treatments used by larger systems are often not applicable.
The project was broken down into two phases. Phase one investigated chemical oxidation of iron and
manganese using a proprietary mixed oxidant solution produced by a device from MIOX Co. The
oxidants are formed by passing brine (salt water) through an electrolytic cell, avoiding the handling of
volatile substances such as chlorine gas and ozone. Laboratory experiments investigated the
effectiveness of this solution on the oxidation of Fe and Mn. The mechanism of soluble manganese
removal through oxide coated media was demonstrated, and the sorption capacity of manganese
greensand was determined. A side-stream filtration system set up at a local community demonstrated
the usefulness of the mixed oxidants under field conditions. Overall, the effectiveness of the mixed
oxidant solution was similar to that of sodium hypochlorite.
The second phase of this project investigated the use of biological filtration for iron and manganese
removal. A similar side-stream filtration system was set up to demonstrate the use of microorganisms
to oxidize and remove ferrous iron without chemical addition. Two forms of aeration were tested that
impart dissolved oxygen to the nearly anoxic water to promote biological growth. Laboratory
experiments investigated the mechanisms of oxidation by these microorganisms. Oxide structure,
microscopic observations, and chemical analyses were used in collecting evidence on removal
mechanisms. Several mechanisms are proposed that may explain the oxidation processes occurring in
this system.
A cost analysis was conducted to compare the proposed treatments implementable for small systems,
while distinguishing the pros and cons of each.
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ABSTRACT
In over 40 percent of the groundwater drinking water sources in the United States,
iron (Fe) and manganese (Mn) concentrations exceed the recommended levels set by the
Environmental Protection Agency (EPA). Iron and manganese are not considered health
hazards, although micro-environments may be supported in wells and distribution
systems which harbor microorganisms. The main concern with these metals is the color
imparted by the oxidized forms that rarely go unnoticed by the consumer. In addition,
clothes and plumbing fixtures are easily stained.
This project investigated chemical and biological aspects of removing iron and
manganese from groundwater, with treatment design based on implementable practices
for small systems. Small water systems are finding it increasingly difficult to meet water
regulations, and due to lack of resources, treatments used by larger systems are often not
applicable.
The project was broken down into two phases. Phase one investigated chemical
oxidation of iron and manganese using a proprietary mixed oxidant solution produced by
a device from MIOX Co. The oxidants are formed by passing brine (salt water) through
an electrolytic cell, avoiding the handling of volatile substances such as chlorine gas and
ozone. Laboratory experiments investigated the effectiveness of this solution on the
oxidation of Fe and Mn. The mechanism of soluble manganese removal through oxide
coated media was demonstrated, and the sorption capacity of manganese greensand was
determined. A side-stream filtration system set up at a local community demonstrated the
usefulness of the mixed oxidants under field conditions. Overall, the effectiveness of the
mixed oxidant solution was similar to that of sodium hypochlorite.
The second phase of this project investigated the use of biological filtration for
iron and manganese removal. A similar side-stream filtration system was set up to
demonstrate the use of microorganisms to oxidize and remove ferrous iron without
chemical addition. Two forms of aeration were tested that impart dissolved oxygen to the
nearly anoxic water to promote biological growth. Laboratory experiments investigated
the mechanisms of oxidation by these microorganisms. Oxide structure, microscopic
observations, and chemical analyses were used in collecting evidence on removal
mechanisms. Several mechanisms are proposed that may explain the oxidation processes
occurring in this system.
A cost analysis was conducted to compare the proposed treatments implementable
for small systems, while distinguishing the pros and cons of each.

I
INTRODUCTION

In over 40 percent of the groundwater drinking water sources in the United States
iron (Fe) and manganese (Mn) concentrations exceed the recommended levels set by the
Environmental Protection Agency (EPA). Oxidized forms of iron and manganese stain
clothes and plumbing fixtures, and impart an unhealthy looking tint to the water.
Although there are no medical concerns associated with these metals, they do promote
viable populations of microorganisms in wells and throughout distribution systems.
Many of the utilities associated with elevated iron and manganese concentrations are
small (< I MGD), and lack the resources to implement intricate treatment systems.
Since iron and manganese are not health hazards, they are often secondary to
other contaminants when a treatment system is designed. However, many customer
complaints arise from contaminants such as iron and manganese because of the color they
impart to the water, and to anything they contact. Small systems have few options to
remedy iron and manganese problems. Historically, sequestering the metals with
polyphosphates was used by small systems. Sequestering does not remove the metals but
prevents them from imparting a color to the water. Due to the low capital costs of
sequestration compared to other available treatments, the strict water quality parameters
necessary for this treatment are often stretched beyond what is applicable to the
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treatment. When sequestration is attempted outside of the recommended water quality,
often the result is cloudy water and frequent process optimization problems.
Project Objective

The problem this project addresses is the need for a cost effective, successful
treatment for small systems with elevated iron and manganese concentrations in their
drinking water source. Since this study was aimed at finding technologies that are
implementable for small systems, practical use was deemed as the driving factor in
determining the direction taken in laboratory experiments as well as system design. It
was never a question of whether the iron and manganese could be treated successfully,
but rather if a practical, cost effective treatment train could be designed for use by small
systems.
This project was broken down into two, one year studies. Initially, chemical
oxidation was investigated using mixed oxidants produced from a proprietary device
supplied by MIOX Corporation. This unit has inherent advantages that are desirable to
small treatment systems, the most important of which is improved safety, since volatile
oxidants are not produced. After initial testing of the mixed oxidants for their
effectiveness at oxidizing iron and manganese, different scenarios for removing these
metals from a local community water system were investigated.
The second phase of this project looked at the biological aspects of removing iron
and manganese from water. Biological removal was demonstrated using a direct

'3.
filtration system and oxidation mechanisms were investigated. Again the focus was on
small systems so as to compare biological to chemical treatment.
Thesis Outline
This report begins with a background of iron and manganese, acceptable levels
for drinking waters, and treatment considerations. Next, current treatments used to
oxidize and remove these metals are presented. Aspects of physical-chemical and
biological treatments are compared, followed by an introduction to the needs of small
systems and the field site used throughout this project.
The following chapter explains the experimental procedures used for both phases
of the project in the order presented in the project schematics (Figures I and 2). The
results and discussions follow, presented first Only for the chemical oxidation phase,
followed by those for biological oxidation. A summary of the results of each phase are at
the end of each respective chapter.
The concluding two chapters consist of a summary of the cost analyses,
comparing several treatments and the relative costs to implement each, followed by a
summary chapter that brings together the results of the project. It is hoped that the
organization of this report will enable the reader to coherently understand the overall
results, while understanding that the conclusions made, especially regarding the costs, are
in the context of small, limited resource, treatment systems.

Laboratory

Field

W

Oxidation in
Solution

W

Oxidation in
Solution

Coagulation /
Sedimentation

Direct Filtration

Direct Filtration
I

Pea Gravel

Greensand

Greensand

Silica Sand

Figure I Chemical Oxidation Project Schematic

Cost Analysis

Laboratory

>

Cost Analysis
>

Microscopy

Oxide Structure

Oxidation
Mechanism

Figure 2 Biological Oxidation Project Schematic
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II
BACKGROUND
Iron and Manganese

Iron (Fe) and manganese (Mn) are both inorganic metals found commonly in the
earth’s crust. They are often found together, with iron making up approximately 5
percent of the crust and manganese making up about 0.1 percent. Iron is the fourth most
abundant element by weight. As a rule of thumb, manganese concentrations are 1/10 that
of iron concentrations from the same source. Iron is found mostly in igneous rocks and
manganese predominantly in metamorphic and sedimentary rocks, although both
originate from many sources.

Occurrence in Natural Waters
Iron and manganese are historically a groundwater issue. It is estimated that 40
percent of the wells in the United States have iron concentrations over the 0.30 mg/L
recommended limit (Billings 1992; Sung and Forbes 1984). For groundwater high in iron
and manganese the occurrence is unchanged by seasons. Iron and manganese are
solubilized in the subsurface, anoxic environment, as the water passes through iron and
manganese mineral bearing rocks. The presence of COz in the water will further
facilitate this solubilization as it is supported by low pH. Since subsurface environments
are slow to change, there is virtually nothing that can be done to the water to change the
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iron and manganese content. If the source is used for drinking water, most often some
form of treatment will be necessary to discourage precipitation of the metals upon
aeration of the water, or to remove the oxidized particles.
Surface water problems arise when anoxic environments occur at the bottom of
lakes, allowing iron and manganese to transform to soluble species. When turnover
occurs these soluble metals are brought to the surface where the presence of oxygen
causes oxidation and coloring of the water. If this is a source of drinking water then the
presence of iron and manganese will demand treatment to remove the color, prior to
distribution.

Iron and Manganese Chemistry
Soluble iron and manganese are both divalent cations. For iron this is a semi
stable state below a pH of about 5, whereas for manganese it is semi-stable up to a pH of
about 8. Along with pH, the oxidation intensity (Eh), or availability of electrons, must
also be examined to determine the stability of these metals. For iron, the reduced state
has a +2 charge (Fe+2) and the +3 charge (Fe+3) is the oxidized form. Manganese, like
iron, has a +2 charge in the reduced state but may have several different oxidized forms.
Oxidation states of +3,4, and 7 are all possible oxidized forms of manganese, with +4
being the common form found in natural waters. Mn+3 is usually only a transition state
and is easily changed, and Mn+7 is found in permanganate but is uncommon in natural
waters. Depending on the environment, iron and manganese will change their forms to
the lowest energy state. This transition is what drives the chemical transformations that
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cause drinking water problems, and it is upon this assumption that treatment techniques
are based.
Iron Oxidation:
oxygen

2 Fe+2 + 1/2 O2+ 5 H2O

—►

2 Fe(OH)3(S) + 4 H+

(I)

chlorine

2 Fe+2+HOCl + 5 H2O

—►

2 Fe(OH)3(S)+ C l"+ 5 H+

(2)

Manganese Oxidation:
oxygen

Mn+2 + 1/2 O2+ 3 H2O

—►

Mn(0H)4(S) + 2 H+

(3)

chlorine

Mn+2 + HOCl + H2O

—►

Mn(OH)4(S) + Cl" + 3 H+

(4)

Mn + 1/2 0 2(aq) + H2O

—►

MnO2(S) + 2 H+

slow (5)

Mn + MnO2(S)

—►

Mn+2 * MnO2(S)

fast

Mn 2 * M n02(S) + 1/2 O2caq)

—►

2 MnO2(S) + 2 H

slow (7)

HOCl + Mn+2 + H2O

—►

Mn02(s) + Cl" + 3 H+

slow (8)

MnO2 + Mn

—►

Mn * MnO2(S)

fast

Autocatalytic Mechanism:
oxygen

chlorine

(6)

(9)

Mn * MnO2(S) + HOCl + H2O - — ► 2 MnO2(S) + Cl" + 3 H+ moderate (10)
The oxidation of manganese by oxygen and by chlorine involves an autocatalytic
mechanism, which uses oxidized manganese particles to catalyze the subsequent
oxidation of soluble manganese. Once there are sufficient oxidized particles, the
adsorption of the soluble manganese onto the particles increases, and sustains manganese
oxidation.
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Problems Associated with Iron and Manganese
The presence of iron and manganese in drinking water sources is often
understated due to the lack of immediate health risks. Customer complaints often arise
primarily from visible signs of contaminants in their tap water. It is safe to say that water
colored golden brown, black, or red will seldom go unnoticed by the consumer. Once
anoxic source waters are aerated and the soluble iron and manganese are oxidized, the
colloidal particles impart a color to the water. Iron particles tend to create a brown color
and oxidized manganese imparts a darker, black tint. Plumbing fixtures and laundry can
become stained, and iron and manganese can become deposited on well heads and pipe
interiors. Home water softeners can become clogged, reducing efficiency (Kothari 1988).
In addition to clothes, hair has been known to acquire a reversible reddish tint due to the
presence of iron. A bitter, stringent taste is imparted to the water that can be detected
even at very low metal concentrations (< 0.3 mg/L, iron and < 0.05 mg/L, manganese).
The presence of iron and manganese in the water supports bacteria that can assimilate
these metals. These microorganisms can clog well screens and decrease distribution pipe
capacity, causing water shortages and increased costs associated with pumping (Wallace
and Campbell 1991; Smith 1985).
The Trace Inorganic Substances Committee concluded in 1987 that much still
needs to be learned about the “chemistry, treatment, and control of iron and manganese
and that there is still room to improve treatment effectiveness while reducing treatment
costs. Such goals are especially relevant to small water systems, which are frequently
afflicted with iron and manganese problems.” Conclusions from the Committee Report
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call for research on oxidation kinetics and mechanisms, and in determining the role
microorganisms play in metal transformation to aid in controlling growth that is
beneficial and detrimental to treatment.

Acceptable Levels
Currently there are no enforceable standards for iron and manganese
concentrations in drinking water. Secondary Maximum Contaminant Levels (SMCLs)
are set as guidelines for contaminants that are deemed non-critical, as opposed to Primary
MCLs set for critical contaminants. SMCLs for iron and manganese are 0.30 and 0.05
mg/L, respectively. These recommended levels are not below the threshold of taste for
all people, and many industrial processes require lower levels. The American Water
Works Association (AWWA) sets goals for many contaminants for drinking water and
industrial use. These goals for iron and manganese, set well below those by the EPA, are
0.05 mg/L for iron and 0.01 mg/L for manganese.

Treatment Considerations
Important raw water quality parameters must be determined before a treatment
train can be developed. For iron and manganese, pH is the primary factor. Oxidation by
aeration can occur in a matter of seconds at high pH and at an impracticably slow rate at
low pH. For most natural waters, with near neutral pH, iron oxidation is fairly rapid
(seconds to minutes), whereas manganese does not, for any practical purpose, oxidize
without the addition of chemicals. Natural organic matter present in the water may
combine with the iron and manganese creating a complex that increases the resistance to
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oxidation (Knocke et al. 1994; Knocke et al. 1990). The alkalinity of the water should be
noted to determine the likelihood of a drop in pH as oxidation occurs. A drop in pH due
to the release of protons during oxidation will in turn slow further oxidation. Sufficient
)

alkalinity should be maintained to avoid this situation. Lower limits for alkalinity have
been suggested at 50 to 120 mg/L as CaCOg. Oxidation potential (Eh) of the water
describes how reduced or oxidized, the environment is, and along with pH, affects the rate
and extent of oxidation that is possible in the water.

Available Treatment Technologies

_Currently there are several methods for treating iron and manganese in drinking
water. Not all are appropriate for small systems, and conversely some that are used by
small systems are uncommon for larger systems. Available methods of treatment are
summarized in Table I and include:
o

Oxidation, followed by Coagulation / Sedimentation / Filtration

o Direct Filtration and Oxide-Coated Media Filtration
o

Sequestration

o

Ion Exchange

o

Membrane Filtration

o

In Situ Treatment

O Biological Filtration

treatm ent

effectiveness

advantage

d isad van tage

relative cost

oxidation coag/floc/sed
direct filtration
and oxide coated
m edia filtration
sequestration

very

high removals

moderate very

simple, low maintenance

size, requires constant monitoring,
capital costs
requires certain water characteristics

moderate high
low - moderate

low

very low tech, corrosion control

low

ion exchange

very

m em brane
nitration
in situ

very

complete removals can be
obtained
high quality effluent

does not remove contaminants,
concentration sensitive
fouling, high maintenance, only for
low concentrations
fouling, high maintenance, only for
low concentrations
unproven, non - conventional

biological
filtration

low - very
very

stop problem at source, usually
no chemicals needed
no chemical addition, high
removals, shock resistant

still in early stages of development,
requires soluble forms

Table I Available Treatment Technologies

moderate high
high
low - high
low
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Oxidation
Removal through coagulation / sedimentation / filtration requires that the soluble
iron and manganese be oxidized prior to the addition of chemicals designed to aid in
settling. Oxidation may be accomplished a number of ways (Table 2).
Aeration Aeration consists of either bubbling air through the water or cascading
the water, to induce oxygen transfer into the liquid. At the pH of natural waters, aeration
can effectively oxidize iron from the ferrous to ferric state. Aeration is generally
recommended for high levels of iron (> 5.0 mg/L) to reduce chemical costs. The
catalytic properties of iron oxidation are not as well documented as with manganese, but
the presence of ferric iron has been shown to increase the oxidation of the ferrous species
(Sarikaya 1990). Coagulation / sedimentation / filtration, or some other removal method
is required downstream. Manganese is not readily oxidized by oxygen througbout the pH
range of natural waters.
Free Chlorine For iron alone, the most common method of oxidation is by the
addition of free chlorine (HOC1). As long as the iron is not complexed by organics,
oxidation is very rapid, with the exact times depending on temperature and pH. Free
chlorine is not effective at oxidizing complexed iron (Knocke et al. 1990). Oxidation of .
manganese by free chlorine is significantly slower than for that of iron (Knocke et al.
1990; Knocke et al. 1992; Wallace and Campbell 1991; Hao et al. 1991). Manganese
oxidation is highly pH dependent and may be impracticably slow below a pH of 8.5.

J

Reaction times of several hours are required at near neutral pH, even with chlorine doses

Fe

Mn

ad van tage

disad vantage

relative cost
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n

no chemicals
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free chlorine
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n,s

common
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e ,f

e ,f

no by - products

chlorine dioxide

e ,f

e,f

generated onsite

not applicable to
manganese
disinfection by
product formation
dose sensitive colored water
by - products

high

ozone

e ,f
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generated onsite

no residual

high

used for high
concentrations
pH dependent,
public concern
reqs. skilled
operators
reqs. skilled
operators
reqs. skilled
operators

m ethod
aeration

e = effective
f = fast
n = not effective s = slow

Table 2 Oxidation Techniques for Iron and Manganese
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on the order of 1000 percent or more of the stoichiometric requirement (Knocks et al.
1990). Increased doses of free chlorine increase the reaction rates, while lower solution
temperatures.significantly reduce the rate of oxidation. Complexation of manganese with
organics slows the oxidation rate.
Potassium Permanganate In contrast to free chlorine, potassium permanganate
(KMnO.*) oxidizes manganese rapidly. Solution temperature plays the greatest role in
oxidation rate, but oxidation still proceeds within several minutes. Iron and manganese
oxidation by potassium permanganate is very rapid for all natural pH ranges (Knocks et
al. 1990; Knocke et al. 1991b). For complexed iron, oxidation does occur, but higher
permanganate doses and longer times than those usually found for water treatment are
necessary.

Chlorine Dioxide An alternative oxidant used for iron and manganese treatment
is chlorine dioxide (CIO2). Generated onsite, chlorine dioxide requires specialized
training and handling, and therefore, may be unsuitable for small systems. Chlorine
dioxide is as effective as potassium permanganate for the oxidation of both iron and
manganese. For manganese alone, the oxidation rate increases with increasing
temperature and pH (Knocke et al. 1991b; Van Benschoten et al. 1992). When chlorine
dioxide oxidizes manganese, CIO2 reduces to CIO2" (chlorite), contributing only one
electron. This dictates a high stoichiometric requirement, since not all of the oxidizing
power of chlorine dioxide is used. Chlorite has been shown to be ineffective at oxidizing
manganese at near neutral pH (Knocke et al. 1990), and is a by-product that is of health
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concern. Due to the health concerns associated with chlorite, chlorine dioxide may prove
to be limited in its usefulness at oxidizing manganese. Oxidation of ferrous iron by
chlorine dioxide is very rapid, generally within seconds. However, it has been shown to
be ineffective at oxidizing complexed soluble iron (Knocke et al. 1992; Knocke et al.
1994).
Ozone As with chlorine dioxide, ozone (O3) must also be generated onsite.
Ozone is highly reactive, requiring skilled operators trained in handling and safety. For
oxidation of manganese, ozone reacts within seconds, with reaction times decreasing as
pH increases. With a pH increase, the decomposition of ozone increases, and doses in
excess of the stoichiometric requirements may be needed. Iron oxidation by ozone is also
very rapid, on the order of a few seconds (Knocke et al. 1990).

Coagulation / Sedimentation / Filtration
Once soluble iron and manganese are oxidized into a particulate form, they may
be settled from solution. However, due to their size and density, and the forces acting
upon them in solution, these settling velocities may be very slow. To increase the settling
velocities of these particles, coagulants are added to conglomerate the particles into larger
floes that settle out more quickly. The coagulant, commonly either an inorganic salt or a
synthetic polymer, is added during a rapid mix stage. This stage consists of a short (1-2
minute) turbulent mixing phase when the coagulant is added, followed by a longer, less
turbulent, flocculation phase, that may last for 30 minutes or more. During flocculation
the particles are given time to adhere to one another, growing into larger floes with higher
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settling velocities. Sedimentation follows, as a laminar stage where no mixing occurs,
allowing the floes to settle out. This stage is variable in residence time depending on the
time needed to remove the large particles to an acceptable level. In order to remove the
remaining smaller particles that were not removed during settling, some type of filtration
is often required. If sedimentation is successful, large filter clogging particles are
removed, and filtration can proceed at a reasonable filter run time. This eliminates
excessive pressure drop across the filter, and less frequent backwashing is required.

Direct Filtration and Oxide-Coated Media Filtration
If metal concentrations are fairly low or if space or capital costs are a problem,
then the sedimentation phase may be eliminated, and filtration may follow coagulation.
This process is called direct filtration. In this system the metals are oxidized and, if
needed, a coagulant (filter aid) is added to increase the size of the particulates. The goal
is to produce small, pin floes that will be trapped in the filter, rather than ones large
enough to quickly clog the filter and create high pressure drops. Backwashing will
usually be required more frequently as compared to filtration after sedimentation. The
effectiveness of direct filtration is unique for each system.
When water containing soluble iron and manganese is filtered through the same
media for an extended period of time a surface oxide coating will form that in turn
promotes iron and manganese adsorption (Knocke et al. 1988; Knocke et al. 1991a).
When treating water higher in iron concentration than manganese the iron must be
oxidized before entering the filter. Without previous oxidation, the iron will adsorb to the

18
media and block manganese removal, due to the low affinity of manganese for iron
oxides. To eliminate the need for formation of natural oxide coatings, commercial
pre-coated media is available. A common treatment for manganese is the use of the
alumino-silicate mineral glauconite, treated with permanganate, known as manganese
greensand. This coating of manganese oxide can be generated naturally over time
(natural greensand effect, NGE) or by coating the media with a synthetic oxide (Merkle
et al. 1997a). Manganese oxide has a high adsorption attraction for inorganic species,
such as Ra+2, Zn+2, Cd+2, Cu+2, Pb+2, and Cr+2, giving it potential for treatment in a
variety of applications. The theory behind the removal of manganese with greensand has
been studied extensively (Knocke et al. 1991a; Coffey et al. 1993; Merkle et al. 1997b;
Knocke et al. 1988). Common agreement is that the oxide coating adsorbs soluble
manganese at a finite number of adsorption sites. Without the presence of an oxidant the
adsorption sites fill, eventually reducing the removal capacity of the media. When an
oxidant is added to the filter, the adsorbed manganese is oxidized at the media surface
and becomes a part of the media itself, thereby opening up more sites for further
adsorption. The dosing of the filter with an oxidant at set intervals is known as
intermittent regeneration, and takes the filter out of service for a brief time. Work has
been conducted on continuous regeneration, where low levels of oxidant are mixed into
the influent stream (Knocke et al. 1991a). The adsorbed manganese on the media
becomes oxidized, continually creating sites for removal without taking the filter out of
line. Permanganate has historically been used as the oxidant for intermittent
regeneration. Recently work has been conducted that indicates chlorine may be a
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superior oxidant for continuous regeneration, eliminating the difficulties associated with
permanganate (Knocke et al. 1991a; Weng et al. 1986). When oxidants stronger than
chlorine (permanganate, chlorine dioxide, ozone) are used for continuous regeneration,
the influent manganese is of the colloidal form prior to entering the filter. This treatment
has been shown to initially produce lower removals, due to the colloids passing through
the filter (Knocke et al. 1988; Weng et al. 1986). As the filter ripens removals increase.
Current findings (Merkle et al. 1997b) indicate the following mechanism occurs at the
media surface when manganese is in the soluble form entering the filter column:
reversible sorption

Mn+2 + MnO(OH)2(S)

►

Mn02Mn0(S) + 2 H+

(H )

oxidation

Mn02Mn0(S) + HOCl

►

2 MnO2 + H+ + Cl'

(12)

Incorporating both of the above equations, where MnOaMnO(S) is considered the site
available for regeneration:
Mn+2 + MnO(OH)2(S) + HOCl + H2O ----- ►

MnO2 + MnO(OH)2M + 3 H++ Cl" (13)

or
Mn+2 + SITE + HOCl

----- ►

MnOx(s) + SITE

(14)

This mechanism indicates that soluble manganese, in the presence of an oxidant,
is adsorbed to the media surface at a specific site, becomes oxidized, and forms an
identical adsorption site. It further assumes that the total number of sites is independent
of the oxide accumulation, which may not be valid throughout the entire life of the
media.
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Sequestration
In sequestration, iron and manganese are not removed, but are prevented from
imparting color to the water. A sequestering agent such as a phosphate or silicate is
added to the water, that reacts with the “soluble” iron and manganese to prevent them
from oxidizing and creating discoloration or turbidity, for a period longer than the
detention time in the distribution system. For successful sequestration the metals cannot
remain in their reduced states, a common misconception in the process of sequestering.
Current literature (Robinson et al. 1992; Klueh and Robinson 1992) has concluded that
for effective sequestration to occur an oxidizing agent should be added prior to, or within
a short time of the addition of the sequestering agent. Tests on the species of the
sequestered iron indicated that it was primarily in the ferric state, supporting the belief
that metals need to be oxidized for proper sequestration. The sequestering agent does not
keep the metals in a reduced state, but maintains the oxidized particles in a colloidal form
where they are prevented from growing into floes. The colloidal particles are
microscopic and do not impart any color to the water. Since the metals must be oxidized
nearly simultaneously for successful sequestration, current work (Robinson et al. 1992)
indicates that the use of chlorine as the oxidant when manganese is to be sequestered
fails, due to the slow oxidation of manganese by chlorine. A problem associated with
sequestering is the fact that it breaks down with heat; depolymerization has been
documented to occur at temperatures as low as 18°C (Klueh and Robinson 1992). One
study (Robinson et al. 1992) showed there was precipitation of iron in hot water heaters
leaving little at the tap for discoloration.
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If silicates are used, dosing at a ratio, of 34 -12 mg SiOa / mg Fe is acceptable for
iron concentrations between 0.2 and 1.5 mg/L (Robinson et al. 1992). Higher
concentrations of silicates are required as iron concentrations increase.
Polyphosphates have the same drawbacks as silicates. In addition to
depolymerization due to heat and time, the presence of calcium has been shown to inhibit
sequestration success (Klueh and Robinson 1992). Due to this inhibition, greater dosages
are needed for sequestration. An upper limit on polyphosphate dose exists, due to
unexplained increases in turbidity as doses increase above 7.5 mg/L PO4 (Klueh and
Robinson 1992). Common polyphosphate doses are 2.0 - 2.5 mg/L and are limited to 10
mg/L in most states for potable use. The information on polyphosphates is almost totally
anecdotal, therefore, many engineers discount polyphosphate sequestering as a feasible
treatment technique under any circumstances (Klueh and Robinson 1992).
Despite the problems associated with sequestration, it is a common treatment for
small systems due to economic considerations, and the fact it does prove successful for
certain water qualities. For example, total iron and manganese concentrations should not
exceed approximately 1.5 mg/L, distribution residence time should be fairly short, and
water hardness should be low to limit depolymerization. One advantage of using
sequestering agents is the corrosion inhibition gained in the distribution system (Boffardi
1993).

Ion Exchange
The ion exchange process uses a resin through which the untreated water passes.
The iron and manganese must be in their reduced state upon entering this system to
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prevent fouling. The resin, which may consist of small synthetic resin beads on the order
of I mm in diameter, has sites available for iron and manganese to bind, exchanging with
other cations. The process of exchanging the dissolved metal for the resin coating
removes the metals from solution and replaces them with less objectionable ions.
Usually the resin contains sodium ions that are replaced over time with divalent cations,
including iron and manganese ions. As these sites fill the resin must be regenerated by
flushing with a strong salt solution. Ion exchange should only be selected for low flow
applications, where manganese is the principle metal to be removed, since manganese is
more easily exchanged than iron (Davis 1997). In addition to metal removal, softening
occurs as the calcium and magnesium ions are removed. Since the regeneration cycle is
dependent on the amount of ions exchanged, and because calcium and magnesium
compete effectively with iron and manganese, treatment should only be applied to low
hardness waters. This process is usually limited to waters containing combined iron and
manganese concentrations of I mg/L or less (Wallace and Campbell 1991; McFarland
1985). Very high quality water can be obtained using ion exchange. Near 100 percent
removals are often accomplished, but due to the costs of maintaining the system, ion
exchange is usually reserved for industrial use.

Membrane Filtration
Membrane filtration provides several different options for iron and manganese
removal. First, sieving membranes contain tiny pores, which under pressure, do not
allow anything smaller than the pore to pass. Ultrafiltration, microfiltration, and
nanofiltration are examples of sieving membranes. For removal, metals must be in an
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oxidized state in order to be maintained on the membrane. Eventually the iron and
manganese that build up on the membrane cause it to foul, thereby lessening its capacity
to treat water. The membrane must then be chemically cleaned before returning it to
operation. The hydraulic capacity of the membrane is reduced each time it fouls until it
becomes too inefficient to be put back into use, and is termed irreversibly fouled or
poisoned (Odendaal et al. 1996). In general, sieving membranes are not used for iron and
manganese control due to their expense and limited life caused by fouling. Another type
of membrane filtration is reverse osmosis (RO), where the membrane is dense and
nonporous. In contrast to other membranes, the iron and manganese must be in thensoluble forms so as not to foul RO membranes. In reverse osmosis treatment, purified
water passes through the membrane, with the exact mechanism of contaminant separation
still debated. One hypothesis is that through hydrogen bonding the water passes through
the membrane leaving any contaminants behind (Odendaal et al. 1996). Since the
membrane is nonporous it is especially subject to fouling. For iron and manganese the
influent concentrations must remain very low; levels below the drinking water standard
are recommended. Due to this constraint, and the fact that membrane filtration is quite
expensive, it is usually reserved for treatment systems that require ultrapure water.
Immersed membrane filtration has recently emerged as an alternative to conventional
membrane filtration (Mourato et al. 1998).

In Situ Treatment
In situ treatment entails treatment in the natural place of occurrence. While few
studies have been done on in situ treatment of iron and manganese, there has been
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documented success (Zienkiewicz 1985). One proprietary method involves oxygenation
of the well water and then recharging this water back into the aquifer by way of wells that
surround the production well. The oxygen rich water precipitates the iron and manganese
in the aquifer, allowing lower metal concentrations to be pumped out of the production
well. The goal is to maximize the volume of water that can be pumped from the
production well for each volume of water recharged. In one case, recharge occurred
every 2 - 3 weeks with the metal concentrations in the production water decreasing with
each recharge. After several recharges (6 for iron and 19 for manganese) the levels of
iron and manganese were below the SMCLs and the production volume was more than
10 times the recharge volume (Zienkiewicz 1985). The number of recharge iterations
needed before production volume is satisfactory depends on the ratio of iron to
manganese, as well as the combined amounts. This method is applicable to very high
metal concentrations, with the system cited having a manganese concentration of 6 mg/L.
Future innovative methods like the one described may make similar in situ treatment
processes common techniques in years to come.

Biological Filtration
Biological filtration consists of a filter column with active microorganisms on the
media. These filters become seeded with naturally occurring microorganisms after a few
weeks of passing water containing iron and manganese through them (Cameron 1996).
Once the filters contain significant populations, the iron and manganese fed to the system
is transformed possibly via the organism’s metabolic activity. Very high removals (95 100 percent) can be achieved through biofiltration (Yannoni et al. 1995). Since iron and
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manganese must be in their reduced states for organisms to benefit, no chemical addition
is needed prior to the filters. These filters can handle high influent concentrations, as
well as shock loads and infrequent loading. Biological filters are capable of oxidizing
iron complexed with organics, where physical-chemical means may not be applicable due
to the necessity of long contact times (Mouchet 1992). For biological filtration to
efficiently remove iron and manganese it must be optimized for either iron or manganese
removal. Simultaneous removals are not likely, as different organisms must thrive for
removals of each metal to occur.
In addition to the use of biological filtration for iron and manganese removal,
biologically active filters are an effective treatment for reducing the assimilable organic
carbon (AOC) content of water. This reduction in carbon has been shown to reduce
regrowth of heterotrophic organisms in distribution systems (Lechevallier et al. 1991;
Smith and Emelko 1998; Huck et al. 1991; Carlson and Amy 1998). Treatment systems
that do not chlorinate upstream of the filters are in fact practicing biofiltration, and all
filters have some sort of biological growth in them.
Biological vs. Physical-Chemical Oxidation
Determining the actual mechanism of ferrous iron oxidation in a biological filter
is a process of gathering circumstantial evidence. The main problem arises from the
quick oxidation of ferrous iron by aeration at neutral pH. It should be noted that, when
dealing with iron removal, there will be both physical-chemical and biological
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mechanisms occurring simultaneously. This is an inevitable by-product of aerating the
water prior to treatment.
There are several requirements that should be met to be certain that biological
removal is occurring. The first, and most important requirement is the presence of iron
oxidizing organisms. Their presence is often indicated by long, sheathed structures that
may or may not contain cells. These organisms will be covered with iron oxides and are
often difficult to find due to the large amount of oxide versus the relatively low numbers
of organisms. If there are a large number of organisms and a relatively small amount of
oxides then the source of energy of the organisms is not iron (Starkey 1945). Large
amounts of ferrous iron are needed to sustain each organism due to the low amount of
energy gained per mole of iron oxidized. The second requirement is to determine if the
water characteristics fall into those specified by Figure 3. This figure displays the field of
activity of iron bacteria, as well as the characteristics where physical-chemical
mechanisms will begin to dominate the oxidation processes. In addition to requiring pH
and Eh to fall within the specified values in Figure 3, zinc and hydrogen sulfide
concentrations must be very low; inhibition has been noted at concentrations
> 0.01 mg H2S/L (Mouchet 1992).
Several tests can be conducted to see if biological removal is occurring. A
seeding time should be apparent when the filters are put in-line, where removal efficiency
increases as the organisms populate the filter media. The backwash water can be settled;
the particulates should settle quickly due to the dense, slightly hydrated structure
associated with biological oxidation. Additionally, shock chlorination of the filters can
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be conducted, which should result in a rapid decrease in the removal efficiency. If large
diameter media (~ 2 mm) is used for biological treatment, as recommended by Mouchet
(1992), removals above 50% should be considered to have at least some biological
processes occurring. Physical-chemical removal requires much smaller media
(~ 0.4 mm) to trap particles oxidized up-stream of the filter.
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Figure 3 Field of Activity of Iron Bacteria
(from Mouchet 1992)
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Iron and Manganese Oxidizing Bacteria

Emergence of “Iron Bacteria”
It has long been recognized that bacteria have the ability to deposit iron and
manganese oxides outside their cells. The term “iron bacteria”, traditionally Gallionella,
Sphaerotilus, Leptothrix, Crenothrix, and Clonothrix, was first coined by Winogradsky in
the nineteenth century. The original definition of “iron bacteria” was meant to only
include those bacteria that were able to grow from the energy liberated by the oxidation
of ferrous iron to ferric hydrate. Winogradsky studied Leptothrix ochracea and
postulated, but never proved, that they could grow autotrophically by deriving energy
from iron oxidation to fix COz (Ghiorse 1984). Due to unknowns about this group of
bacteria problems arose in their cultivation and nomenclature, some of which still cause
controversy today. Starkey (1945) stated that the study of these bacteria may be “limited
almost entirely to microscopic observations and simple chemical tests.”
The crux of the nomenclature problems arose from the observation by Pringsheim
in 1949 that these bacteria could change form under different cultural conditions.
Although total agreement on nomenclature is not resolved today, the more problematic
question facing researchers is why and how these bacteria oxidize soluble iron and
manganese.
Iron bacteria can be found in ferromanganese deposits that form in natural waters
of lakes, ponds, springs, etc. These bacteria also thrive in well casings and distribution
systems where they may clog pipes and cause significant problems. Tubercles formed by
these bacteria lead to corrosion problems and may provide shelter for other bacteria.

29
The most common iron oxidizing bacteria can be recognized by their metalencrusted structures. Stalked and sheathed bacteria are easily identifiable. They appear
as long narrow bands approximately 1-10 microns in width and up to several hundred
microns in length, surrounded by dark deposits of iron or manganese oxide.
Possibly the most common iron-ensheathed bacterium is Leptothrix ochracea.
There is no confirming evidence that this organism oxidizes iron for energy. Difficulties
in growing the organism in pure culture complicate advances in this subject (Mulder
1964). Leptothrix ochracea has the ability to deposit large amounts of ferric oxides on
their sheaths, with the amounts deposited increasing with increasing iron concentrations.
When the ambient concentration of iron increases, the iron content of the cells increases
only a fraction of this amount. This phenomenon allows them to grow in waters
containing very high iron concentrations (Starr 1981).

Do Organisms Benefit From Fe and Mn Oxidation?
Except for Gallionella ferruginea and acidophilic iron oxidizer Thiobacillus
ferrooxidans, the exact reason why microorganisms oxidize iron and manganese is
unknown. Historically, geochemists agree that microorganisms may produce micro
environmental conditions (elevated pH and Eh) conducive to metal oxidation (Ghiorse
1984).
Chemolithotrophy, the ability of organisms to derive energy through chemical
oxidation, use inorganic substances as electron donors, and fix COz as a carbon source,
has been shown for Gallionella ferruginea (Smith and Smith 1994; Starr 1981). The
exothermic reaction by which these autotrophs receive energy :
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4 Fe+2+ O2 + I O H 2O ----- ► 4 Fe(OH)3 + 8 H++ Q cal.

(15)

does not release much energy. Approximately 600 moles of iron must be oxidized to
absorb one mole of carbon, so large amounts of iron must be oxidized to satisfy the
energy requirements of these bacteria (Mouchet 1992). This is one explanation of why
biological filters can be operated successfully at high loading rates.
Dubinina (1978) cited evidence for a peroxidase mechanism using an isolated
culture of Leptothrix pseudo-ochracea. It was established that hydrogen peroxide
liberated during the oxidation of organic substances takes part in the oxidation of iron and
manganese in a Fenton reaction:
2 Fe+2 + H2O2+ 2 H+ ---- ► 2 Fe+3 + 2 H2O

(16)

The benefit organisms gain from this oxidation is unclear. It has been proposed
(Mouchet 1992) that the oxidation of these metals may be solely to detoxify the ambient
medium. It is unlikely, yet unproven, whether these organisms gain energy from the
oxidation of iron and manganese. Previous to the work by Dubinina, Balashova and
Zavarzin (1972) investigated Mycoplasma laidlawii to determine the mechanism of iron
oxidation. They concluded that the H2O2 produced by the organism was the source of the
oxidation, and that the introduction of catalase inhibited this oxidation. They believed
that the oxidation was a secondary result of the organism’s vital activities.

Oxide Characterization
The precipitates formed by these organisms are believed to be slightly hydrated
iron oxides, often lepidocrocite (y-FeOOH) and goethite (a-FeOOH), although no data is
presented to confirm these beliefs (Mouchet 1992). These are considered crystalline
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forms that are much more compact than amorphous precipitates formed during physicalchemical treatment (ferrihydrite (SFegOs • 9 H2O) and iron hydroxide (Fe(OH)2). The
biological precipitates are said to be denser, less likely to clog filters, and easier to settle
than amorphous precipitates.

Existing Biological Removal Plants
The use of biological iron removal for water treatment has not reached acceptance
in the United States but has been used in Europe for over 75 years, with several hundred
plants in use today. In France alone there are more than 100 biological treatment plants,
with Germany, Belgium, Finland, Bulgaria and the Netherlands also incorporating this
technology (Mouchet 1992). These plants are designed mostly for groundwater sources
and can successfully remove all of the iron at loading rates up to 20 gpm / ft2 (Mouchet
1992). This is in contrast to conventional plants which load between 2 - 6 gpm / ft2. In
addition to high loading rates, the concentration of iron and manganese that can be fed to
the filters is also high. One study (Yannoni et al. 1995) showed 99 percent removals over
a run time of 100 hours, with an influent iron concentration of 9 mg/L. To aerate anoxic
groundwater, plants often use forced air systems, introducing compressed air into the
flow stream. Cascading aeration systems, where water flows in sheets off of step like
features, have also been implemented (Mouchet 1992).
Pilot and full scale facilities using biological iron removal have often published
the reductions in operating costs, comparing biological removal to conventional physicalchemical removal, as additional advantages to biological treatment. Bourgine et al.
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(1994) compared the Saints Hill biological treatment plant to the Grombridge
conventional treatment plant (both located in the United Kingdom), and concluded the
following reductions in costs associated with the Saints Hill plant:

'

15% reduction in electricity costs
93% reduction in manpower costs
96% reduction in chemical costs
75% reduction in other costs

Small System Limitations

Small water utilities are often overlooked in the present economies-of-scale water
industry. Small systems, serving less than 10,000 people, account for approximately 80
percent of the community water suppliers in the United States (Clark 1987). Of these
utilities many are privately owned and must request rate increases from public
commissions. This complicates the process of increasing rates for water consumption
that would result from system upgrades.
The question for Small systems trying to meet the increasingly stringent water
regulations is not “can we meet the new regulations?”, but “can we economically meet
the new regulations?” Available treatment trains exist to remove just about any
contaminant from drinking water, but whether there is a choice for economic
implementation of that treatment is often the question. Many small systems, as with the .
one in this study, are in the size range (less than I MGD) where unit costs are maximal.
Nothing can be done to change the fact that small system treatment processes cost more
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on a unit basis. When new treatment processes must be added to meet new regulations it
is again the small systems that are hit hardest. For example, the unit costs for adding an
ion exchange system for nitrate removal more than doubled the unit costs for one small
system (Clark 1987). Designing an alternative method solely for a small system who
needs to meet newly required MCLs, will mean a substantial rate increase, and with the
price inelasticity of water, demands will not decrease as prices increase.
Field Site - Moore. Montana

We initiated our process of choosing a field site by obtaining a list of
communities from the Montana Department of Environmental Quality (DEQ) with
potentially high iron and manganese concentrations in their water supply. After contact
with many communities we chose the town of Moore, Montana as our field location.
Iron levels were fairly high and manganese was present, but at low concentrations (see
Table 3). The pumphouse was close to the wellhead and a side stream system could be
installed. The town currently had a problem with cloudy water and was interested in
investigating alternative treatments to their existing system.
Moore, Montana is a small town located approximately fifteen miles west of
Lewistown (Figure 4). Moore has a population of 202, with 100 hook-ups that are fed by
a central well. The current well was drilled in 1992 to a depth of 1800 feet. The well
water is pumped at 100 gallons per minute (gpm) to a 60,000 gal holding tank underneath
the pumphouse, then as needed, it is pumped from this reservoir by one or both of two 80
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Table 3 Water Quality - Moore, Montana
Temperature
pH
Eh
Fe+2
Fe total
Mn+2
Mn total
Mg+2

Ca+2
Total Hardness
Total Alkalinity
Dissolved Oxygen
Ammonia
Hydrogen Sulfide

17
7.3
20
1.50
1.50
0.030
0.030
85

100
185
220
0.18
0.32
0.12

°C.
units
mv (hydrogen std.)
mg/L
mg/L
mg/L
mg/L
mg/L as CaCOs
mg/L as CaCOs
mg/L as CaCOs
mg/L as CaCOs
mg/L
mg/L NHs-N
mg/L

gpm pumps up to a 50,000 gallon water tower. Daily use varies depending on the time of
year, with winter averages in the range of 20,000 gallons per day (gpd) to a maximum
\

summer use of approximately 80,000 gpd. Throughout the year an average of 40,000 gpd
are pumped from the well. The water characteristics (Table 3), show an iron
concentration of approximately 1.50 mg/L, and a relatively low manganese content of
0.030 mg/L. Although the simultaneous presence of hydrogen sulfide and soluble iron is
uncommon, solubility calculations allow the concentrations detected (considering
precision of analyses) to be theoretically possible, without precipitation to iron sulfide.
Current treatment consists of sequestration by means of blended polyphosphates
dosed at the wellhead, and chlorine gas residual dosing as the water enters the first
holding tank. Sequestration seems only adequate for this system, as water is often turbid
but potable. Since sequestration is actually most effective on oxidized particles that are
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maintained in their colloidal state, as the upper limit of colloid stability is approached,
water cloudiness may be an inevitable by-product. Customer complaints usually arise
from cloudiness, although several customers have intermittent hydrogen sulfide
occurrences, generally only in the low use houses. Water cloudiness is intermittent and
can sometimes be seen in the first holding tank. Changing the dosing of the
polyphosphate clears up the cloudiness temporarily, but long term solutions are yet to be
found. It has been noticed that intermittent colored water will show up when faucets are
first turned on or when hot water is used. This is expected, as the sequestering agent
breaks down over time and under high temperatures. The iron concentration of 1.50
mg/L has placed Moore on the suggested upper limit for successful sequestration. In
addition, the high calcium content may decrease the effectiveness of the sequestering
agent. Intermittent coloring of tap water indicates some iron deposition in sections of
their distribution system, where the sequestering agent may be losing effectiveness.
The water chemistry at Moore, MT may be a mixture of the common water
characteristics found in iron bearing groundwater. The presence of hydrogen sulfide is
apparent from the strong odor emanating from the water. Iron concentrations are
significant, but not as high as those expected to accompany elevated hydrogen sulfide
concentrations. Three common subsurface environments for iron bearing waters are
illustrated in Figure 5 (Snoeyink and Jenkins 1980), which may or may not depict the
subsurface environment at Moore. The subsurface at Moore may be a combination of
two of the distinct layers in this figure. The three zones depicted contain different
concentrations of dissolved iron. Zone I is common for a shallow well drilled into the
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unsaturated zone. Zone 2 is governed by FeCOs equilibrium and is indicative of very
high concentrations (20 mg/L) of dissolved iron; therefore it should be avoided as a
drinking water source. Zone 3 has very low concentrations of iron ( I gg/L ) and a high
concentration of hydrogen sulfide. One theory may be that the Moore well is drawing
water from the boundary between zones 2 and 3. This would produce water with
elevated concentrations of iron and hydrogen sulfide, without being extremely high in
either one. The redox potential of the Moore water is 20 mV, and the pH is 7.3, placing
Moore water just outside of the characteristics found at the interface of zones 2 and 3.

Figure 5 Solubility of Iron in Relation to pH and pe
(from Snoeyink and Jenkins 1980)
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III
EXPERIMENTAL PROCEDURES
Experimental Approach

The experimental approach of this project evolved as experiments were
conducted, allowing the direction of the project to be customized towards building on the
positive results obtained from previous testing. The project was broken into two phases,
investigating chemical and biological removal of iron (Fe) and manganese (Mn) from
drinking water. The ultimate goal of the project was to investigate efficient, low cost
chemical and biological treatments that could be tested at a local small water treatment
system.

Chemical Oxidation Approach
The first phase investigated the efficiency of a proprietary mixed oxidant solution
at oxidizing iron and manganese. Experiments began by looking at the ability of the
mixed oxidants to oxidize the metals in solution. The stoichiometry between the mixed
oxidants and the metals was investigated using batch experiments, where oxidant was
added to soluble iron and manganese, noting the amount of oxidant needed to oxidize a
known amount of a reduced metal. Following these batch experiments it was desired to
know how the particulates formed during oxidation would Settle out of the water.
Column tests were conducted to determine the time needed for settling and the amount of
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residual Fe and Mn concentrations in the water. Specifically it was desired to know if
filtration was a necessary downstream process to sedimentation.
Manganese removal is often accomplished using filtration though manganese
oxide coated media. Tests were conducted to see if the mixed oxidants used in this
project could aid in the removal of manganese during filtration. The removal mechanism
of manganese during filtration through oxide coated media was determined, so as to .
compare the mechanism using mixed oxidants to other oxidants (chlorine, permanganate,
etc.).
Once the effectiveness of the mixed oxidants was known, a treatment system was
designed and installed at a local community to test the efficacy of this treatment under
field conditions.

Biological Oxidation Approach
To accompany the chemical oxidation results of this project, biological aspects of
iron and manganese removal were investigated. This phase started by designing a sidestream filtration system that could be installed at a local small community. The filtration
system contained three parallel streams to compare the use of packed tower aeration,
forced aeration, and no aeration. These three treatments were chosen to (I) see if
aeration was necessary to promote biological growth, and (2) compare the effectiveness
of these aeration techniques at imparting dissolved oxygen to the water, and reducing
chlorine demand.
In addition to demonstrating the use of biological filtration for small systems, the
mechanism of oxidation during biological treatment was investigated. Literature gives
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little insight about how organisms oxidize Fe and Mn, or why. Microscopic observation
confirmed the presence of iron oxidizers and surface analysis was conducted on the iron
oxides formed in the filters. Lastly, chemical analysis was conducted on the effluent
water of the filters to aid in the understanding of the mechanism of biological oxidation
of iron.
Analyses

Chemical
•

Alkalinity was determined using 2320 B. Titration Method adopted from Standard
Methods (19th edition, 1995).

•

Non - purgeable organic carbon was determined using a Shimadzu (Columbia, MD)
TOC - 5OOOA analyzer with a high sensitivity catalyst.

•

Redox potential was determined using a Cole Parmer (Vernon Hills, IL) redox probe
model 27013-21 containing 4 M KCI. Probe accuracy was confirmed using ZobelVs
standard solution (Standard Methods 1995).

•

Dissolved oxygen was determined using a YSI (Yellow Springs, OH) meter model 58
with probe YSI-5905.

•

Hydrogen peroxide was determined using a Hach (Loveland, CO) HYP-1 test kit
( 0- 10 mg/L) and confirmed using the method of Kolthoff and Sandell (1952) based
on the following reaction:
Hydrogen peroxide reacts with iodide in acid medium in the following way:
H2O2 + 2 I" + 2 H+

^

I2 + 2 H2O

(17)
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Procedure:
Add to 25 ml of sample:

10 ml 4 N sulfuric acid
I g potassium iodide
3 drops neutral 3% ammonium molybdate solution
I ml 2 g/L sterile soluble starch

Titrate until loss of color using standard solution of sodium thiosulfate.

The following analytical procedures were conducted using colorimetric
spectrophotometry with a Hach DR2000 spectrophotometer.
o Ferrous iron was determined using Hach Method 8146 (1,10 Phenanthroline Method,
using powder pillows) for water, wastewater, and seawater. Precision - ±0.006 mg/L
Fe+2.
o Total iron was determined using Hach Method 8147 (FerroZine Method) for water
and seawater. Precision - ±0.0027 mg/L Fe.
o Total manganese was determined using Hach Method 8149 (Pan Method, Low
Range) for water and wastewater. Precision - ±0.0049 mg/L Mn.
o

Soluble manganese was. determined using the above total manganese method after the
sample had been filtered through a 25 mm Coming (Coming, NY) 0.20 pm cellulose
acetate membrane syringe filter.

o

Free chlorine was determined using Hach Method 8021 (DPD Method, using Powder
Pillows), USEPA accepted for water and wastewater analysis. Precision - ±0.012
mg/L CL.
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o

Total chlorine was determined using Hach Method 8167 (DPD Method, using Powder
Pillows), USEPA accepted for water and wastewater analysis. Precision - ± 0.012
mg/L CI2.

0

Total, calcium, and magnesium hardness were determined using Hach Method 8030
(Calmagite Colorimetric Method) for water, wastewater, and seawater. Precision ±0.006 mg/L Mg as CaCOg, ±0.02 mg/L Ca as CaCOg.

0

Turbidity was determined using Hach Method 8237 (Absorptometric Method) for
water, wastewater, and seawater. Precision - ± 2 FTU.

0

Low range dissolved oxygen was determined using Hach Method 8316 (Indigo
Carmine Method using Accu Vac Ampuls).

0

Ammonia nitrogen was determined using Hach Method 8155 (Salicylate Method).

0 Nitrate was determined using Hach Method 8039 (Cadmium Reduction Method) for
water, wastewater, and seawater.
0 Nitrite was determined using Hach Method 8507 (Diazotization Chromotropic Acid
Method) for water, wastewater, and seawater.

Iron Oxide Structure The crystalline structure of the iron oxides was tested by Xray Diffraction (XRD) using a Scintag (Cupertino, CA) X l Advanced Diffraction
System. Samples were prepared by vortexing filter media to release the oxides then by
filtering the liquid through Millipore (Bedford, MA) 0.20 pm polycarbonate filters.
The oxide state was investigated using X-ray Photoelectron Spectroscopy (XPS).
A Physical Electronics Laboratories (Eden Prairie, MN) PHI - 5600 ESCA spectrometer
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was used for analysis. Samples were analyzed according to the specifications shown on
the data collection sheets (Appendix B). Samples were analyzed for 2P3/2 shell electrons,
the customary shell for iron oxide identification. This allowed for comparison to
literature values. Samples were prepared identically to those for XRD. The residue on
the polycarbonate filter was then transferred to silicone wafers for analysis. (Oxide
structure was investigated at the Image and Chemical Analysis Laboratory (ICAL) at
Montana State University).

Biological
Microscopy Light microscopy work in identifying organisms was conducted
using an Olympus (BH2-RFCA) microscope. Samples were prepared according to
Ahmed and Smith (1988), or by vortexing filter media then filtering the liquid through
Millipore (Bedford, MA) 0.20 jim polycarbonate filters. Filters were then viewed dry
using ultra long working distance lenses or using oil immersion procedures at
magnifications ranging from 200x to 1500x.
Biological Removal Mechanism Investigation Filter media from the field-site
filtration system was placed into three 250 ml Erlenmeyer filter flasks and supplemented
with an altered form of the medium of Rouf and Stokes (1964), as described in Starr
(1981). It was composed of the following in grams per liter: dextrose, 0.5; peptone, 0.05;
ferric ammonium citrate, 0.15; MgSCVTFLO, 0.2; CaCh, 0.05; MnSCVKLO, 0.05; and
FeClg 6H2O, 0.01. The pH was adjusted with sodium hydroxide and sulfuric acid. The
organisms were continuously supplied with the medium for acclimatization then flow
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was stopped, allowing time for reactions to occur. Dissolved oxygen was maintained by
way of aquarium air pumps. When ferrous iron was desired it was supplied by ferrous
ammonium sulfate. One of the three flasks was an autoclaved sterile control. Samples
were taken periodically and tested for pH, dissolved oxygen, iron oxidation, nitrite,
nitrate, and hydrogen peroxide evolution.
The above procedure was repeated in the laboratory using groundwater from
Moore, MT. Ferrous iron was supplied using ferrous ammoiiium sulfate or ferrous
sulfate and when desired the carbon content was increased using dextrose.

Chemical Oxidation Experiments

MIOX - Mixed Oxidant Generation Unit
MIOX Corporation (Albuquerque, NM) supplied a mixed oxidant generation unit
(SAL-20) for use in the chemical oxidation study. The unit contains a proprietary
membraneless electrolytic cell that produces mixed oxidants by means of electrolyzing
salt water (brine). The brine is made by dissolving water softener salt in the brine
reservoir. The brine solution is mixed with source water to create a sodium chloride
concentration of approximately 10 g/L, that enters into the cell where the oxidants are
generated (Figure 6). Two streams exit the electrolytic cell of the MIOX unit. The
anode, containing the mixed oxidants, is separated from the cathode, containing mostly
hydrogen gas and sodium hydroxide. This separation maintains several species of
oxidants in the mixed oxidant solution. Although the exact constituents making up this
solution are unknown, it is believed to contain hypochlorous acid, chlorine dioxide, and
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ozone, among others. Power for this system is standard 120 VAC or 12 VDC. The
oxidant solution is injected into the source water stream where disinfection / oxidation
may occur. The cathode may be discarded down the drain or combined with the anode
for injection. If the two streams are combined only hypochlorous acid remains in the
oxidant solution. A water softener attachment is available for hard waters, as the cell will
foul with a calcium hardness greater than 17 mg/L as Ca+2. The softener uses the same
brine reservoir as the electrolytic cell. Several different MIOX units are available from
MIOX Corporation depending on the oxidant demands of the system (Appendix C).
The raw oxidants ranged from 150 to 200 mg/L as free available chlorine. Exact
concentrations were determined prior to each experiment and the concentrated solutions
were diluted with chlorine free distilled or reverse osmosis (RO) treated water to desired
concentrations. During oxidant generation the anode and cathode effluent streams were
not combined.

Figure 6 The MIOX Process
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Laboratory Procedures
Batch All batch tests were conducted using square PVC “gator” jars unless
otherwise noted. Interiorjar dimensions were 11.5 cm square by 21 cm high (Figure I).
A 1/4 in. sampling port was installed 10 cm below the water surface. All tests using
these jars were conducted with 2 liters of water unless otherwise noted.
A six jar mechanical mixer (Phipps and Bird, Inc. Richmond, Virginia) was
equipped with flat, two blade, impellers of diameter 7.6 cm. The blades were immersed
to a level 2/3 the depth of the water.
Field well water simulation was accomplished by the addition of hardness,
alkalinity, and iron and/or manganese to reverse osmosis treated water. Hardness and
alkalinity for most tests were maintained in the range of 180 to 220 mg/L and 200 to 250
mg/L respectively as CaCOgi by the addition of sodium bicarbonate (NaHCOg), calcium
chloride (CaClg) and magnesium carbonate hydroxide pentahydrate
((MgCOg)4 Mg(OH)Z SHgO). Magnesium hardness and calcium hardness were in the
range of 90 and 100 mg/L, respectively as CaCOg. Iron was added in the form of ferrous
ammonium sulfate (Fe(NH4)g (SO4) 6(HgO)) and manganese was added in the form of
manganese sulfate (MnS04-H20). These, as well as all of the chemicals used in this
project, were reagent grade Fisher (Pittsburgh, PA) chemicals. Water temperature was
maintained within the range of 18 to 22°C.
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Figure 7 Jar Testing Apparatus - “Gator” Jar
(from Cornwell 1992)

To remove any dissolved oxygen the water was bubbled with nitrogen (Na) for at
least 15 minutes prior to the addition of iron or manganese. This treatment proved to be
unsuccessful at slowing iron oxidation during the testing duration when pH was near
neutral. To compensate for rapid oxidation, batch tests for iron were completed at a pH
of 5.50. Tests using manganese were conducted at the field pH level of 7.30. Bubbling
COa through the water allowed for pH adjustment without affecting alkalinity. Since pH
was adjusted by the addition of COa, some variation occurred throughout testing due to
reactions and offgassing, but drift was limited to < 0.2 pH units.
Batch tests were conducted in accordance with Cornwell (1992). The following
description is an example of the procedures used throughout this project.
At the beginning of each test the soluble and total iron and manganese content of
the water was determined and 2 liters were added to each jar. The mixer was set at 144

48rpm and the mixed oxidant solution was added to all jars except the control, using
disposable plastic syringes. The syringes were presoaked with oxidant to reduce the
oxidant demand of the plastic. After 60 seconds of rapid mix, the mixer speed was
reduced to 50 rpm. At pre-determined intervals, samples were taken from the sampling
port and analyzed for soluble iron and manganese. Identical batch tests were conducted
using a solution of sodium hypochlorite made from dilution of household bleach with
chlorine free RO water.
There is some controversy on the pore size of the filter that should be used for
distinguishing between soluble and oxidized manganese (Hao et al. 1991). Knocke et al.
(1990) have shown that some colloidal (oxidized) manganese will pass through a 0.20
(im membrane. Hao et al. (1991) state that for practical purposes oxidized manganese
must be able to grow and/or adsorb soluble manganese for effective oxidation to take
place. They disagree with Knocke et al. (1990) on the need for membrane filters with
nominal pore sizes less than 0.20 pm. Colloidal manganese that may technically be
oxidized but does not have the ability to adsorb other soluble or oxidized manganese is
not in a state of practical significance to water treatment in this study. Therefore using a
filter with a nominal pore size less than 0.20 pm was deemed unnecessary.

Settling - Jar Tests Experiments were conducted to study the settling
characteristics of oxidized iron and manganese using synthetic anionic and nonionic
polymers supplied by Calgon Corporation (Pittsburgh, PA). Polymers Used were Pol-E-Z
675 (anionic) and Pol-E-Z 652 (nonionic). Polymer stock solutions were made according
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to procedures provided by Calgon (Technical Information Report No. 12-514b) to a
concentration of 10 g/L, then diluted with reverse osmosis water to working solutions of
0.1 mg/ml. Polymer solutions were kept for no longer than 5 days. A simulated field
water was mixed as described above. Initial studies investigated settling efficiency
versus dose for each polymer. These tests were conducted in “gator” jars with a six
paddle mechanical mixer as described above. The iron and manganese concentrations in
the jars were determined and 200 percent of the theoretical stoichiometry of free chlorine
for these concentrations was added, while stirring at 144 rpm. This solution was mixed
for 2 minutes, then increasing amounts of polymer were added to each successive jar (I
control and 5 test solutions). Maximum allowable feed rates of the polymers for drinking
water treatment are 1.0 mg/L for each polymer (Calgon Bulletin No. 6F21-P, 6F23-P).
Rapid mix conditions continued for 2 minutes, followed by a 30 minute flocculation
period with mixing between 50 and 75 rpm. It was determined that a rpm of 70 (G = 80
s’1) was necessary to maintain suspended floes. After 30 minutes of flocculation, the
paddles were pulled out of the water and the floes were allowed to settle. Turbidity and
residual iron and manganese were then sampled from the ports at predetermined
intervals. This procedure was repeated for a range of doses for each polymer.

Settling - Column Tests After the dose and polymer with the least residual metal
concentrations were determined from jar tests, settling column tests were performed.
Two 20 liter carboys of simulated field water were dosed with the appropriate polymer
and mixed with magnetic stir plates using the same procedures as described above. At
the conclusion of the flocculation period the water was poured into a 6 inch diameter,

50
7 ft. high settling column. Nitrogen gas was slowly bubbled from the bottom port during
pouring to assure even distribution. Samples of turbidity, iron, and manganese were then
taken at each port, I ft. apart, at time zero and then at set times (15, 30,45, 60, 90, 120
minutes) to determine the efficiency of settling these particles.
Filtration Filtration tests were conducted using two types of media. First, pea
gravel, (nominal size 3.0 mm) was coated with manganese oxide. To coat this media
I gram of manganese sulfate (MnSO^H2O) was added to I liter of water, followed by
1.15 grams of potassium permanganate (KMnO^. This solution was poured into a
bucket containing approximately one liter of pea gravel, soaked overnight, and then the
process was repeated. The media was then dried at IOO0C for several days and
subsequently rinsed with distilled water. The gravel appeared to be thoroughly coated
with the manganese oxide, as evidenced by its dark brown color. The second media used
was commercial manganese greensand (nominal size 0.4 mm) supplied by Inversand Co.
(Clayton, NI).
Two different columns were used throughout this project. Initial tests were
conducted using a 1.5 inch (38 mm) diameter by 8 inch (203 mm) long PVC pipe. The
empty bed volume was 261 ml, and this column contained only manganese oxide-coated
pea gravel. Several other glass columns were used in later tests that were approximately
1.5 inches in diameter and 8 inches long, with an empty bed volume of 211 ml (Figure 8).
Both media were used in these columns.
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Figure 8 Glass Filter Column (Dimensions in Millimeters)

Master Flex (Vernon Hills, IL) peristaltic pumps were used throughout the
project. The flow rate through the columns was 48 ml/min unless otherwise stated, and
was in the upward direction during normal operation. Upward flow limited the
introduction of air into the bed, reducing the sloughing of trapped material. Throughout
this report, washing of the filter refers to increased velocity in the normal direction of
flow (upward), and backwashing refers to increased flow in the downward direction.

Fe and Mn Removal vs. Empty Bed Contact Time (EBCT) The initial column
tests aimed at quantifying iron and manganese removal through the columns at various
flow rates (EBCT, see Appendix A). Water containing known concentrations of
alkalinity, hardness, and iron and/or manganese was passed through the columns at
various flow rates, and effluent metal concentrations were measured. These tests focused
on clean bed removals prior to any oxide build up on the media.
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Filtration System In order to test the long term effectiveness of iron and
manganese removal using filter media, a continuous flow system that used tap water was
constructed. Tap water was passed through a granular activated carbon (GAC) filter for
dechlorination and TOC removal, then into a large glass carboy. The dechlorinated water
was then pumped out of the carboy and combined with varying concentrations of
manganese. To be assured that the iron and manganese would remain in predominantly
uncomplexed forms, the total organic carbon (TOC) of the water was monitored and
maintained under I mg/L, by way of replacing the GAC filter media.
For tests investigating manganese removal through a filter column, a low pH rinse
was used to distinguish the mechanism of soluble manganese removal. The pH was
lowered to approximately 5.5 by bubbling CO2 through the carboy containing dechlorinated tap water, and flow through the column was maintained at 48 ml/min.
Effluent soluble and total manganese concentrations were measured throughout the rinse.

Field Procedures - Moore. Montana
Field testing was aimed at verifying the results found in the lab under existing
field site water conditions. All tests were run at the Moore, MT pumphouse using water
from their well, upstream from the dosing of the sequestering agent and chlorine gas.

Batch The greatest difference between the iron oxidation tests conducted in the
laboratory with those in the field was the ability to use a neutral pH for the field tests.
Lack of oxygen in the groundwater limited the oxidation of iron during the time needed
to conduct jar tests. Procedures similar to those used in the lab were employed during
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these tests. Due to the very low concentration of manganese (~ 0.030 mg/L), and the
high chlorine demand of the water at this site (~ 4 mg/L), batch tests on the oxidation of
manganese were not conducted.

Filtration Field filtration tests were conducted to provide the necessary data to
design a pilot or full scale system for our field site. A fully automated system that did not
require continuous monitoring by the researcher or the current water operator was
designed (Figures 9 and 10). The wellhead water line was tapped to provide source water
prior to the injection of the polyphosphate sequestering agent. A backflow preventer was
installed to assure that no contamination was introduced into the well, in addition to
maintaining water in the filter column between pumping cycles. When the well pump
was active, water flowed into a sealed carboy with an overflow tube into the drain. The
flow into this carboy was much higher than that being pumped out, thereby flushing the
water through the carboy, and assuring that the water entering the column was always of
the same quality as that coming directly from the well. Using peristaltic pumps the water
was combined with mixed oxidant, passed through several solenoid valves, then up
through the filter column at 50 ml/min (Igpm/ft2). The solenoid valves were controlled
by a timer that was plugged into an outlet receiving power only when the well pump was
on. This setup allowed for an automated periodic backwash after a designated run time.
During backwash, water under pressure from the well pump was passed in a downflow
direction through the filter and down the drain. Backwash flow rates were on the order of
800 to 1400 ml/min (16.7 - 29.2 gpm/ft2). Backwash lasted for thirty minutes and
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occurred every 11.5 hours of pump time. The peristaltic pumps were turned off by means
of a relay that cut their power when backwash was initiated.
For the first 8 weeks the filter column contained greensand media. During the
initial 4 weeks insufficient oxidant levels were added, resulting in solubilization of the
manganese oxide coating. This was remedied during the remaining 4 weeks by dosing
with 5 - 6 mg/L, as free available chlorine (FAC), of the mixed oxidants into the raw
water stream. Of this amount, approximately 1.6 mg/L entered the filter and a residual
out of the filter was maintained close to 0.5 mg/L. The column was then replaced with
silica sand media for a duration of 3 weeks. A chlorine dose of 2 mg/L (approximately
200 percent of the theoretical dose, as FAC, for iron and manganese) of mixed oxidants
was injected into the raw water stream, with no residual maintained in the effluent.

f
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Biological Oxidation Experiments
Field Procedures - Moore. Montana
Filtration A filtration system was installed at Moore, MT to investigate the ability
of iron oxidizing organisms to aid in the removal of iron during filtration. The system
was designed to demonstrate the use of organisms for iron removal, and to compare
cascading aeration versus forced aeration as a means of supplying oxygen to the nearly
anoxic groundwater. A third stream consisted of no aeration. This filtration system also
acted as a means of cultivating organisms for laboratory experiments.
Groundwater, taken upstream of the addition of the sequestering agent and
chlorine gas, entered the system and was split into three streams (Figure 11). The first
stream (supplying filter #1) showered over I inch Jaeger (Houston, TX) Tripak enclosed
in a gas exchanging column, then into a small reservoir. The air exchanging system was
designed to simultaneously remove hydrogen sulfide and introduce oxygen to the water.
Design characteristics (Appendix A) were based on the packed tower design of Colburn
(1941) (Pontius 1990). The second stream (supplying filter #2) entered a small reservoir
where it was aerated by means of small aquarium air pumps (forced aeration) fitted with
diffusers. Both streams were pumped upward through glass filter columns containing 2.0
mm (nominal size) silica sand (Bos Sand Co., Frankfort, IL) at 100 ml/min (2 gpm/ft2)
using peristaltic pumps. The third stream (supplying filter #3) was pumped at 100
ml/min, directly from the well, through a glass column containing the same filter media.
Samples were collected before and after the water entered the columns and tested for
1

'

soluble and total iron, soluble and total manganese, dissolved oxygen, redox potential,
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and hydrogen peroxide. Backwash was automatically initiated every 24 hours of run
time. Backwash flow was approximately 1000 ml/min (21 gpm/ft2) in the downward
direction and lasted for 30 minutes. Backwash is not shown on the flow schematic
(Figure 11) but is similar to the process used for the phase one system (Figure 10).
Chlorine Demand Chlorine demand was determined by adding 10 ml of stock
solution containing a known amount of FAC to 10 ml of sample, including a control.
Samples were inverted to mix then allowed to sit open to the atmosphere for 5 minutes.
Residual FAC concentration was determined according to the above analysis and chlorine
demand was calculated.
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Figure 11 Biological Filtration System Schematic - Moore, Montana

60

RESULTS AND DISCUSSION - CHEMICAL OXIDATION
This chapter explains the results of this project for phase one only. The results are
broken down into laboratory and field experiments, then both are summarized at the end
of the chapter. The results for the biological oxidation experiments (phase two) are
described in the next chapter (V).

Laboratory

Iron Stoichiometry
Observed stoichiometry for the mixed oxidants throughout this project can be
considered to be close to the theoretical stoichiometry for free available chlorine (FAC)
(theoretical - 0.64 mg FAC / mg Fe+2, equation (2) page 8). Experiments were repeated
to test theoretical requirements using sodium hypochlorite and confirmed the values
found in literature (Knocke et al. 1990; Wallace and Campbell 1991).
The exact kinetics of the oxidation of iron with the mixed oxidants were not
determined due to the rapid reaction. When oxidant levels in excess of the observed
stoichiometric requirements were used, complete oxidation occurred in less than one
minute, so for practical purposes, the mixed oxidant solution oxidized the soluble iron on
contact. A closer look at iron oxidation kinetics is presented in Knocke et al. (1990).
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Although exact kinetics were not obtained for iron oxidation using mixed
oxidants, some interpolation of the results in comparison to free chlorine was possible.
Initial experiments were conducted by adding ferrous ammonium sulfate. The ammonia,
from the ferrous ammonium sulfate, added chlorine demand to the water, giving the
perception that both the mixed oxidants and sodium hypochlorite were not reacting
according to theoretical stoichiometry. Subsequent testing proved this initial conclusion
to be false. What is useful from this observation is the following. Both sodium
hypochlorite and mixed oxidants were tested under identical conditions. In each test an
amount of ammonia was oxidized simultaneous to the iron oxidation, increasing the
apparent stoichiometry of the reactions. The observed stoichiometries were 140% and
180% of theoretical for sodium hypochorite and mixed oxidants, respectively. The extra
40% and 80% can be assumed to go to the oxidation of the ammonia. Under the same
conditions, if reaction kinetics were identical, we would expect to see the same observed
stoichiometries for each oxidant, both over the theoretical dose by the same amount.
Therefore, in the tests using mixed oxidants, more ammonia was oxidized during iron
oxidation. This leads to two possible conclusions. The kinetics between the iron and the
mixed oxidants were slower than that of the iron and the sodium hypochlorite, or the
kinetics between the ammonia and the mixed oxidants were faster than that of the
ammonia and the sodium hypochlorite. Since the ferrous iron and the ammonia were
competing for the oxidant, the faster the oxidation kinetics between the oxidant and iron,
the less oxidant that goes towards oxidizing ammonia. Realistically, the kinetics between
both oxidants and ferrous iron are very fast, but in a treatment system where, for
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example, the ammonia was to be removed by other means downstream (eg. biological),
more mixed oxidants would be required to oxidize the iron prior to that downstream
process.
Manganese Stoichiometry
The stoichiometry for the oxidation of manganese using mixed oxidants was
analyzed using a standard jar test apparatus. Based on the theoretical stoichiometry for
free chlorine of 1.3 mg FAC / mg Mn+2 (equation (4) page 8), very little oxidation
occurred within two hours. When doses well in excess of this requirement were used
some oxidation did occur, but generally at times greater than 2 hours. At a dose of over
5000 percent of the theoretical stoichiometry, over 3 hours were required for complete
oxidation to occur (Figure 12). The presence of free chlorine after 2 hours of contact
time indicated that the oxidant was not being consumed by other demands, therefore the
reaction between the oxidant and soluble manganese appeared to be very slow. The rate
at which oxidation occurred seemed to be independent of manganese concentration,
although at low concentrations the accuracy of the analysis comes into question. Low
temperature (4°C) as well as high pH (8.5) had little effect on the rate of oxidation.
Threejar tests using acid washed glass bottles were conducted in the laboratory
using water from the Moore field site. The iron was already oxidized due to contact with
air and was removed by filtration through a 0.50 pm paper filter. Manganese content was
artificially increased from the Moore concentration of approximately 0.03 to 0.30 and
1.35 mg/L (Figure 13). This figure indicates that the oxidation of manganese for either
starting concentration is essentially zero for oxidant: Mn+2 stoichiometries below 600%.
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Figure 12 Soluble Manganese Oxidation Based on Theoretical
Stoichiometry - Mixed Oxidants
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When 600% of theoretical stoichiometry was added, some oxidation occurred initially,
then the rate decreased as time proceeded. For the case with the higher manganese
concentration, some oxidation occurred initially for all oxidant doses, and then as before,
the values leveled off. Subsequent analysis of the Moore water showed a chlorine
demand of 2.43 mg/L attributable to ammonia. The concentration of oxidant at the 600%
dose for the starting concentration of 0.3 mg/L Mn+2 was 2.34 mg/L. The initial oxidant
addition must have oxidized some of the manganese very fast, with the kinetics
exceeding that of the oxidant and ammonia. Therefore, we see the initial drop in Mn+2
followed by a leveling off. In the case of the higher Mn+2 concentration enough oxidant
was added to meet the demand of the ammonia. The initial drop in soluble manganese
occurred as before, but even though a residual was maintained, no further oxidation
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occurred for several hours. It appears that the initial input o f high doses o f oxidant
oxidizes a small percent of the manganese rapidly, but complete oxidation takes many
hours o f high residual oxidant concentrations.
Similar tests using simulated field water were conducted using a sodium
hypochlorite solution made from household bleach. Again, using the theoretical
stoichiometry for free chlorine as described above (equation (4)), ja r tests were
performed for manganese oxidation. Results appear to coincide with literature values
(Knocke et al. 1990; Hao et al. 1991), as well as similar tests using mixed oxidants, with
very little oxidation occurring within a 2 hour period (Figure 14).

Figure 14 Soluble M anganese Oxidation Based on Theoretical
Stoichiometry - Sodium Hypochlorite
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Settling
Settling tests were conducted to examine the removals that could be obtained with
the addition of polymer to determine if filtration following sedimentation was necessary.
Common use of percent removals for displaying settling column data is not applicable to
our data due to the lack of a defined high concentration zone that drops over time. Figure
15 (nonionic polymer - 1.0 mg/L) displays the removals of iron at different heights in the
settling column versus time. There is an initial drop where large particulates settle,
followed by a leveling off of iron removals at all heights after approximately 90 minutes.
The initial iron concentration of 1.43 mg/L dropped to about 0.50 mg/L during the
testing period of 120 minutes. Samples taken many hours later showed little increase in
removals, indicating that the settleable portion of the oxidized iron had been removed
within 120 minutes. Comparing the graphs in Figure 15 for the nonionic and anionic
polymer (0.75 mg/L), much greater removals occurred with the former polymer.
Virtually no removals were seen at the 0.75 mg/L dose of the anionic polymer after 120
minutes. After 810 minutes the iron concentrations were again tested and found to be
around 0.60 mg/L throughout the column. It was questionable whether the dose of 0.75
mg/L of the anionic polymer was sufficient to form floes that would aid in efficient
removals, therefore, the test was repeated using a dose of 1.50 mg/L. This concentration
is well above the maximum allowable feed rate for drinking water treatment set at 1.0
mg/L, but it was used to see if high concentrations of the polymer would improve
settling. The results of this test indicate no differences from that of the lower dose.
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Figure 15 Iron Rem oval D uring Settling
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Realizing that coagulant dosing is a sensitive procedure, optimal conditions may not have
been present for iron removal, although it is apparent that settling alone is insufficient for
drinking water treatment. Using results from these tests, as well as considering current
treatments used for iron removal, it is apparent that sedimentation must be followed by
filtration to ensure adequate iron removals. It is common for filtration to follow
sedimentation, and removals to well below the 0.3 mg/L standard are attainable.
For settling to occur the metals must be in oxidized forms. Therefore, no
manganese removals were observed during settling due to the slow oxidation of
manganese using mixed oxidants.

Fe and Mn Removal vs. Empty Bed Contact Time ('EBCTi
Results of initial tests conducted to evaluate manganese removals with respect to
flow rate through pea gravel filter media, are shown in Figure 16. Empty bed contact
times ranged from 50 to 250 seconds with removals between 45 and 100 percent. Strong
relationships are indicated between removals and the time allowed for adsorption, with
high removals obtainable with this filter media if sufficient contact time is allowed.
Manganese greensand and oxide-coated pea gravel filters were used to compare the
effects of differences in media size. Throughout all of the residence times the greensand
achieved nearly 100 percent removals. No decrease in removal efficiency occurred at
short contact times, with influent concentrations not affecting this near perfect removal
efficiency. When the pea gravel filter was used under the same conditions, there was a
decrease in removal as flow velocities were increased. As the influent concentrations
increased, the percent removed decreased.
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The presence of oxidized iron did not affect manganese removals during these
filtration tests. Although tests were not run with both reduced iron and manganese in the
filter influent, it is believed that the reduced iron will lessen the ability of the oxide
coating to adsorb soluble manganese. Soluble iron will adsorb to the media coating
where it may become oxidized. Since soluble manganese does not readily adsorb to
oxidized iron, manganese adsorption to the media may become blocked if the influent
iron is not oxidized prior to entering the filter column.

Filter Bed Washing
Washing of the filters was conducted in the same direction as normal filtration,
using increased velocity. This flushing was possible due to the large pore sizes of the pea
gravel which allowed the oxidized particles to flow through the filter when velocities
were increased. Turbidity was monitored during washing to determine how the iron was
drawn off of the media. The flow was raised to 240 ml/min (5 gpm/ft2) from 48 ml/min
(I gpm/ft2) and there was an instant increase in turbidity (Figure 17). Turbidity then
dropped quickly after the large particles were removed from the media surface. Flow
was then returned to 48 ml/min. This increase in flow was repeated, resulting in ever
decreasing removals from the media. When the turbidity decreased to zero (the influent
level) air bubbles were introduced into the filter and a spike in the turbidity occurred. Air
scrubbing was repeated several more times, each with diminishing,returns. The results
indicate the importance of air scour for pressure filters where bed fluidization does not
occur during backwash (Figure 17), as increased flow alone only marginally cleaned the
filter column. It should be noted that increasing the flow to 240 ml/min is only a
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Figure 16 Effect o f Manganese Concentration on Removal by
Filtration - No Oxidant
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five-fold increase, and a higher flow rate during backwash may decrease the turbidity
spikes during air scour.

Filtration System
Filtration studies using dechlorinated tap water were conducted to evaluate
manganese removals through greensand and oxide coated pea gravel. Filter runs were set
up to verify that the mixed oxidants had the same effect as hypochlorous acid on soluble
manganese in the filter column. Results from Knocke et al. (1991a) indicated an
adsorption of soluble manganese onto the manganese oxide coating of the filter media.
In the presence of an oxidant the manganese would be oxidized at the Surface of the filter
media, and in essence become part of the media to further attract soluble manganese (see
equations (I I) - (14)). The control filter run using oxide-coated pea gravel, without
oxidant addition, is shown in Figure 18 (note that the manganese level used is fairly low).
As the results indicate, the effluent manganese level increased steadily. After
approximately 480 liters (~ 2500 empty bed volumes) had been pumped through the filter
no removals were occurring. Sorption capacity of the oxide coated pea gravel was
approximately 23 mg /211 cm3 of media, or one cubic meter of the media could sorb 109
g of soluble manganese. This is an amount based on our media, as sorption capacity has
been shown to be related to thickness of oxide coating (Merkle et al. 1991).
When water with a pH around 5 is introduced into the filter, the manganese that is
adsorbed onto the media will be removed. In contrast, the manganese that is oxidized
onto the media will remain on the media surface. This low pH release allows us to
distinguish between reversible adsorption and irreversible oxidation to the media.

72
When this control filter was exposed to a low pH rinse there was a very high
initial release of manganese (Figure 19, no oxidant). Filtration of the effluent through a
0.20 pm filter indicated that nearly all of the manganese released was in the soluble form.
The percentage of the manganese removed during filtration that was released during the
low pH rinse coincides with that found by Knocke et al. (1991a). When a similar test
was conducted on the filter that was used in the presence of mixed oxidants, no increase
in the effluent manganese concentration was seen throughout the filter run (Figure 20).
As before, the filter column was exposed to a low pH rinse to release any of the adsorbed
manganese. Initial release of total manganese was very low (Figure 19, oxidant). The
manganese level then dropped to nearly zero, indicating that the majority of the
manganese was oxidized on the media surface, where it permanently became part of the
media itself. The low level of manganese released was the fraction that had not yet been
oxidized at the media surface. A drastic difference is seen in the amount of manganese
released with and without the presence of an oxidant during filtration, implying that the
removed manganese is stored differently on the media surface.
The experiments described above were also repeated using greensand. Figure 21
presents results for greensand and oxide-coated pea gravel in the absence of an oxidant.
The effluent manganese concentration from the pea gravel filter increased rapidly. It
should be noted that influent manganese concentrations were higher in these tests. In
accordance with Knocke et al. (1991a), the removal efficiency dwindled, and effluent
concentrations approached influent concentrations, denoting the filling of adsorption
sites. As expected, the greensand sorption capacity was greater than the pea gravel.

73

Manganese Concentration (mg/L)

Figure 18 Soluble Manganese Removal Through Oxide Coated Pea
Gravel - No Oxidant

Volume Treated (Liters)
Mn in - * - Mn out

Manganese Concentration (mg/L)

Figure 19 M anganese Release W ith and W ithout the Presence
o f M ixed O xidants D uring Filtration
Maganese detected in effluent of filter
during introduction of pH 5.0 water.

Volume Treated (Liters)
M n -n o oxidant - O - Mn+2 - no oxidant - - A - - M n - oxidant

Mn+2 - oxidant

74

Manganese Concentration (mg/L)
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The release of the adsorbed manganese for this test (greensand vs. pea gravel) was
similar to that presented above (Figure 19, no oxidant). Initial concentrations were very
high as the adsorbed manganese was released when introduced to a low pH rinse.
The sorption capacity of the manganese greensand for soluble manganese was far
greater than that of the pea gravel. A total of approximately 550 mg of soluble
manganese was removed in the 211 cm3 column. This translates into a sorption capacity
of 2607 g / m3 of commercial manganese greensand, 24 times that experienced using
oxide coated pea gravel. For a treatment plant that does not regenerate the media
continuously with oxidant, but only intermittently, these sorption capacities do not
translate into an amount that can be sorbed prior to regenerating the media; that value
would be based on the target effluent concentrations. Our results show that prior to the
decrease in removals (< 549.6 liters, Figure 21), the effluent concentration was
consistently < 0.01 mg/L. So a facility practicing intermittent regeneration could remove
1694 g / m 3 without exceeding the secondary maximum contaminant level.
Although no images of the manganese oxide coatings were taken, Figure 22
shows an image of an iron oxide coating. This is a scanning electron microscope image
taken using a sand particle from the biological filtration system set up at Moore, Montana
for the second phase of this project. This image shows the vast amount of surface area,
and helps one visualize how oxide coating thickness relates to surface area and number of
adsorption sites.
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Figure 22 Iron Oxide Coating of Silica Sand

These filter tests were conducted again using mixed oxidants and free chlorine
(sodium hypochlorite) with greensand media. Similar results using mixed oxidants,
compared with those using sodium hypochlorite, would further verify the effectiveness o f
the mixed oxidant solution, as well as verify our procedures with those used by Knocke et
al. (1991a). Effluent manganese concentrations were consistently near zero, with no
apparent increase as the filter run proceeded (Figure 23). The total milligrams of soluble
manganese dosed during these tests (570) were well above the amount dosed prior to a
decrease in removals when no oxidant was added (350) (Figure 21). If sites were filled
only by adsorption, without any oxidation and generation o f new sites for further
adsorption, then effluent manganese concentrations would have increased prior to the
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Figure 23 Soluble Manganese Removal Using Greensand Mixed Oxidants Versus Sodium Hypochlorite
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completion o f the experiment. The release o f manganese from the filter media under low
pH conditions was similar to the above test using pea gravel with continuous oxidant
addition (Figure 20). The results did not indicate any significant manganese release from
the filters. This indicated that manganese was not removed strictly by adsorption, but
that the manganese was oxidized at the media surface. These results support the
mechanism presented earlier (see equations (I I) - (14)) for soluble manganese removal
with and without the presence o f an oxidant.
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Field Site - Moore. Montana

Iron Stoichiometry
Batch tests were conducted in the field to determine iron oxidation stoichiometry
with mixed oxidants assuming that the manganese would not create an oxidant demand
within the short testing times. Other oxidant demands were expected to increase the

apparent oxidant dose needed to oxidize the iron present. Observed iron stoichiometry of
the mixed oxidants was approximately 200% of the theoretical requirement (Figure 24).
Subtracting out the theoretical value for iron oxidation, we get a chlorine consumption of
about 1.0 mg/L that goes to other demands during the oxidation of iron. This demand
was significantly lower than that experienced in the current Moore treatment system.
This tells us that the kinetics of the iron oxidation were such that complete oxidation
occurred prior to the complete exhaustion of the chlorine demand of the water. Exact
kinetics can be determined using the proper apparatus (Knocke 1990), but the practical
aspect of this observation is that if iron oxidation is the only goal, then the quicker the
kinetics of that reaction the less oxidant that is lost to other demand's prior to complete
iron oxidation.

Filtration

/

*

Laboratory results showed that filtration was a necessary downstream process to
sedimentation, while direct filtration alone obtained excellent iron and manganese
removals. Therefore, field tests examined only direct filtration, as an all-in-one removal
technique. Field system design was based on results from laboratory experiments.
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Figure 24 Iron Oxidation Based On Theoretical Requirements,
Moore, Montana - Mixed Oxidants
R2 = 0.9677

% Theoretical Stoichiom etry

Results from the side-stream manganese greensand filtration system at Moore,
MT indicate that effluent iron concentration was always significantly below the
secondary MCL o f 0.30 mg/L, and well below the average influent iron concentration o f
1.50 mg/L (Figure 25). The highest effluent iron concentration throughout any filter run
was 0.026 mg/L. Effluent iron levels were usually less than 0.008 mg/L, equivalent to
greater than 99% removals.
The effluent manganese concentration for the first month the system was in
operation was much higher than in the raw water. This result indicated that some o f the
manganese coating on the filter media was solubilizing and appearing in the effluent
stream. The remedy for this was to maintain an oxidant residual across the filter. To
ensure that an oxidant residual was maintained across the filter, the oxidant dose was
increased to 5 - 6 mg/L for the above system. This concentration provided the 0.50 mg/L
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chlorine residual that is currently used in the Moore system. The 5 - 6 mg/L dose is well
in excess of the oxidant demand of the iron, as well as the demand in the filter for the
oxidation of manganese. Much of the oxidant was consumed prior to the filter influent.
The chlorine concentration just prior to the filter influent was approximately 1.60 mg/L,
which is consistent with the chlorine demand of the water.
The average influent manganese concentration of 0.020 to 0.030 mg/L was
consistently reduced to around 0.008 mg/L, greater than 70% removal. Samples were
taken throughout the filter runs of 11.5 hours, and no correlation could be drawn between
removals of either iron or manganese and the time after backwash.
Viable microorganism counts were conducted on the raw water, the greensand
filter effluent, and on Moore, MT tap water. Counts for all three sources using RaA
medium incubated for 7 days at room temperature were the same order of magnitude and
are as follows: raw water - 6.2 * IO2 cfu / ml, filter effluent - 7.4 * IO2 cfu / ml, and
tap - 4.5 * IO2 cfu / ml.
Results from the filtration studies using silica sand are illustrated in Figure 26.
This figure contains a representative portion of the results using greensand so as to
compare the results from the two media. Influent iron concentrations were approximated
at 1.50 mg/L and are off the scale of this figure. It is apparent that iron removals were
greater using greensand (effluent concentration < 0.008 mg/L, 99.5% removal) than
those obtained using silica sand (effluent concentration 0.038 - 0.119 mg/L, 97.5 - 92.1%
removals). A possible reason for the lower removals with the silica sand is the difference
in media size (greensand, 0.39 mm; silica sand, 0.45 - 0.55 mm). The smaller media size
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of the greensand creates smaller pore sizes for the oxidized particles to flow through,
increasing the likelihood of contact with the media surface and subsequent removal.
Additionally, the oxide coating on the greensand may have increased iron removals.
Using silica sand we saw no removal of manganese across the media. This result
was expected since the media had no affinity for soluble manganese. The influent
manganese concentration is generalized at 0.030 mg/L in Figure 26. The plot of effluent
manganese concentration in the same figure goes above and below this generalized value.
This is solely due to small variations in the influent concentration and in our analysis.
Mixed oxidants were injected into the source water at 2 mg/L when using silica
sand, and were sufficient to oxidize the soluble iron completely prior to entering the filter
column, without maintaining a residual oxidant concentration through the filter. No
relationship was observed between the effluent iron concentration and the time after
backwash.

Summary - Chemical Oxidation

The mixed oxidant solution displayed an ability to oxidize iron very rapidly.
Although the exact kinetics were not obtained, there appeared to be a difference in
kinetics for the reactions between iron, ammonia and mixed oxidants versus these same
constituents and sodium hypochlorite. The significance of the apparent differences in
kinetics depends solely on treatment goals. It was shown that filtration is a necessary
downstream process for iron removal, as settling alone gave unsatisfactory results. The
mixed oxidants were ineffective at oxidizing soluble manganese in solution except at
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very high doses and contact times in excess of 3 hours; these doses and contact times are
too great for drinking water treatment. Overall, the mixed oxidants displayed properties
no better than sodium hypochlorite concerning iron and manganese oxidation in solution.
Filtration experiments using commercial manganese greensand showed virtually
no differences in removals throughout the flow rates tested. In the absence of an oxidant
adsorption sites eventually filled, resulting in ever decreasing removals. In the presence
of an oxidant sorbed manganese was oxidized at the media surface, continually
regenerating the media. The mechanism proposed for manganese removal using free
chlorine (Merkle et al. 1997b) was shown to be identical to the mechanism of manganese
removal using the mixed oxidants. The maximum sorption capacity of the manganese
greensand (no oxidant present) was approximately 2600 g Mn4"2/ m3 of filter media, of
which approximately 1700 g Mn4"2 / m3 is available prior to Mn4"2 breakthrough in the
filter effluent.
The filtration system set up at Moore, MT efficiently removed iron and
manganese to well below the SMCLs using greensand media and an oxidant dose of
5 - 6 mg/L. Similar iron removals were observed using silica sand. Filter bed washing of
non-fluidized pressure filters should incorporate some sort of air scour to ensure proper
cleansing of the media.
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R E S U L T S A N D D IS C U S S IO N - B IO L O G IC A L O X ID A T IO N

Refer to Figure 11 (page 59) for a schematic of the biological filtration system at
Moore, Montana. Filter #1 was fed with water from the packed tower aeration system,
and filter #2 was fed with water that was aerated using aquarium air pumps (forced air).
The water fed to filter #3 was not aerated and contained only trace amounts of dissolved
oxygen.
Laboratory and Field

Redox Potential
The redox potential (Eh) is a way to rate the oxidation or reduction potential of a
particular water. With respect to iron, a higher Eh will support a more oxidized form of
iron. Reduced states will not be found in oxidized environments. Figure 3 (page 27)
i
shows the conditions where different treatments of iron oxidation will be favored. In
general, as Eh and pH decrease, the less effective physical-chemical oxidation techniques
are at oxidizing iron due to the increased stability of the soluble form.
The redox potential of raw Moore water is approximately 20 mV and the pH is
7.3. These combine to be within the range of the activity of iron oxidizing organisms and
well below the physical-chemical oxidation regions in Figure 3. This indicates that the
iron is fairly stable in the soluble form in this moderately reduced environment.
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Redox potential is constantly changing. As the water was aerated the potential
increased, and passing through filters #1 and #2 further increased the potential. Effluent
redox potentials were 120 mV and 186 mV for #1 and #2, respectively. Effluent redox
potential for filter #3 was 34mV.
Dissolved Organic Carbon
The dissolved organic carbon content of the Moore water, as well as that in the
influents and effluents of the three filters, was determined to see if a decrease in organics
across the filters was apparent. The results (Table 4) show no drop in organics except in
filter #1, where a slight decrease occurred. Organics in both of the other filters are
actually higher in the effluent, but due to the very low organic content of this water small
variations can be expected. Although further testing needs to be conducted, the absence
of a drop in organics through the filters may lead to several possible explanations. The
bacteria present may be obligate autotrophs, obtaining energy from the oxidation of iron
then assimilating CQa as a carbon source. Secondly, the organisms may be facultative
autotrophs, who proliferate in waters high in iron and low in organics (Mouchet 1992).
Another possibility is that these organisms may indeed be heterotrophs, but due to low
organism numbers and quick regeneration of carbon to the. organisms, they are not
reducing the organic content of the water enough to be discernible in our testing. Lastly,
the organisms may be using the ammonia present in the water as an energy source. Some
Leptothrix species are capable of using inorganic nitrogen compounds as energy sources
(Starr 1981).
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Table 4 Dissolved Organic Carbon - Moore Filtration System
Location
well in
filter #1 packed tower aeration
filter #2 forced aeration
filter #3 no aeration

DOC fLieZD

in
out
in
out
in
out

503.0
571.1
498.2
550.5
597.5
503.0
537.0

Aeration
Initial studies looked at the use of a packed tower aeration system to introduce
oxygen into the nearly anoxic groundwater. This was aimed at comparing the ability of a
packed tower versus a forced air system at aerating the water to promote microorganism
growth, while maintaining most of the iron in the reduced state. Qf course the tendency
of the iron to oxidize while being aerated depends on the characteristics of the water.
Nevertheless, the packed tower provided adequate control of the amount of oxygen
imparted into the water by way of raising and lowering the height of the tower.
The initial size of the tower, approximately 6 feet, was the upper design limit of
what was needed to remove the hydrogen sulfide concentration to less than 0.005 mg/L,
but several feet higher than that needed for oxygen transfer (Appendix A). This proved
to excessively aerate the water, as some of the iron was being oxidized prior to entering
the filter. The tower was lowered to a final height of approximately 6 - 8 inches to give
an oxygen content of approximately 3 mg/L (influent to filter #1). At this height, greater
than 80% of the iron entering the filter was in the ferrous form. The main concern when
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lowering the height of the tower was whether the dissolved hydrogen sulfide would
dissipate prior to entering the filters. Very low levels of hydrogen sulfide can inhibit
microorganism growth (Mouchet 1992). Since the chlorine demand of the water could be
accounted for while excluding hydrogen sulfide, it is apparent that all of this gas was
removed prior to filtration (see following section).
The effluent of the forced air system (influent to filter #2) was varied to provide
between 1.5 and 5.0 mg/L O2 throughout the study. These changes in dissolved oxygen
concentration showed little effect on total iron removed through the filter. The
percentage of ferrous iron going into the filter dropped as aeration increased due to more
oxidation by aeration. Although no lower limit was determined on the amount of
dissolved oxygen necessary for the growth of these organisms, aeration was shown to be
necessary, as the background concentration of 0.18 mg/L O2 in the groundwater was
insufficient to promote biological iron oxidation (see following results for column #3).

Chlorine Demand
Components of the Moore, Montana water that create chlorine demand were
investigated to determine how much demand could be eliminated during treatment. The
following are estimations in mg/L of the demand attributable to each component: ferrous
iron 0.96; manganese 0.039; H2S 1.02; and NH3-N 2.43. The high dose of chlorine (4.4
mg/L) needed to maintain the 0.4 - 0.5 mg/L residual in the Moore distribution system
appears to largely go towards the oxidation of ammonia.
When high ratios of chlorine to ammonia are present breakpoint chlorination
occurs, where the end product is nitrogen gas according to the following equation:
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2 NH3+ 3 HOCl

-----►

N2(S)+ 3 H++ 3 C l'+ 3 H2O

(18)

Manganese can be eliminated as a chlorine demand due to the ineffectiveness of Mn+2
oxidation by chlorine. The iron is oxidized as part of the sequestration process, which
leaves about 0.61 mg/L of FAC to oxidize the H2S. This will oxidize about half of the
H2S present. The remainder dissipates, as evidenced by the strong rotten egg odor in the
pumphouse. To eliminate the high chlorine demand of the water and the objectionable
odor associated with hydrogen sulfide, treatment should focus on reducing the ammonia
and hydrogen sulfide concentrations.
From the results of chlorine demand tests, the following demand was calculated in
milligrams per liter for the various treatments, with the percent reduction from untreated
water in parentheses: well in - raw, 3.24 (0%); #1 effluent, 1.4 (57%); #2 effluent,
2.02 (38%); #3 effluent, 2.84 (12%). Details on the contributions of various chlorine
demands are shown in Table 5. The large drop in chlorine demand of the #1 and #2

Table 5 Sources of the Chlorine Demand of Moore, Montana Groundwater
Parameter
Measured
NH3
H2S
Fe+2
Nitrite

#2 Effluent
#1 Effluent
Well In
2.02
1.40
3.24
0.99
0.84
2.43
0.00
0.00
0.17
0.12
0.12
0.64
0.90
0.44
0.00
(chlorine demand in mg/L HOCl)

#3 Effluent
2.84
2.24
0.00
0.60
0.00

filters is due to the aeration of the water. Effluent ammonia concentrations were 0.11 and
0.13 mg/L as NH3-N, respectively, corresponding to just under one mg/L of chlorine
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demand. Hydrogen sulfide can be considered to be eliminated since there was growth of
iron oxidizing organisms in the filters which are inhibited when HzS exceeds 0.01 mg/L.
Effluent ferrous iron concentrations were < 0.2 mg/L, creating very little demand. The
origin of the remainder of the demand of these filters may be due to nitrite formed by
nitrifying bacteria in the filters, as seen under both laboratory and field conditions, and
described in more detail later.
Filter #3 received no aeration causing the ammonia, and presumably the hydrogen
sulfide, to remain present. Less than 5% of the ferrous iron was oxidized in the filter.
Effluent ammonia concentration was 0.32 mg/L NH 3 -N and most iron was still in the
soluble form. This accounts for the high chlorine demand of the water, as just over 10%
of the chlorine requirement was eliminated. It is unclear whether the nearly anoxic
conditions (0.18 mg/L O2) or the presence of hydrogen sulfide (or a combination of both)
led to the lack of iron oxidation in the filters. The effluent Oz concentration of filter #3
was 0.08 mg/L, indicating either some aerobic activity or other chemical consumption of
oxygen within the filter.
From these results, the packed tower aeration system was more effective at
reducing the chlorine demand of the Moore water than either the forced aeration system
or no aeration. It should be noted that the dissolved oxygen imparted by the packed
tower was 3.3 mg/L O2 during the chlorine demand tests, while the forced air system was
delivering 4.7 mg/L O2. Despite less dissolved oxygen imparted by the first system, a
greater amount of chlorine demand was eliminated.
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Filtration System
The biological filtration system installed at Moore, MT was operated for a total of
28 weeks, operating 1172 hours. The three columns are shown in Figure 27. The build
up of oxides and biomass is apparent in the images of filters #1 and #2. The clean media
in the third filter clearly shows the lack of removals in the absence of aeration.
Figures 28 and 29 show the removals achieved through filters #1 and #2. No
significant removals were obtained through the third, non-aerated filter, therefore the data
is not presented. Examining these figures we see approximately 85% of the ferrous iron
was oxidized and that total iron removal fluctuated greatly, but was greater than 65% for
much of the operation. The drop off of total iron removed towards the end of the
operation is likely due to perturbations and decreased contact from the removal of filter
media for laboratory experiments.
Looking at the plot of Fe+2 in / FetQtai in for filter #2, the large variation in the
percent of iron remaining in the ferrous form prior to filtration correlates with the amount
of aeration from the forced air system. Despite these sporadic values, the ferrous and
total removals stay relatively constant prior to the time when media was removed from
the column. The lack of this trend for filter #1 is due to the steady supply of oxygen
throughout the experiment.
There are several reasons why removal efficiency was not as high as what is often
necessary for treatment systems, and usually obtained using chemical oxidation systems.
The filter media used was 2 mm in diameter, much larger than that used in conventional
filters (0.25 - 0.5 mm). This media was chosen due to its large iron retention capacity

Figure 27 Columns #1, #2, and #3 from the Moore, Montana Biological Filtration System
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(Mouchet 1992). In addition, the filters used were only 8 inches in height. For
successful biological filtration, filter media should be several feet in depth. Increased
depth allows for different classes of organisms to be present in niches throughout the
filter column, increasing removals. In addition to the decreased contact time when media
was removed for laboratory experiments, some classes of organisms could have been
removed when the bed depth was decreased. Lastly, there was inadvertent oxidation of a
portion of the ferrous iron through aeration. As these colloidal particles traveled through
the filter, the large media size, in addition to the shallow depth, enabled a higher
percentage of these to pass through. If a smaller nominal size media was used better
removals would have been likely.

Microscopic Identification
Light microscopy was used to confirm the presence of and help identify iron
oxidizing organisms from the filter media at Moore, MT. Images are shown in Figure 30.
From the top and middle image the long narrow empty sheaths are visible, surrounded by
iron oxide. The oxide surrounding the sheath in the middle image clearly shows the
effect the organisms have on soluble iron. It is apparent from this image how preparing
these samples for observation is important to successfully seeing the organisms. First,

.

the organisms are enveloped in iron oxide. Second, when filtering the samples there is a
balance between not having enough organisms to identify, and laying too much iron
oxide on top of the organisms, hiding them from view. The bottom image in Figure 30
shows a closer view of the sheath and a rough coating which appears to be oxidized iron.

94

95

There are several species of sheathed iron oxidizing bacteria. Under the operating
conditions of this project and from microscopic observations, it appears that the most
prevalent organism in our system is of the genus Leptothrix. Literature describes these
organisms as being known for depositing large amounts of iron and manganic oxides on
and in their sheaths. Their optimum pH is 6.5 to 7.5 at a temperature around 25°C, with
growth and metal oxidation possible under low oxygen tensions. Some species of
Leptothrix can utilize NTLt+ and NO3" as energy sources, although other complex nitrogen
compounds are preferred (Starr 1981). Cells are straight rods with dimensions for all
species ranging from around 0.6-1.4 x 1-12 pm.
The confusion regarding iron oxidizers is apparent in Starr (1981) when
Sphaerotilus is distinguished from Leptothrix as having a smooth sheath versus the rough
sheath of the later genus, followed by the statement that Sphaerotilus discophorus is
presumably the same species as Leptothrix cholodnii. Additionally, S. discophorus is
reported as not having the ability to oxidize manganese; Johnson and Stokes (1966)
showed that this species oxidized manganese by way of inducible enzymes. Despite
nomenclature confusion, the organisms in our system appeared to be what is historically
called Leptothrix.
Several characteristics distinguish the species of Leptothrix from each other.
Shapes of sheaths, tendency of cells to leave sheaths, and reaction to increased nutrients
are a few. Of the species in this genus, L. ochracea, the most common species of iron
bacterium, appears to fit our observations best, although L. pseudo-ochracea and L.
cholodnii are other possibilities.
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Oxide Characterization
The oxide structure of biologically oxidized iron is historically thought to be
lepidocrocite y-FeOOH and goethite a-FeOOH (Mouchet 1992). These are considered
slightly hydrated, crystalline oxides as opposed to the amorphous oxides formed during
physical-chemical oxidation of ferrous iron.
'Results from x-ray diffraction (XRD) analysis showed no crystalline structure to
any of the iron oxides tested. The oxides from the control (oxidized by air) and from the
filter media were amorphous precipitates. The lack of crystalline structure limits the
usefulness of XRD for distinguishing between oxide forms.
X-ray Photoelectron Spectroscopy (XPS) was used to analyze the surface of iron
oxidized by air (control), sodium hypochlorite, hydrogen peroxide, and those oxidized to
the media surface in the Moore filtration system (biological). Since each element has a
unique spectrum, XPS is a powerful tool in distinguishing between oxide states. The
output is a spectrum of detected electrons per energy interval versus their kinetic energy,
and is displayed as binding energy with units of electron volts (ev). This is a very
sensitive technique, with changes of 0.5 electron volts being significant.
The spectra concerning iron obtained from these tests are shown in Appendix B.
The peaks for the samples are as follows: control (air) 710.5, sodium hypochlorite 711.2,
biological 711.3, and hydrogen peroxide 712.0. These values were normalized separately
to a binding energy of carbon of 284.5 ev (Appendix B). There are two points to observe
when analyzing this data. First is the binding energy of the peak, and second is the shape
of the entire spectrum. Taking into consideration shapes as well as peak values, the
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sodium hypochlorite and biological samples should be considered indistinguishable from
each other and different from the control. The spectrum of the hydrogen peroxide sample
is similar to the other two non-control samples, but the high binding energy may be
considered evidence of a different oxide state. It is difficult to determine the exact
structure of the oxides without a complete spectrum of each possible oxide. Looking at
the list of binding energies for likely oxides (Appendix B), we see that the control is of
the FezOs, FegQ*, form, while the rest have binding energies similar to a-FegOg, y-FegOg,
a-FeOOH and y-FeOOH.
The results of the oxide characterization tests are only useful when understanding
how the samples were prepared for analysis. These tests are conducted under the
assumption of a homogeneous sample. It must be realized that the sample labeled
biological cannot be considered homogeneous. It is believed that there is oxide present
that was oxidized by aeration as well as by biological means, therefore the oxide shown
by XRD to lack crystalline structure was likely that portion oxidized by aeration. In
contrast, the binding energy of the biological sample using XPS is 711.3 ev, identical to
the binding energy of lepidocrocite (y-FeOOH), a crystalline oxide incited by Mouchet
(1992) as one deposited by iron oxidizing organisms.

Biological Oxidation Mechanism
With the exception of autotrophic acidic iron oxidizers, the oxidation mechanism
of iron oxidizing organisms is not well understood. Dubinina (1978) showed evidence of
a peroxidase mechanism with Leptothrix pseudo-ochracea. Due to the apparent culture
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of Leptothrix ochracea on the Moore filter media, tests were conducted to look for the
evolution of hydrogen peroxide from these organisms. Using an altered form of the
nutrient rich media of Rouf and Stokes (1964) described previously (Chapter III Experimental Procedures), no hydrogen peroxide was ever detected using either the Hach
or the Kolthoff and Sandell (1952) titrations. During these tests using identical
procedures for the sterile and non-sterile flasks (see Biological Removal Mechanism
Investigation, Chapter III), there appeared to be an increase in pH in the non-sterile
flasks. In addition, when the pH was lowered to maintain the iron in a soluble form there
was a decrease in ferrous iron. There are several possible explanations for an increase in
pH, one being autotrophic organisms using the dissolved CO2, another being reaction
(16) where protons are consumed in the oxidation of ferrous iron by hydrogen peroxide.
The nutrient rich media was replaced by Moore well water to examine whether
different results were possible using water which the organisms were accustomed.
Titrations for hydrogen peroxide were positive in the non-sterile flasks. However, the
positive titrations for hydrogen peroxide were determined to be due to some other species
than H2Oa, because these positive tests were not decreased by the addition of catalase.
Catalase catalyzes the following reaction:
H2O2

----- ►

O2 + H2O

(19)

It was found that the tests were positive due to an interference from nitrite formed by the
biological nitrification of ammonia. This interference was determined by the separate
addition of sodium nitrite and sodium nitrate to Moore water. The presence of nitrite
gave a positive hydrogen peroxide titration while the presence of nitrate did not.
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Nitrite was detected in the non-sterile samples, as well as nitrate, but in a lesser
concentration. The ammonia concentration in the non-sterile flasks was less than what
was introduced to the flasks, indicating that the origin of the nitrite was due to the
nitrification of ammonia. Calculations showed that the amount of nitrite in the nonsterile flasks was consistent with what would be expected from the amount of titrant
consumed in the hydrogen peroxide titration. In other words, the hydrogen peroxide
titration could be used to determine the concentration of nitrite in water, and
stoichiometrically the amount of titrant used in our titration coincides with the amount of
nitrite in our sample, as confirmed by another method (see Analyses in Chapter III Experimental Procedures). Nitrite was also found in the effluent of filters #1 and #2 in
the Moore filtration system. No false positive titrations or nitrite concentrations were
detected for the sterile flasks or the non-aerated filter (#3).
The presence of nitrite in this system may lead to another possible pathway for
iron oxidation. Nitrite formed by nitrifying bacteria may act as an electron acceptor,
promoting the oxidation of ferrous iron according to the following reactions:
NO2" + 8 H+ + 6 e"

— ► N H / + 2 H2O

(reduction)

(20)

Fe+2

— ► Fe+3 + e'

(oxidation)

(21)

Summary - Biological Oxidation
The use of packed tower aeration proved to be somewhat better than forced air
aeration at reducing the chlorine demand of the water and promoting biological growth.
Towers should be adjustable so small changes in the amount of aeration can be made.
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The iron removals through the aerated columns were greater than 65%. These relatively
low removal efficiencies are attributable to large media size and small filter beds.
The presence of iron oxidizing organisms were shown microscopically. The pH,
temperature, absence of cells in the sheaths, and visual aspects of the sheaths lead to the
belief that the organisms are of the genus Leptothrix. The combined redox potential and
pH of the Moore water creates conditions within those applicable to iron oxidizing
bacteria, but below those conditions where one would expect excess iron oxidation
through the aeration process.
The oxidation of iron in the filtration system at Moore was shown to be aerobic as
removals decreased when aeration of the water was eliminated. Nitrite levels dropped,
and ferrous iron in the effluent increased. A dual mechanism may be present in this
system. The presence of iron oxidizers certainly accounts for at least some of the
oxidation. The possibility of the involvement of aerobic nitrifying bacteria is also
supported by the reduction in ferrous iron oxidation when dissolved oxygen
concentrations were decreased.
The mechanism associated with biological oxidation was investigated and the
results led to the following observations. XPS showed that the oxide structure could
indeed be of the crystalline form proposed by Mouchet (1992). The presence of
hydrogen peroxide was never detected, but a possible mechanism involving nitrite was
proposed. The decrease in ferrous iron in low pH non-sterile flasks leads to the
conclusion that oxidation was in fact promoted by biotic means, since physical-chemical
oxidation does not compete at low pH. The exact oxidation mechanism in our system is
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unclear. Possibilities include autotrophic, enzymatic, and incidental mechanisms. Based
on the observations of this project enzymatic mechanisms, secreting chemicals to oxidize
the iron or to raise the local pH to promote oxidation, appear to be the most likely.
Several mechanisms that could raise the local pH or chemically oxidize the iron were
presented.
The conclusions made by Dubinina (1978) and Mouchet (1992) are supported by
this project, with several other possibilities for iron oxidation in our system presented.
Further investigations into biological oxidation mechanisms should be made. Checking
local pH using micro-electrodes, additional analyses of oxide structure, analyses for
presence of enzymes, and examining autotrophic mechanisms are all possible areas to
investigate to determine the exact nature of biological iron oxidation.
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Vl
COST ANALYSIS
System Tmnlementation and Cost Analysis

Proposed systems applicable to Moore, Montana are presented in Appendix C.
The parameters of the present sequestration system are presented along with parameters
for a conventional coagulation / sedimentation / filtration system, direct filtration system,
and a biological filtration system. Dimensions and flows are estimations based on the
results of this project. Exact parameters may need to be determined by means of a pilot
study prior to implementation of a system. The materials, as well as sizes of the basins
and filtration vessels, were based on availability and may need to be altered to fit a
particular system. The purpose of this cost analysis is for comparison only between the
proposed systems. Pricing the major components of each system and comparing this to
the other treatment options was the goal of this analysis. All common elements of these
systems were kept constant so as to contrast the aspects that make each system unique.
Since all treatment locations, environmental conditions, existing features etc. are
different, obtaining absolute costs to implement each system was not possible.
The cost analysis for the systems described in Appendix C is separated into
estimated capital costs for each unit operation. Operating costs are based on two average
flows, 40,000 gallons per day (gpd) which is currently used at Moore, and 60,000 gpd,

103

which is the projected size for a new system at Moore. The size of the systems were
designed such that the maximum daily flow could be 2.5 times the average daily flow.
When possible, actual costs were obtained for materials, design, and installation
of each system; estimates were used when necessary. Capital costs vary significantly
depending on site characteristics and current treatments, therefore it is difficult to
generalize capital costs for implementation. Special attention was paid to obtain accurate
operating costs for chlorine gas and mixed oxidants. Annual maintenance cost for the
MIOX system was determined using a pricing program supplied by MIOX Co.
(Appendix C). The estimated annual maintenance costs for chlorine gas is estimated by
this same program, but it overestimated the current costs associated with the system at
Moore; therefore actual costs from the Moore system were used.
Examining Table 6, capital costs for direct filtration, and coagulation /
sedimentation / filtration are similar when the same oxidant source is used. This does not
take into account housing for the systems, which may increase capital costs substantially.
Differences in capital costs between the greensand and silica sand direct filtration
systems are due solely to the differences in the price of the filter media. Capital costs for
the chlorine gas system are significantly cheaper than for the mixed oxidant system, due
to the cost of the MIOX unit. Capital cost for the biological system are slightly higher
than

those for the direct filtration system when chlorine gas is used, but is still

sign ificantly

below the capital costs when the MIOX unit is used. Due to the low oxidant

consumption of the biological system only chlorine gas was compared. The capital costs
associated with the MIOX system are too great for a system using low quantities of

Table 6 Treatment Implementation Costs
Moore, MT (existin g Chlorine G as Injection)
Flow

N ew System *

40,000 gal/day ave
100,000 gal/day max

60,000 gal/day ave
150,000 gal/day max

Operating Total/1000 gal.
/1000 gal.
Amortized
10yrs****

Capital

Operating
per year

0.00

5,960.00

0.3973

0.3973

6,000.00

7,910.00

0.3595

0.3975

silica s a n d , chlorine gas

18,650.00

3,855.00

0.2570

0.4220

23,650.00

4,395.00

0.1998

0.3440

silica sand , MIOX (SAL40)

35,800.00

4,500.00

0.3000

0.6166

35,800.00

5,050.00

0.2295

0.4475

green san d , chlorine gas

21,250.00

4,380.00

0.2920

0.4799

26,250.00

5,095.00

0.2316

0.3917

g reen san d , MIOX (SAL80)

45,900.00

4,750.00

0.3167

0.7226

45,900.00

5,300.00

0.2409

0.5201

silica sand , chlorine gas

24,850.00

4,655.00

0.3103

0.5301

29,850.00

5,245.00

0.2384

0.4203

silica sand , MIOX (SAL40)

42,000.00

5,300.00

0.3533

0.7248

42,000.00

5,900.00

0.2682

0.5238

26,400.00

3,480.00

0.2320

0.4655

31,400.00

4,020.00

0.1827

0.3738

Costs

Capital

Operating Operating Total /1000 gal.
per year
/1000 gal.
Amortized
IOyrs****

Current System
sequestration

Direct Filtration ***

CoagZFIoc/Sed/Fi It ****

Biological Filtration
silica sand , chlorine gas

* Assumes $6,000 capital cost for chlorine gas injection system and polyphosphate addition only. All other costs associated with a
new system are not included.
** These costs do not include housing, which may add an aditional $5,000 - 20,000 depending on the necessary enclosures
*" These costs do not include housing, which may add an additional $10,000 - 40,000 depending on the
necessary enclosures.
**** 5.5% interest rate based on 10 year useful life of capital (USDA Rural Utilities Services)
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oxidant. It must be noted that the major capital cost associated with the biological system
is the packed tower. The designed tower, and given cost, is for a structure that will
remove the hydrogen sulfide concentration to < 0.01 mg/L. This is far larger than that
needed for oxygen transfer alone. Even though the packed tower in the filtration system
used during this project was designed for oxygen transfer, virtually all of the hydrogen
sulfide was removed, as evidenced by the presence of hydrogen sulfide sensitive
organisms in filter #1. Therefore, the tower should be designed so adjustments can be
made in height so as not to overly aerate the water, while still reducing hydrogen sulfide
levels so as not to inhibit organism growth. If the final design is based more on oxygen
transfer than hydrogen sulfide removal, the capital costs associated with biological
removal should decrease to values comparable with direct filtration.
Annual operating costs are lowest for the biological system, followed by direct
filtration, with differences due to the concentration of oxidant necessary for these
systems. Considering the cost of chlorine gas alone, biological treatment reduces costs
66% over greensand direct filtration, 33% over silica sand direct filtration and 50% over
the current Moore system. Chlorine gas and mixed oxidant operating costs are similar for
direct filtration, with mixed oxidant operating costs decreasing as daily use increases.
The similarity of operating costs for the two systems is due to the maintenance costs
associated with the MIOX unit. The generation of oxidants is cheaper for the MIOX unit
compared to chlorine gas, therefore, as daily use increases, the cost associated with the
MIOX unit will decrease more than the chlorine gas. Operating costs for sequestration
are high due to the price of the sequestering agent.
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For total costs amortized over 10 years, the differences in operating costs
influence the price per thousand gallons to a greater extent, diminishing the capital costs,
and indicating the long term costs associated with each system. For amortization an
interest rate of 5.5% was used, quoted from the USDA Rural Utilities Services.
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VII
SUM M A RY

Chemical and physical oxidation have been used for many years as tools for
removing iron and manganese from water. The mixed oxidants examined in this project
should be added to the list of chemicals applicable to this treatment. These oxidants
displayed an ability to oxidize iron very rapidly in solution, but showed little effect on
manganese oxidation in solution. Adsorption sites for soluble manganese could be
regenerated using these oxidants. Overall, the mixed oxidants were similar to free
chlorine in their effectiveness to react with these metals.
Biological removal of iron was demonstrated in the field using packed tower or
forced air as the oxygen source to promote biological growth. The packed tower proved
to be better at reducing the chlorine demand of the water while maintaining the majority
of the iron in the soluble form. Iron removals were greater than 65% using 2 mm filter
media and small filter beds; better removals can be expected if smaller media and deeper
beds are used. No manganese removals were documented during biological treatment of
this low manganese water.
Removal Mechanisms
The removal mechanisms of the chemical and biological oxidation in this project
were investigated. For iron oxidation by mixed oxidants strictly chemical oxidation

108

prevailed. The ineffectiveness of these oxidants at oxidizing manganese in solution led to
the investigation of oxide coated media to aid in removal. It was shown that an
autocatalytic removal mechanism occurs when soluble manganese adsorbs to manganese
oxide. Reversible sorption was demonstrated in the absence of an oxidant, with
irreversible oxidation to the media surface occurring in the presence of an oxidant.
Similar results were obtained using sodium hypochlorite and mixed oxidants.
The removal mechanisms of biological oxidation of iron were examined. From
light microscopy, it appeared that sheathed bacteria, possibly Leptothrix, were
responsible for at least some of the iron oxidation. Literature on biological oxidation
proposes two mechanisms concerning iron oxidation. First, chemolithotrophy is the
process by which organisms obtain energy from oxidizing ferrous iron, while using CO2
as a carbon source. Second, heterotrophic organisms may secrete extracellular enzymes
which oxidize the iron. No energy is gained by the organism in this oxidation. This
mechanism would include by-products of endogenous respiration, and the possibility that
oxidation occurs only to detoxify the organism’s ambient medium. In this project no
mechanism of biological oxidation was confirmed. However, despite not detecting
chemical secretion such as hydrogen peroxide produced by the organisms, as shown by
Dubinina (1978), other evidence points to extracellular chemical oxidation. Microscopic
analysis showed extracellular deposition of iron, non-sterile samples showed an increase
in pH, and XPS could not distinguish oxide structure from chemically oxidized forms. A
mechanism was proposed involving biological nitrification of ammonia to nitrite,
followed by a reaction where the nitrite would act as an electron acceptor, promoting iron
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oxidation. These reactions are likely to produce iron oxides similar to those oxides
formed chemically.
Cost Analysis

A cost analysis was completed for four different treatment systems comprised of
eight different configurations. The goal of this analysis was to contrast these different
treatments relative to one another. Operating costs should be considered accurate, but
capital costs should only be used in comparing between the proposed treatments. Capital
costs rely largely on existing features, and site characteristics, therefore exact costs are
site specific.
Capital costs for all treatments, excluding sequestration, are similar when the
same oxidant source is used. The MIOX unit substantially increased capital costs, but its
safety features should be considered when choosing an oxidant source. Operating costs
were cheapest for biological removal due to the low oxidant dose. Overall, most of the
systems proposed were very similar in total costs. In designing a new treatment system
existing features may dictate what system will work best, at the most reasonable cost.
Certainly chlorine gas is inexpensive for small treatment systems, and biological removal
may need the least amount of maintenance, in addition to having the lowest operating
costs. Final decisions in implementing a new system must weigh safety, environment
and location, existing features, space, and operator training.
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Treatment Implementation
Side-stream filtration systems set up at Moore, Montana demonstrated successful
removal of iron and manganese from drinking water. Chemical iron and manganese
removal was accomplished using manganese greensand and mixed oxidants, and iron
removal only was demonstrated using silica sand and mixed oxidants. Biological iron
removal was demonstrated incorporating only aeration of the nearly anoxic groundwater.
The addition of dissolved oxygen was shown to be necessary.
The significance of this report with respect to small treatment systems is in the
successful demonstration of several techniques applicable to these systems at minimal
costs. For example, when volatile compounds such as HzS are present, packed tower
aeration may prove more successful at eliminating these constituents and the oxidant
demand they impart than forced aeration. Also, care should be taken when designing a
backwash system for pressure filters to ensure thorough cleansing. The sources of
oxidant in this report should be considered safer and easier to use than most conventional
oxidants. Since organic content of groundwater is often low, the major drawback of
using free chlorine, disinfection by-products, is eliminated. As for continuous
regeneration of manganese greensand, the oxidants tested are the only ones applicable
due to slow reactions with soluble manganese.
Biological removal was successful without the addition of chemicals, with water
characteristics at the lower (more reduced) end of what has been historically considered
the range of activity of iron oxidizing organisms (see Figure 3).

Ill
The practice of sequestration as a treatment option should be phased out due to
the restricted water qualities appropriate for this treatment, and the breakdown of these
agents over time and under certain conditions. Reduced capital costs make this treatment
attractive for small communities, but due to high operating costs, long term costs are
comparable to other systems. This project has demonstrated several other treatment
options that compare to sequestration in ease of operation, and that permanently remove
the iron and manganese, along with other contaminants, from the water.
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APPENDIX A

RELEVANT TERMS AND CALCULATIONS

119

Empty Bed Contact Time (EBCT) - refers to the residence time of a single unit of
liquid in a filter column that contains no media. Actual residence time is less than
this value due to the volume occupied by the media.
EBCT = volume of empty filter column (ml) / flow rate (ml/min)
Free Available Chlorine (FAC) —refers to the species of chlorine that are uncombined.
Free chlorine can be composed of CI2, OCV, and HOCl
Sloughing - Sloughing is the process of intermittent events of trapped contaminants
being removed from the filter media and exiting into the filter effluent.
Stoichiometry - Stoichiometry refers to the minimum amount of substrate (chlorine) that
is needed to react completely with a given amount of another substrate (iron) in
order for a reaction to take place (oxidation).
required substrate (ml) = [(metal (mg/L) * theor. stoich.) / substrate (mg/L)] * vol.
of solution (ml)
example : [(1.50 mg/L Fe+2 * 0.64 mg CL/mg Fe+2) / 200 mg/L FAC] *1000 ml
= 4.8 ml substrate required in I liter solution
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Height of Packed Tower for Hydrogen Sulfide Removal - Moore, Montana
Side-Stream

assumptions:

solutions are dilute
Henry’s Law applies
solute concentraton in is zero

HTU =

L/( KLa)

height of one transfer unit

NTU =

R/(R-1 )ln (((Ci/Ce)(R-1 )+1 )/R)

number of transfer units

R—

HuG / L
GZL

stripping factor
air to water volume ratio

Hu (H2S)
GZL
Ci mgZL
Ce mgZL

3.84E-01 unitless
10
0.2
0.005

10
0.12
0.05

10
0.12
0.01

10
0.2
0.01

500
0.12
0.005

R

3.84

3.84

3.84

3.84

192

NTU

4.59

0.96

2.99

3.67

3.19

DL =
UL 25C
UL20C
B
DL20C

B(TZUL)
0.00089 kgZms
0.001 kg/ms
4.81 E-15
1.41E-09 mA2Zs
5.46E-05 ftA2Zhr
L=
OtaS water ZmA2 tower cross sectional area*hr
a 4 in pipe
0.0081 rrW
0.0873 ftA2
a Ginpipe
0.01824 mA2
0.1963 ftA2
IOOmIZmin
6 LZhr
0.006 nYXB/hr
0.2118 ftA3Zhr
L4in
2.4261 ftA3/ftA2hr
151.37 lbZftA2hr
0.7407 mA3ZmA2hr
L6in
1.0790 ftA3/ftA2hr
67.32 lbZftA2hr
0.3289 mA3ZmA2hr
UL20C
2.419 IbZfthr
viscosity
RL
62.4 lhZftA3
density
tripack m
43 constant
2 in
n
0.16 constant
KLa =
KLa 4in
KLaGin
HTU 4in
HTUGin
height 4in

DL*m(LAJL)A(1 -n) * (ULVRLDL)aO^
2.019049 1Zhr
1.022244 1Zhr
0.366856 m
0.321743 m
1.68
5.53

height 6in

1.48
4.85

0.35
1.16
0.31
1.01

1.10
3.60
0.96
3.16

1.34
4.41
1.18
3.87

1.17 m
3.84 ft
1.03 m
3.37 ft
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Height of Packed Tower for Oxygen Transfer - Moore, Montana
Side-Stream

assumptions:

solutions are dilute
Henry’s Law applies
solute concentraton in is zero
height of one transfer unit

HTU =

L7( KLa)

NTU

RZ(R-I)In (((Qn - ((C* R-Cout)/(R-1)))/(Cout- (C‘ R-Cout)/(R-1)))
number of transfer units
stripping
factor
HuGZL
air
to
water
volume ratio
GZL

R=

Hu (02)

3.21 E+01 unitless

GZL
Cin mg/L
Cout mg/L
C* mg/I
R

10
0
5
8
321

10
0.01
5
8
321

10
0.01
6
8
321

10
0.01
7
8
321

500
0
5
8
16050

NTU

0.98

0.98

1.39

2.08

0.98

DL =
UL 25C
UL20C
B
DL20C

B(TZUL)
0.00089 kg/ms
0.001 kg/ms
6.06E-15
2.03E-09 mA2/s
7.86E-05 ftA2/hr
L=
ITiaS water ZmA2 tower cross sectional area*hr
4 in pipe
0.0081 nV^
0.0873 ftA2
6in pipe
0.01824 m*2
0.1963 ftA2
10OmIZmin
6 LZhr
0.006 rr^a/hr
0.2118 ftA3/hr
L4in
2.4261 ftA3/ftA2hr
151.37 lb/ftA2hr
0.7407 mA3/mA2hr
L6in
1.0790 ftA3/ftA2hr
67.32 lb/ftA2hr
0.3289 mA3/mA2hr
UL20C
2.419 IbZfthr viscosity
RL
62.4 lb/ftA3
density
tripack
m
43 constant
2 in
n
0.16 constant
KLa =

DL'm(LYUL)A(1-n) * (ULVRLDL)aO-S

KLa 4in
KLa 6in

2.4237 1/hr
1.227118 1/hr

HTU 4in
HTU 6in

0.305607 m
0.268026 m

height 4in

0.30
0.98

height 6in

0.26
0.85

0.30
0.98
0.26
0.85

0.42
1.38
0.37
1.21

0.64
2.10
0.56
1.84

0.30 m
0.98 ft
0.26 m
0.85 ft
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Height of Packed Tower for Hydrogen Sulfide Removal - Moore, Montana
Full Scale

assumptions:

solutions are dilute
Henry’s Law applies
solute concentraton in is zero

HTU =

LZ( KLa)

height of one transfer unit

NTU=

R/(R-1)ln (((Ci/Ce)(R-1)+1)/R)

number of transfer units

R=

HuG / L
G/L

stripping factor
air to water volume ratio

Hu (H2S)
GZL
Ci mg/L
Ce mg/L
R
NTU

3.84E-01 unitless
10
0.2
0.01

500
0.12
0.005

10
0.2
0.005

10
0.12
0.01

10
0.12
0.005

3.84

3.84

3.84

3.84

192

3.91

3.67

3.19

4.59

2.99

DL =
UL25C
UL20C
B
DL20C

B(TZUL)
0.00089 kg/ms
0.001 kg/ms
4.81 E-15
1.41E-09 17^2/8
5.46E-05 ftA2/hr
L=
HtaS water / mA2 tower cross sectional area*hr
8 in pipe
0.0324 m*2
0.349 ftA2
10in pipe
0.05066 rrV^
0.5453 ftA2
IOOgaIZmir 22680L/hr
22.68 rrT'S/hr
800.9 ftA3/hr
L8in
2294.84 ftA3/ftA2hr 143198.2 lb/ftA2hr
700 mA3/mA2hr
L10in
1468.73 ftA3/ftA2hr91648.93 lb/ftA2hr
447.6905 mA3/mA2hr
UL20C
2.419 IbZfthr
viscosity
RL
62.4 lb/ftA3
density
tripack m
43 constant
2 in
n
0.16 constant
KLa =

DL*m(L/UL)A(1-n) * (ULZRLDL)aO-S

KLaSin
KLaIOin

638.1178 1Zhr
438.6321 1/hr

HTUSin
HTUIOin

1.096976 m
1.020651 m

height 8in

5.04
16.53
4.69
15.38

heightlOin

3.28
10.76
3.05
10.00

4.29
14.07
3.99
13.09

4.02
13.19
3.74
12.27

3.50 m
11.48 ft
3.26 m
10.69 ft
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Height of Packed Tower for Oxygen Transfer - Moore, Montana
Full Scale

assumptions:

solutions are dilute
Henry’s Law applies
solute concentraton in is zero

HTU =

L/( KLa)

NTU =

FV(R-1)ln (((Cin - ((C* R-Cout)/(R-1 )))/(Cout- (C* R-Cout)/(R-1)))
number of transfer units
HuG / L
stripping factor
G/L
air to water volume ratio

R=

Hu (02)

height of one transfer unit

3.21 E+01 unitless
1
0
5
8
32.1
0.99

G/L
Cin mg/L
Cout mg/L
C* mg/I
R
NTU

1
0.2
3
8
32.1
0.45

1
0.01
6
8
32.1
1.41

1
0.01
7
8
32.1
2.12

500
0
5
8
16050
0.98

DL=
UL 25C
UL20C
B
DL 20C

B(TZUL)
0.00089 kg/ms
0.001 kg/ms
6.06E-15
2.03E-09 rrT2/s
7.86E-05 ftA2/hr
L=
OtaS water / mA2 tower cross sectional area*hr
8 in pipe
0.0324 mA2
0.349 ftA2
10in pipe
0.05066 mA2
0.5453 ftA2
IOOgaIZmir 22680L7hr
22.68 nrTSZhr
800.9 ftA3/hr
L8in
2294.84 ftA3/ftA2hr 143198.2
Ib/ftA2hr
700mA3/mA2hr
L 10in
1468.73 ftA3/ftA2hr 91648.93 lb/ftA2hr
447.6905 mA3/mA2hr
UL20C
2.419 IbZfthr
viscosity
RL
62.4 lb/ftA3
density
tripack m
43 constant
2 in
n
0.16 constant
KLa =

DL"m(L/UL)A(1-n) * (ULVRLDL)aO-S

KLa 8in
KLaIOin

766.0072 1/hr
526.5412 1/hr

HTUSin
HTU 10in

0.91383 m
0.850248 m

height 8in
heightlOin

0.91
2.98
0.84
2.76

0.41
1.34
0.38
1.25

1.28
4.20
1.19
3.90

1.93
6.33
1.80
5.90

0.90 m
2.95 ft
0.83 m
2.72 ft
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APPENDIX B

X-ray PHOTOELECTRON SPECTROSCOPY DATA
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XPS Peaks - (electron volts)
Fe2O3
Fe3C
FeS
FeS
FeBr2
FeBr3
FeCl2
FeCl3
FeF2
FeO
Fe3O4
Fe3O4
Fe2O3
Fe2O3 - alpha
Fe2O3 - gamma
FeOOH - alpha
FeOOH - gamma
FeSO4

710.9
708.1
710.3
712.2
710.3
710.1
710.6
711.3
711.3
709.4
708.2
710.4
710.8
710.9
710.9
711.8
711.3
712.1
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COST ANALYSIS / TREATMENT TRAINS
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The following cost analysis gives generalized capital and operating costs for relevant
aspects of the treatments applicable to this study. Operating costs are based on
the town of Moore, MT with respect to the oxidant demand and necessary coagulant
dose. The following parameters will be used for estimating costs for a system averaging
40,000 gallons per day (Moore, MT), and one averaging 60,000 gallons per day.
Current Moore System
flow

20,000 - 80,000 gpd (40,000 gpd average)
IOOgpm
intermittent
4.5
mg/L
oxidant dose
0.5
tank
0.2
distribution
syst.
chlorine residual
5/yr
chlorine gas (150# cylinders)
3.5/yr
blended polyphosphates (635 # drums)

Prooosed Coao / Floc / Sed / Filt System
intermittent
flow
coagulant injection (nonionic synthetic polymer)
injection at wellhead
flocculation basin
residence time
dimensions
material
mixer (flat, 2 paddle)
sedimentation basin
residence time
dimensions
material
gravity filtration
flow
media
2 filter units
dimensions (media alone)
material
backwash (10-25 % bed fluidization)
backwash surge storage vessel

IOOgpm
1.0 mg/L
pump or venturi
30 min
6*8*8 ft
concrete
1/2 hp
120 min
6*20*13 ft
concrete
4 gpm/sq ft
silica sand
3*3.5*3.5 ft
concrete / fiberglass
8-10 gpm/ft sq
2000 gallon

Prooosed Direct Filtration System
IOOgpm
intermittent
flow
pressure filtration
3 gpm/ft sq
flow
greensand
or
silica sand
media
3*4*4
ft
2 filter units
dimensions (media alone)
circular / square steel, fiberglass unit
material
backwash (10-25 % bed fluidization)
8-10 gpm/ft sq
backwash surge storage vessel
2000 gallon
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Oxidant Dosing
mixed oxidants
chlorine gas
dose
silica sand
greensand
residual (dosed separately)

MIOX unit
150# cylinders
2 mg/L
6 mg/L
0.5 mg/L

Biolooical Filtration
IOOgpm
intermittent
flow
1 0 India. X10ft
fiberglass / PVC
packed tower aeration unit
1 inch dia.
Jeager Tripak
packing material
pressure filtration
3 gpm/ft sq
flow
1.5-2.0 mm
media
3*4*4
ft
2 filter units
dimensions (media alone)
circular / square steel, fiberglass unit
material
10-15 gpm/ft sq
backwash (10-25 % bed fluidization)
3000 gallon
backwash surge storage vessel
150# cylinders
chlorine gas
2
mg/L
dose (post filtration)
0.5
mg/L
residual

Current System - Moore, MT

Gallons treated per day (average)
Million gallons per year
Chlorine dose
Chlorine residual

Parameter

40000
15
4.5
0.5
0.2

gpd
MG/yr
mg/L
mg/L tank
mg/L distribution system

Quantity / year

Unit price $

Total $ /y e a r

C ost $ /1 0 0 0 gal

Blended Polyphosphates (635 Ib drums)

4

800.00

3,200.00

0.2133

Chlorine Gas (150 Ib cylinders)

4

175.00

700.00

0.0467

Maintenance

20 hrs

20.00

400.00

0.0267

Safety Training

8 hrs

20.00

160.00

0.0107

1,500.00

0.1000

$5,960.00

$0.3973

Miscellaneous (electricity, parts)
Total C osts

Direct Filtration

Capital C o sts

Total $

Pressure Filter Vessel
Media - greensand (Inversand Co.) (inc. shipping)
- silica sand (Inversand Co.) (inc. shipping)
Backwash pump- (100-150 gpm)
Backwash storage vessel
Installation (site work, electrical, engineering design)
Miscellaneous (valves, pipes)
Housing for filtration vessel

Operating C osts

Sludge disposal
Maintanance
Miscellaneous (electricity, parts)

34.55 / cu. ft
9.00 / cu. ft

4,000.00
3,500.00
900.00
3,000.00
750.00
8,000.00
2,000.00
5,000.00 - 20,000.00

Quantity 40,000 Gallons Per Day
Total $ / y r

1
30 hrs

300.00
600.00
2 , 000.00

Quantity 60,000 Gallons Per Day
Total $ / y r

1
30 hrs

400.00
600.00
2 , 200.00
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Silica Sand
Pressure
Filter
To
Backwash
Tank
(to waste)
Backwash
Pump
Oxidant

Oxidant

Holding Tank

To Distribution
System
S ilica Sand D irect F iltratio n T reatm en t T rain
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Green Sand
Pressure
Filter
To
Backwash
Tank
(to waste)
Backwash
Pump
Oxidant

Holding Tank

To Distribution
System

G reen san d D irect F iltratio n T reatm ent T rain

Coagulation / Flocculation / Sedimentation / Filtration
Total $

Capital C osts

Coagulant injection pump
Flocculation - basin (material only)
mixer (motor, paddles)
Sedimentation basin (material only)
Sedimentation housing
Gravity filter (material only)
media - silica sand (Inversand Co.)
Backwash pump
Installation (site work, electrical, basin inst., engineering design)
Miscellaneous (valves, piping, backwash troughs))
Housing for basins and filter vessels
Operating Costs

250.00
750.00
400.00
1, 000.00
2 , 000.00
800.00
650.00
3.000. 00
14,000.00
2 . 000.
10,000.00 - 40,000.00

Quantity 40,000 Gallons Per Day
Total $ / y r

coagulant (1 mg/L synthetic polymer), Calgon Co.
100.00
Maintanance
40 hrs
800.00
Sludge disposal
1
300.00
Miscellaneous (electricity, parts)
2,500.00

00

Quantity 60,000 Gallons Per Day
Total $ / y r

40 hrs
1

150.00
800.00
400.00
2,700.00
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T
F lo c c u la t io n
B a s in
S e d im e n ta tio n
B a s in

To B a ck w a sh
T a n k (to w a s te )

C o a g u la n t
A d d it io n

*------------

O x id a n t

Pum p

*

>

t

H o ld in g T a n k

W e ll

To Distribution
System

Coagulation / Flocculation / Sedimentation Treatment Train

Biological Filtration
Total $

Capital C osts

Pressure Filter Vessel
Media -1.5 - 2.0 mm (Bos Sand Co.) (inc. shipping)
Backwash pump- (200 - 250 gpm) (Osmonics, Minnesota)
Backwash storage vessel
Packed Tower (Xerxes, Ohio) (inc. media, all internals)
Filtration Pumps (2 at 50 gpm each)
Installation (site work, electrical, engineering design)
Miscellaneous (valves, pipes)
Housing for packed tower / filtration vessel

Operating Costs

Sludge disposal
Maintanance
Miscellaneous (electricity, parts)

9.00/cu. ft

4.000. 00
900.00
4.000. 00
1. 000. 00
4,500.00
2 , 000.00
8 , 000.00
2 , 000.00
5,000.00 - 20,000.00

Quantity 40,000 Gallons Per Day
Total $ / y r

1
20

300.00
400.00
2 , 000.00

Quantity 60,000 Gallons Per Day
Total $ / y r

1
20

400.00
400.00
2 , 200.00
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Biological
Pressure
Filter
To
Backwash
Tank
(to waste)
Backwash
Pump

I
I
Well

To Distribution
System

B iolo g ical F iltration T reatm ent T rain

Chlorine Gas -150 # Cylinders
Total $

Capital C osts

5,000.00

Unit Installation (estimation based on Moore system)
(chlorinator, scales etc.)

Quantity 40,000 Gallons Per Day
Total $ / y r

Operating Costs

150 # Cylinders

Maintanance
Misc. (parts, valves)
Safety - equipment
training

silica sand
greensand
biological

3
6
2
Ghrs

Shrs

525.00
1,050.00
350.00
120.00
50.00
100.00
160.00

Quantity 60,000 Gallons Per Day
Total $ / y r

4
8
3
Shrs

Shrs

700.00
1,400.00
525.00
160.00
75.00
100.00
160.00

MIOX - Mixed Oxidant Generation Units
Capital C osts

Total $

Total $ (inc. water softener and parts)
(exc. installation)

Sal 20 (MIOX Co.)
Sal 30
Sal 40
Sal 80
Water Softener
Installation

7,500.00
8,500.00
11,000.00
19,000.00
850.00
1,500.00

Operating Costs

40,000 Gallons Per Day
Total $ / yr

Salt, Electricity etc.
Misc.(cell replacement, parts)
Maintanance
silica sand / sal 40
greensand / sal 80

11,650.00
12,650.00
15,650.00
23,150.00

60,000 Gallons Per Day
Total $ / y r

See MIOX Sizing Analysis

1,600.00
1,850.00

1,850.00
2,100.00
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MOX SYSTEM SIZING AND COST ANALYSIS
11/8/99
CUSTOMER NAME Moore, Montana

****Based on average flow to evaluate operating costs****
DISINFECTION:

Enter data in boxes.
Step I : Unit of measure. Enter a "1"for metric, otherwise leave blank

dollars

Enter name of currency:
Step 2: Determining System Flow Rate.

What is the flow rate of water in the system? Enter only one.
Gallons per second:
Gallons per minute:
Gallons per hour
1000 Gallons per hour

100

What is the daily production of water? Enter the peak daily rate during the year.
The daily production in gallons is:
|
4Q000|
The system runs

6.7

hours per day.

Step 3: Determining disinfection ratio. Many factors affect the amount of oxidant that
will be required to treat a system. Qean groundwater typically has a lew parasitic count and
doesn’t need much oxidant. Surface water usually has a higher oxidant demand. High turbidity
also increases the oxidant demand. One of the key elements for system selection is the
amount of mixed oxidants generated per unit of solution. This program allows for variations
from system to system. If the chlorine demand of the water has been determined for a desired
chlorine residual, then the amount of MIOXoxidant can be easily determined. Also the amount
of oxidant can be calculated based on the current dose rate of conventional chlorine (gas or
hypochlorite).

Select method A or B (only one), and enter the data
Method fie Chlorine demand (conventional chlorine disinfection) and residual is known.

_6
0.5

Enter chlorine demand in parts per million (ppm), mgl:
Enter desired chlorine residual in ppm (mgl):

Method B: Enter data from current experience. Hcw much chlorine are you currently injecting?

Enter current dose rate in ppm (mgl).
2.2 Pounds of chlorine is currently used per day.

|

|
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The number of systems required for each MIOX model is shown below. Make your
selection by entering a number in the box next to the desired system. Typically, you should
select the smallest system that requires only one unit. However, system redundancy may
dictate that you select more than one system. This analysis assumes each sytem will
have a water softener. Enter the number of systems desired.
Select
No. of Systems Required
Quantity
System Description
6
Brine Pump System
2
SAL 20
1
SAL 30
1
SAL 40
1
SAL 80
1
DUAL SAL80
1
MIOX 500

Step 5: Water Softener.

MIOX Corp. strongly recommends the use of a water softener for the water feeding the MIOX
system. Hard water causes calcium carbonate deposits in the system as well as coating the
electrolytic plates. The maximum hardness for the MIOX system is 1 grain (17 mg/L) of
calcium carbonate. Enter a "1" if a softener is to be used with the system:
I
1
I
Kinetico softeners operate on system hydraulic pressure and do not require electrical power.
Kinetico brand softeners are required to maintain the MIOX system warranty.
Salt consumption for a softener can be determined if the hardness of the source water is known.
If using a softener, this program will assume 5 grains hardness unless you enter a value below.
For Calcium (Ca), enter grains or mg/L (ppm), but not both:
Grains hardness, Ca:
120
mg/L hardness, Ca:
Iron, mg/L
0.03
Manganese, mg/L:
The proper Kinetico softer for this application is model K60
The number of days between recycles is:
3.8
The number of gallons per recycle is
45

with disc

SYSTEM OPERATIONAL PARAMETERS:

I. The total volume of mixed oxidants required for this system in 24 hours is:
156 gallons
The injection rate of oxidants required for this system is:
23.4 gallons per hour
The injection ratio for this system is 1 part mixed oxidants to
256 parts water.
2. The duty cycle of the MIOX system is:
The duty cycle of the water system is:

22%
28%
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3. The average consumption of salt:

10.4 pound/day due to oxidant generation
1.3 pounds/day due to softener recharge
11.7 total pounds/day
82.1 total pounds/week
4.8 lbs salt per Ib of chlorine (approximate)
For the SAL 20, SAL 30, or SAL 40 system, the salt fill interval is:
0 days.
For the SAL80 system, the salt fill interval is:
85 days.
The TDS increase due to salt added to the water is:
31 mg/L (ppm)
The increase in sodium to the water is:
12 mg/L (ppm)

4. The total power consumption is:

2300

watts, or

5525 watts/lb chlorine

5. The holding tank capacity requirements for a 24 hour period is the total oxidants needed
in a 24 hour period less the volume of oxidants generated during the operational part of
the duty cycle. The holding tank capacity requirement for this system is:
50 gallons
COST ANALYSIS:
Step I : Select the price of salt. Enter a value in the box.

Enter the price per lb. of salt in dollars
Step 2: Select the price of power.
Enter the price in your area per kilowatt-hr:

|

0.07*|

]

0.06~|dollars

Operating Costs:

1. The total cost per hour when operating is:
0.28 dollars
The total cost per 1000 gallons of treated water is:
0.0366 dollars
3. The total cost per day is:
1 47 dollars
Note: These costs do not include capital equipment or installation costs.

INJECTION SYSTEM SIZING:

There are several ways to get oxidant introduced into the water being treated. The two primary
ways to inject oxidants into a system under pressure are 1) an injection pump, and 2) a venturi
injection system. MIOX recommends a venturi injection system because it is an inexpensive way
to get the volume of MIOX oxidants into a system. While MIOX oxidants are more powerful than
chlorine, they are less concentrated, and require larger injection volumes. The recommended
venturi injection system consists of a sidestream pipe loop off of the side of the main water line
with a booster pump and venturi injector. The injector size is determined by the volume of
oxidants required to be injected, as well as the differential pressure across the injector. The
chart below lists the nominal oxidant suction capacity as well as the differential pressure and
booster pump flow rate required to drive the injector.
The total injection capacity is:
23.4 gallons per hour
In column F of the chart below, select the injector that meets this requirement. Also select
the pump that meets this requirement. This information can be used to "build" the injection
system.
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DISINFECTION ALTERNATIVE COST EVALUATION
(Input variables In bordered boxes - yellow Is key data, otherwise leave default values)
System Parameters:
____________
40000
Gallons treated per day:
6.5
Chlorine dose:
SAL80
MIOX system:
1
Number of MIOX systems:
dollars
Currency name:
I
Local currency exchange rate per USS
UHLUHINb

ITEM
I
2
3
4
5
6
3
4

U HLUK IN b

CALCIUM
SODIUM
GAS1ITON GAS, 150#
CYUNDER CYUNDER HYPOCHLORITE HYPOCHLORITE

COST ELEMENT
OPERATING COST:

<1%
gallon

100.00%!
pound
I
0%
454,000
18,478
1.00
0.0541

12.50%|
gallon
10.2
15%
468,247
19,058
1.24|
0.0651

65.00%
pound
I
10%
263,361
10,719
1.65|
0.1539

0

0

0

0

20.00
20
400.00
1,350.00
8
160.00
200.00
5,000.00
1,000.00
8110.00

20
400.00
1,350.00
8
160.00
200.00
0.00
500.00
2610.00

200|
4,000.00
800.00
4
80.00
15000]

200|
4,000.00
400.00
4
80.00
150.00]

25|
500.00
800.001
0
0.00
0.00

5030.00

4630.00

0.00
1300.00

10,000
10,000
80,000
100,000

5,000
10,000
50,0001
65,000

1,500
1,000

1,500
1,000

23,150
0

2,500

2,500

23,150

22,475
0
46,300
2,500
71,275
19.53

5,348
0
13,000
23,150
41,498

100.00%
pound
1
0%
454,000
18,478
0.90
0.0487

Concentration
Unit of measure
Pounds per unit of measure
Degradation Factor, percent reduction (Note I)
Available chlorine per unit of measure, mg
Gallons treated at desired dose (mgfL)
Cost per unit (Note 2)
Price per 1000 gallons treated

MIOX

0%
6,300
969
0.0366

OTHER ANNUAL CHEMICAL COSTS:
I
2
3
4

Polyphosphates
Add
Caustic
Other annual chemical costs
OTHER TOTAL ANNUAL CHEMICAL COSTS

0

MAINTENANCE COST:
I
2
3
4
5
6

7
8
9

Enter average hourly maintenance wage:
Maintenance labor hours per year
Annual maintenance labor cost
Maintenance parts (cell and pump)
Safety training hours
Safety training labor cost
Safety equipment
RMP (EPA) & PSM (OSHA) costs
Insurance and other costs
TOTAL ANNUAL MAINTENANCE COST

CAPITAL COST:
I
2
3
4

Disinfection equipment (Note 3)
Safety equipment
Scrubber (Note 4)
TOTAL CAPITAL COSTS

I
2
3
4
5
6

Chemical cost to treat water production
Other chemical costs
Total maintenance cost
Total capital cost
Total costs over amortized period

TOTAL COSTS AMORTIZED OVER: |

7

Total dollars per day
0

10

YEARS.

7,111
0
81,100
100,000
188,211

7,901
0
26,100
65,000
99,001

9,500
0
50,300
2,500
62,300

51.56
1.289

27.12
0.678

17.07
0.427

0.488

Note I : Sodium and calcium hypochlorite degrade over time so that more has to be dosed into
the system before the next batch is made.
Note 2: In the U S A , the price for sodium hypochlorite includes a $5 per drum (54 gallon) environmental
cleaning fee. HypocHorite prices from Van Waters and Rogers. Gas prices from Dixie Retro Chem.
Note 3: For SAL systems, MIOX capital cost includes 50 gallon oxidant tank and K25 water softener.
For MIOX-500 and larger systems, cost includes 200 gallon oxidant tank and 4500 pound brine generator.
Note 4: Gas scrubber prices from Matheson Gas Products

11.37
0.284

MIOX S y stem C haracteristics
SA L -20

SA L -30

SA L -40

SA L -80

MIOX-SOO

P3

F A C C ap a c ity (Ib s/d ay )1 *

0.5

1.5

2.5

4.0

10.0

50.0

0.5

Equiv. C h C ap a c ity (Ibs/day)2

0.7

2.1

3.5

5.6

14.0

70.0

0.7

G allons/D ay (G P D ) a t I ppm 3

60,000

180,000

300,000

480,000

1,200,000

6,000,000

24,000

213

455

702

1,770

3.714

181
154
254

BPS

Ave. C h ln in e T O T A L (m g/L)

181

M in. C h lo rin e T O T A L (m g/L)4 *

154

181

387

597

1,504

3,714

M in. C h lo rin e A aode (m g/L ) *

254

236

483

739

1,678

4,000

70

193

313

1,156

3,000

54

13.2 kW

0.25 kW

M in. C h lo rin e C ath o d e (m g/L) *
Po w er5
M inim um Service R e q u ire d 9
H e rtz to System 1*
P h ase
V olts to CeU (V D C )
A m ps to C ell

54
0.15 kW
12 V D Q g lO A 6

.94 kW

HO VAC@5A

0.64 kW
I IO VAC@ 7A

2.2 kW

220 VAC@6A

220 VAC@ 13A

480 V A C ® 16A7

12 V D C ® 20A '

12A

IOA

15A

20A

30A

30A

15A

50 or 60

60

60

60

60

60

60

Single

Single

Three

Single
12

0.424 kW

S in g le

Single

Single

12

12

12

12

12

9

S to l O

26 to 30

42 to 48

66 to 75

170 to 190

820 to 880

10

1.75

1.75

8.74

0.83

500

1000

0.83

1.75

1.75

S n lt Loed C ep e c lty (lbs)

N/A»*

500

500

Flow R ete - A node (gph)

5

A pprox. S a lt U sed p e r H o a r (lbs)11

Flow R ete - C eth o d e (gph)
S a tu ra tio n in B rin e T a n k
S a tu ra tio n in C ell
O p e ra tin g T e m p e ra tu re
S h ip p in g W eig h t
S h ip p in g D im ensions

N/A*°
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20

50

5

5

10

20

5

317 g /L (1 0 0 % )

3 17 g/L (100% saturation)

317 g/L (100%)

317

I O t o U g f L (3% )

10 to 12 g/L (3% saturation)

15 g/L (5% )

10 to 12 g/L (3% )
35° to IlO 0F

35“ to 110*F

35° to 110“F

35° to IlO 0F

35° to IlO 0F

35° to IlO 0F

35° to 110°F

22 lbs

85 lbs

85 lbs

HO lbs

250 lbs

600 lbs

300 lbs

18” x 7” x 14”

28” x 28" x 62”

28” x 28" x 62"

28" x 28” x 62”

32” x 62" x 72”

26" x 64" x 62”

60” x 38" x 52”

•Production m a y v a r y d e p e n d i n g on s a l t a n d w a t e r q u a l i t y .
" S a l t l o a d c a p a c i t y d e p e n d s o n s e l e c t e d b r in e g e n e r a t o r ( n o t i n c l u d e d w i t h s y s t e m ) .
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1 • Free Available Chlorine (FAC) is the sum o f hypochlorous acid (HOCl) and hypochlorite ions (OCF) in solution,
measured by standard FAC analysis.
• Systems are tested using softened Albuquerque city water, which is considered to be very high quality.
• Farraday's Law states that the ratio o f amperage to chlorine (HOCl + O C l) should be constant.
2 Equivalent chlorine = FAC x 1.377. (Compares OCl with the weight o f chlorine gas.)
MIOX has been determined to have a multiplication factor o f 1.4 due to the effects o f the other oxidants.

G P D at I ppm =

fX

f Igal I

lb s ) ( 4 5 4 ,0 0 0 m g ^

I

J

day I
llb
J( 3 . 7 8 L j
(The P3 system is limited to 24,000 GPD by its flow rate o f 16.7 gpm.)
4 Minimum chlorine concentration is the specified minimum that all MIOX cells must meet before leaving the factory.
Due to varying anode and cathode flow rates. Total Concentration = (2/3) Anode + (1/3) Cathode for the SAL systems,
(1/2) Anode + (1/2) Cathode for the BPS and P3 systems, and (5/7) Anode + (2/7) Cathode for the MIOX-500 system.
5

6

For Sinele Phase Systems:
Watts = Volts x Amps x safety factor
(ex. for a SAL-20: 28A x 12V x 1.25 as safety factor = 420 watts or 0.42 kW)
Amps to System = (Watts / Voltage) + I amp as safety margin
(ex. for a SAL-20: 420 watts/110 VAC = 3.8A + I = 5A normal run current)
For Three Phase Systems:
Watts = Volts x Amps x 1.73
(ex. for a MIOX-500: 850A x 9V x 1.73 = 13,235 watts = 13.2 kW)
Amps to System = Watts/(Voltage x 1.73)
(ex. for a MIOX-500: 13,235 watts/(208 VAC x 1.73) = 37A normal run current)
The BPS can also be configured for 110 VAC@1 A or 220 VAC@0.5A, which both require IOA minimum service.

7 The MIOX-500 can also be configured for 208 VAC@37A, which requires 60A minimum service.
8 The P3 can also be configured for 110 VAC@ 2.5A or 220 VAC@ 1.25A, which both require IOA minimum service.
9 Minimum service is the circuit required to cover the inrush.
10 Capacity is 47 to 63 Hertz. Power supplies are auto ranging and w ill cover 50 hertz also.
11 Pounds o f Salt per Hour = (Flow o f Brine to Cell x 100% Concentration x 3.78 L/gal) + 454 g/lb:
SAL:

0 ^

x 317gx 3;78L x J b _ = l:Z51bi m
gal

454 g

3.31 gal

317 g

hr

3.78 L

L

lb

8.74 1b

hr

L

gal

454 g

hr

_5 m

hr

--------- —— X ------ - X ---------------- X ------------ = --------------

12 Saturated Brine = 2.647 Ibs/salt per gallon o f water:

2.647 lbs salt
I gal water

454 g
I lb

Igal _ 317g
3.79 L
L

13 For SAL systems, brine goes to cell at flow rate o f I gph. Total flow is 30 gph. Ratio o f brine to water is 1/30:

I 317 g
30
L

10.6 g
L

----- X -------------= --------------

