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Executive Summary

Dissolved manganese (lI) has become prevalent in many drinking water
systems and is causin@esthetically displeasing issues for consumersDue to this,
many towns have received complaints rbom community members about the
condition of their water. Many communitiescurrently use a polyphosphatechemical
to hold the manganese in solution, otherwise known as sequestration. This is not
meant to solve the problem but to prevent manganesefrom forming solids that
leave residue on porcelains and clothing. This polyphosphate chemical has proven
to resolve current issuesbut how the chemical works is still unknown.

The goal of this projectwas to elucidate the mechanisms ofmanganese
sequestration using a polyphosphate and suggest an efficientnethod toward
producing water that will not form manganese precipitation Experiments that
were completed throughout the project included polyphosphateand ozone dose
variations at varying pHs and detentiontimes.

The results thatwere obtained from the completed experiments showed that
sodium triphosphate, with sufficient contact time provided for effective
sequegration of manganese and reducedthe presence of precipitate. Several
unknown proprietary chemical blends were also tested to determine the capability
of manganese sequestration, but the results were found to be inconclusive.
Although this study was unable to test the interference of competing ions with
manganese sequestration, it is strongly sugested that further experiments be
conducted with competing ions, andtemperature in mind. Running these

experiments usingactual groundwater samples would also be beneficial



MQP Design Requirement

The design section of an MQP is required to Ifil the Capstone design
experience all WPI students need to graduate This MQPteam fulfilled the design
requirement in two ways.

The first aspect of this project that encompassed design wakrough the
designof our experiments. Before getting intothe environmental lab, the team had
to design tests that were to be performed.The team designed tests which includg
manganese precipitation and sequestration experiments, as well asresolving
problems when these tests went wrong (redesign)

The secondaspect of this project that included design, was the design of the
polyphosphate injection system Once the team had collected enough data tiecide
on effective dose,we designed afull scale system for the West Boylston,
Massachusetts Water Disict By using this city's flow rates, the team was able to

design a large scale model for dosage of a sodium triphosphate sequestering agent.



1 Introduction

Clean water is the desire for every drinking water facility. Drinking water
discharged from the facility unclean leads to customer complaints and expensive
counter treatment measures. One factor that affects the cleanliness of wateris
dissolved metals. Dissolved metals cause turbidity, color, and tast¢American
Chemistry Council, 2004) Metal pregpitates also produce unsightly films on light
colored surfaces and fabrics. Two common metal precipitates are manganese and
iron. Removing these metals from the water solves issues pertaining to impure
drinking water. The focus of this report is dissoted manganese (ll).

Manganese contamination of drinking water originated as a gundwater
problem. In the pastto counteract manganesecontamination, a new well was dug
or the water source was diluted (American Water Works Association Research
Foundation [AWWARF], 2006) For treatment facilities today, this is not a viable
option. With the worldwide need for clean drinking water, manganesetreatment
hasbecome a greatepriority.

In order to remove metals from water, most drinking water facilities utilize
simple gravity settling and filtration methods. Yet, this process can become
expensive. Aeration, or bubbling oxygen/ozone through water, is required to
generate oxidiang conditions. To expediate the precipitation process, drinking
water facilities mix chemicals such as NaOH or KOH, pH adjusters, to the watEor
small drinking water facilities, money can be in limited supplyRobinson, 1990).

An alternative to removing metal precipitates via filtration is containing the
metals within solution. This type of treatment is known as sequestering. Three
percent of drinking water facilities utilize sequestering to contain dissolved metals
such as manganese and iron within solutio(AWWARF, 2006) Sequesteringsimply
involves a poly-anion bonding with the dissolved metal. In the case of this report,
the anion will be a linear chain of phosphates, more commonly known as a
polyphosphate.

Sequestering, however, does not have long lasting effects. Over time, the

polyphosphate may disassociate, or elease the metal ion back into solution.
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Thereby allowing the metal to bond with other anions in water and produce
precipitates. Under specific pH ranges, water characteristics, ana variety of
polyphosphates,the sequestering potential varies.

While many communities face problems associated with manganese
precipitation, our report utilizes one such example7y AGO " 1T Ul 001180
facility located in West Boylston, MA West Boylstonhas had problems with the
precipitation of manganese. Curretly, the drinking water facility employs
sequestering using a sodium trphosphate blend. While the treatment seems to be
working because of the reduced number of customer complaints, the facility dee
not know if the sodium triphosphate blend is the reaso for the decline in
manganese precipitation and if they are using the blend in an efficient manner.
Thus, the drinking water facility of West Boylston similar to several other facilities,
would like to understand the potential of their polyphosphate, salium triphosphate,
towards manganese sequestration

West Boylston seems to have resolved its problem of manganese
precipitation by the use ofa polyphosphate. Yetwhat is the principle mechanism
behind sequestration of dissolved manganesg If this is déermined, West Boylston
and other drinking water facilities can efficiently produce water that does not
contain manganese precipitate  Experimentation of parameters such a
polyphosphate dosagepH, residence time, and competing ions wilhelp expandthe

understanding of manganese sequestration mechanisms
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2 Background

The precipitation of manganese is a major concern for drinking water
facilities. Manganese precipitate can form, under the right conditions, an
aesthetically displeasing residue and mmote corrosion of pipe work. The
oxidation of the metal causes a brownisiblack discoloration in contact with light
colored surfaces. Oxidation occurs due to contact with oxygen from the air or
ozone/oxidizing agents being utilized for treatment or disnfection purposes
(MRWA, 2007).

The West Boylston drinking water facility has had problems with the
precipitation of manganese. Polyphosphates sequester, or contain, the manganese
before precipitation takes placein order to deter the development of resiue
produced by the manganese precipitate. Sequestering is a process where a
chelating agent, the polyphosphate, combines with metal ions, such as manganese
(1), to form soluble complexes. TheWest Boylstondrinking water facility has used
undetermined amounts of polyphosphate chemical to sequester the manganese.
4EA AAOEOA EI O 7A00 "I and @d@iedod theOwakeA O AT O 4
treatment facilities is to quantify the effectiveness of its polyphosphate for
sequestering manganese under a varietyf conditions.

This background will clarify the basic characteristics of manganese and the
dynamics of the manganesepolyphosphate relationship.  Additionally, this
background section provides information necessary for understanding the
efficiency of sequatering manganese utilizing a polyphosphate and understanding

the conditions that potentially could weaken polyphosphateeffectiveness.

2.1 Water Chemistry

Before delving further into the issue surrounding West Boylston, it is
necessary to gain a understanding of the reactions occurring within an agueous
solution and then examine the relationship between polyphosphates and
manganese. The following chemistry sections will provide the reader with a

necessary overview of aquatic chemistry and sequestering.
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2.1.1 Ligands

All metals in solution are cations, having a positive charge. Ligands are
electron donors that may form ionic or large covalent bonds with metal ions. In
essence, a ligand is a negatively charged ion able to form a coordination compound
(Morgan, 1996). Smple ligands form bonds with metal ions and produce
monodentate ligands or bond at several different negative poles and generate
multidentate ligands or chelates(Snoeyink, 1980) Figure 2-1 illustrates the single

bond of a ligand to a metal ion.

+ +
+ +
+ Metal Ion +
+ +
_|_
e
.‘... * + _'_

Ligand

Figure 2-1. Simple lllustration of a Monodentate Ligand

Inorganic ligands commonly found in water include hydroxides [OH,
fluorides [F], chlorides [CH], sulfates [S@?], phosphates [P@3], carbonates [C@2],
bromides [Br-], and ntrate s [NOs].

2.1.1.1 Polyphosphates

One type of complex ligand is a polyphosphate. Polyphosphates are
groupings of phosplate ions connected by single oxygen bonds.Vendors have
created many different forms of polyphosphates in order to sequesteror contain,

metals within solution . A discussionon sequestering willoccur laterin this report.



Appropriate dosing and selection of a polyphosphate for treatment is both
variable and difficult. Linear chains are most appropriate for hard waters, where
there are high levels of calcium and magnesium in the water. However, there are
several varieties of linear chain polyphosphates, all with different capabilities to
reduce metds in water.

There are three main types of linear chain polyphosphates: pyrophosphate,
triphosphate, and hexametaphosphate. Each has a specific number of locations
where the coordination of a soluble metal complex may form. Pyrophosphates have
four locations, triphosphates have five, and hexametaphosphates have si.figure
of pyro-, tri- and metapolyphosphate,Figure 2-2, depicts all of the coordination

bond locations for each.

O\ OH
P )
o—" .
| \oah,!.f/ o
HO— P~
0 0 / O\ OMP/{,_._._.;_;:
| | T T o |
P P| |U L‘ o N —0
O/l O/l 0 (.:_/l\\o/l\\o/|\(_: S /Fi\
o o S J S HO Y
pyrophosphate triphosphate hexametaphosphate

Figure 2-2. Three Main Types of Linear Chain Polyphosphates

For less aggressive water, drinking water with low concentrations of metals,
water treatment facilities utilize a zinc polyphosphate for sequestering. In aas
where zinc is questionable or prohibited, a silicate phosphate blend is employed.
This mixture is conducive under low pH and high ©conditions. However, for both
zinc and silicate blends, a higher dosagéhan linear chain polyphosphatesis

required for proper sequestering(Deblois, 2002).



2.1.2 Metal Complexes

Dissolved metalsin water tend to form bonds with ligands. The relationship
between the metal ions and the ligands are known as metal complexes. A formal
AREET EQET T 1T £ A dbld &y thatrésilt®frok e fBrdatiah Af a0 O
largely covalent bond between a metal ion and an electrog AT T AOET C 1 ECAT A
(Morgan, 1996).

2.1.3 Bonding Mechanisms

Metal complexes are not permanent structures in agueous solution§Several
factors affect he association and disassociation of metal complexes: two most
importantly are solubility and stability. The slubility of a certain reaction, such as
the reaction between a metal and a ligandjetermines how likely that bond will
occur in solution. The stability of the reaction on the other hand relates to the
direction of the reaction (i.e. association or dissociation).This report will discuss
this conceptin more detail later.

Precipitation is the main issue surrounding metals in water.Precipitation of
manganese and iron produce a black or reddish film, respectivelyIn general
chemistry, the solubility constant, Kp, of a reaction dictates whether a metal will
bond with a ligand and fall out of solution. The solubility of specific reactions
furth er helps to determine the reactions occurring within solutions containing metal
ions, polyphosphates, and ligands.

For example, reactions involvinga dissolved metal Me*2 and two different

inorganic ligands,L1- and Ly illustrate the importance of solublity.

Me*2+ 211z Me(L1)2(s) Ksp=3.40x 103 g/L
Me*t2+2L>Z Me(L2)2(S) Ksp=773 g/L

Note: Arbitrary Ksp \alues

Precipitation is more likely to take place according to the corresponding &

values,with L1-than Ly in solution.



Nevertheless, the conditions displayed above are both ideal and general
conditions. Water contains many ions and quantifying all the reactions within
solution is virtually impossible. Additionally, the presence of oxygen in both cases
would alter the states of both cations and prduce different results (Robinson,
1990).

2.1.4 Precipitation versus Sequestration

Stability and more importantly solubility, as discussed insection 2.13,
influence the bonds between dissolved metals and ligands. A mos®luble ligand
such as carbonate o hydroxide will react quick with the dissolved metal and
produce a precipitate. Thus, drinking water facilities prevent precipitation by
introducing polyphosphates into their water for sequestration purposes.

Sequestration follows the same principles ofprecipitation, except that
sequestering a metal involves containing it within solution. For example, using
Table 2-1 displayed onthe next page the stability of triphosphate is much greater
than most aqueous ljands Thus, under normal conditions, triphosphate would
prove effective for preventing precipitation. However, for ligands such as
carbonates once precipitation has occurred, the ability toforce this bond to
dissociate would be exceedingly difficult. Additionally, for both carbonate and
hydroxide species,with Ksp values of 8.00 x 1& and 3.40 x 1@ g/L respectively,
precipitation occurs very rapidly. Therefore, triphosphate would need to bond even

more readily with manganese in order to avoid preipitation.



Table 2-1. Dissolved Metal Solubiliti & Stabiliti

Ligand Complexes Solubility Stability
Hydroxide (OH) Me (II) Hydroxide 3.40 x 103 g/L 3.4
Carbonate (C®@) Me (II) Carbonate 8.00 x 104 g/L 12.1

Sulfate (SQ@?2) Me (Il) Sulfate 637 g/L 2.3
Phosphate (P@3) Me (II) Phosphate -- --
Fluoride (F) Me (II) Fluoride 10.2 g/L 1.3
Chloride (ChH Me (1) Chloride 773 g/lL 0.6
Nitrate (NOs) Me (II) Nitrate 1610 g/L --
Pyrophosphate P.0Or4) Me (II) Pyrophosphate -- --
Triphosphate (P3O10-°) Me (1) Triphosphate -- 9.9

Source:Handbook of Chemistry and Physics38h Edition (solubility),
Aquatic Chemistry: Chemical Equilibria and Rates in Natural Wate(stability) .

2.2 Manganese

There are multiple valence states of ionic manganese. h&refore, manganese
may bond in many ways with a ligand The possible ionic forms of manganese are
Mn+1, Mn2, Mrnt3, Mn4, Mn*>, Mnt6, and Mn7. Chemical analysis of manganese has
determined that the most @mmon forms in water are the manganese (ll) and
manganese (IV)species (AWWARF, 2006). Therefore, the primary focus of this
paper will be the complexes formed by the manganese (1l) and (IV) ion.

Manganese (Il) can react in various ways depending orhe& conditions
present. Figure 2-3 on the next page, illustrates the different reactions Mi# may
undergo. /A stated in the previously oxygenated systems cause M#ato oxidize to
the Mn* state. Manganese (IV)ons are insoluble and precipitate out of solution.
Mn+2 may also bond to primary ligands such as hydroxides or carbonates. These
ligands have very low solubility constants [Kp], meaning each will cause manganese
to precipitate out of solution quickly. Polyphosphates sequester the Mrii before

oxidation or ligand bonds produce precipitates.



Mn+2

Polyphosphate
yphosp Oxygen Present

Remains in Solution Mn* -0,

Anions

Chlorine

Fluorine

Precipitates
Out of Solution

Primary Ligands

Hydroxides

Carbonates

Precipitates
Out of Solution

Figure 2-3. Diagram of Manganese (ll) Reactions

2.2.1 Chemical Structure

In aqueous solutions, M2, Mn*4, and Mn7 are ommonly found. Aquatically,
Mn*2 and Mn*’ are soluble, while Mrt4 is insoluble. The production of Mn*4
transpires when Mn*2 is oxidized by air or other reagens (Deblois, 2002). The
presence of either Mri2or Mn*4 varies by the aquatic conditions. Dissved oxygen
concentrations in the water system will establish the dominating valence state of
the manganese ion. Studies conducted by the Environmental Protection Agency
[EPA] and American Water Works Association Research Foundation [AWWARF]
have shown hat anaerobic conditions, no oxygen present, in water promoted a
higher frequency of Mn (Il) ions (AWWARF, 2006). The study has demonstrated
that dissolved Q levels below 3 mg/L, Mn2 levels were detected. At dissolved £
levels below 2 mg/L, M2 levels increased. Conversely, aerobic conditions, the

presence of oxygen, the prevalent form of manganese ions would be of the valance

state +4.




In any case, ver a wide range of acidities, manganese (lIl) is the most stable
(AWWARF, 2006). If one observes tle electron configuration between Mn2 and

Mn*4, Figure 2-4, the reason for superior stability of Mri2 becomes obvious.

15%2s%2p93s23p©4s23d°

A A A A A

Mn*2: <«——stable

15%2s%2p93s23p©423d°

A A A
Mn*4;

Figure 2-4. Electron configuration for man ganese (II) & (IV)

Becausethe d-orbital is close in energy state to the fourth sorbital, the
electrons reconfigure to completely fill the dorbital of manganese (ll) Therefore,
manganese (II) has a hal€ompleted dorbital creating a more stable ouer shell
structure than manganese (IV).Having a half filled valance shell constitutes a stable
transition metal (Brewer, 1968). Thus, Mn*2 will remain unaffected byions such as

hydroxides or hydrides.

2.2.2 Environmental Concerns Associated with Manganese

Manganese naturally occurs in many surface and groundwater sources.
Levels of manganesein freshwater typically range from 1 to 200g/L. The United
30A0AG " AT1TTCEAAT 3000AUB OAssedstmént [NAWQA]! |
gathered data since 1991 tht indicates median manganese levels are 16 g/L in
surface waters. Additionally, 70% of the sites tested had measurable manganese
levels detected. However, the concentrations analyzedat each sitewere far below
the point where human health is affected.

Manganese consumption poses no immediate human threat. Human
consumption of some manganese is actually vitalTable 2-2 displays the amount of

manganese required per age group.
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Table 2-2. Maximum Allowable Consumption of Manganese by Age

Infants, 0z 12 months 3 g/day 3 g/day
Children, 1z 8 years 1.2z 1.5 g/day 1.2z 1.5 g/day
Young Adults, & 18 years 1.9z 2.2 g/day 1.6 g/day
Adults, 19+years 2.3 g/day 1.8 g/day

Manganese at low doses is netoxic. However, at higher concentrations
chronic symptoms may occur. Patients who have inhaled manganesehave
presented with neurological effects However, two studies involving ingesting
mangarese via water found no evidence that neurological effects occurréd.S. EPA,
2004).

While the human health affects of manganese consumption may be in
guestion, oxidized manganese produces aesthetically unappealing residue on pipes,
household fixtures, dshes, and fabrics. Additionally, manganese can alter the taste
of the drinking water. Although these are not serious effects, they are displeasing to
the consumer.

The precipitation of manganese produces a brownisblackish film on
surfaces Specialiss call EEO AEOAT 11T OAA x fDéblo, 2t2)] AAE
Manganese oxides and ligand bonds make up the brownidtackish precipitate.

The manganese oxide discussed is thfe manganese valance state +4

2.2.3 Conventional Manganese Removal Methods

The most common form of treatment to remove manganese from water is
oxidation and clarification by filtration.  Typical oxidizers include chlorine,
permanganate, and ozondWSDH, 2001). Other methods currently employed are
ion exchange, granulated activad carbon [GAC], membranes, and biological
removal (City of Vernon, 2007). The following sections will only discuss

oxidation/filtration treatment of drinking water.

11
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Oxidation & Filtration

The removal of iron and manganese is most efficient when levetfo not
exceed 0.3 ppm iron and 0.5 ppm manganese. When such conditions are available,
drinking water facilities most often utilize oxidation and filtration for treatment
(Minnesota Rural Water Association [MRWA], 2007). Oxidation and filtration
removal of manganese uses the agents to transform the soluble Mn (Il) to the
insoluble Mn (1V) oxidation state (City of Vernon, 2007). Oxidation usually occurs
best at higher pH levels. Levels above pH 7.5 are desired, but not required. For
example, permanganat can oxidize manganese under a wide range of pKi&/SDH,
2001).

Oxidation using Aeration

While atmospheric oxygeneasly oxidizes iron, manganese requires a higher
dosage of dissolved oxygen [DO]lron requires 0.14 ppm DO for effective oxidation
of 1 ppm iron (Il), but for 1 ppm manganese(ll), 0.24 ppm DO is neededMRWA,
2007). Oxidation using aeration can become difficult for municipal treatment
facilities. In order for adequate dosing of DO to enter into the drinking water,
treatment facilities need to maintain proper flow. Too much flow and the dissolved
oxygen concentration will be too low, too little flow and the concentration could
become so high that corrosion occurs in the pipe work.

Nevertheless, aeration is the most costffective process sce no chemical
additions are necessary. Most often municipal treatment facilities introduce air into

solution by bubbling the water ordispersing the water into the air (MRWA, 2007).

Chlorine Oxidation

Chlorine in water oxidizes manganes¢Mn+2] to manganese dioxide[MnO;],
which is an insoluble form of manganese. The dosage of chlorine is proportional to
the precipitation of manganese. More chlorine means a higher rate of precipitation
of manganese However, in some cases five times the stoichiometr ratio of

chlorine to manganese is required in order for adequate oxidation to occur. A

12



reasonable detention time for oxidation to take place is necessary as weMRWA,
2007).

While chlorine is a widely accepted oxidizing agent, problems with its use
have arisen. Natural organic matter can bind with chlorine to form trihalomethanes
[THMs] and haloacetic acids [HAAs].The Stage 2 Disinfectant & Disinfection By

Products contamination listregulates both constituents(City of Vernon, 2007).

Potassium Permanganate Oxidation

While oxidation occurs optimally at pH higher than 7.5, potassium
permanganate oxidation of manganese is effective over a wide range of ptNdRWA,
2007). Permanganate reactions with manganese are much faster than chlorine.
Therefore, both reductions in detention time and tank sizetranspire. For municipal
treatment facilities, space requirements are normally and issue. However,
permanganate solutions are more expensive than chlorin€City of Vernon, 2007).
Thus, water treatment facilities must consider a suitable balance between cost and

plant size.

2.3 Sequestering using a Polyphosphate

Another approach for controlling manganese precipitation includes
sequestering using a polyphosphate The potential of sequestering using a
polyphosphate depends upon the pH of the water. Polyphosphate reactions work
best under alkaline, higher pH, conditions. Less hydrolysis, or breakdown of
polyphosphates, will occur under alkaline conditiongAmerican Chemistry Council,
2004). In addition, complete sequestering occus typically before the metal ion and
the polyphosphate reach the equilibrium stoichiometric ratio. This is because
polyphosphates have low threshold activity levels.

Sequestering, however, is only a temporary measure to mitigate stang
produced by metal precipitation. Polyphosphate chains arevery stable by nature,
but stability greatly depends upon the aquatic environment. Hydrolytic stability,
similar to metal complex stability, determines the length of a polyphosphate chain.

All polyphosphate chainswill reduce to a single phosphatemolecule (Robinson,
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1990). Typically, under ideal conditions, hydrolysis is slow for polyphosphates.
However, as pH decreases or temperature increases, a polyphosphate chain will
begin to degrade fster (American Chemistry Council, 2004).Generally, his is why
black or reddish film from manganese or iron deposits covemachines used for

laundering clothesand the laundered clothes themselves.

2.3.1 Polyphosphate Reactions with Manganese (lI)

Water treatment facilities utilize polyphosphatesto sequester metals such as
iron and manganese because of the chemicals stability when bonded to the
dissolved metal ion. Stated earlier in this report, the stability of manganesez
polyphosphate bonds is more superior to those of inorganic ligands. Thus, the
ability for other constituents to reverse the bonding of manganese and a
polyphosphate would require a great deal of energy.

In the case of a manganespgolyphosphate bond,the longer the phosphate
chain the greater the sequestering capability of the polyphosphate due to
coordination. Figures2-5 z 2-7 display the relationship of manganese (ll) to the
three types of linear chain polyphosphates. As exhibited, triphosphate sequesters
the most Mnt2 even though hexametaphosphate has six locations where bonds may

form. Pyrophosphate, dwo-chain phosphate, sequesters the least MA
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Figure 2-5. Manganese (II) Metal Complex with Pyrophosphate
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Figure 2-7. Manganese (II) Metal Complex with Hexametaphosphate

While the quantity of manganese removal is importat, drinking water
facilities equally observe therequired cost for the removal of manganese To
examine the cost of implementation, facilities would note the amount of chemical
necessary to meet federal standards. The reaction equations for pyrari-, and

hexametapolyphosphate illustrate the ideal stoichiometric ratio required to

completely sequester manganese (ll). As can be seen from the ideal reactions

below, triphosphate requires 2 moles, but removes 5 moles of manganese&yro-
and hexametaphosplate require only one mole for sequestration, but remove less

manganese.
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2Mn*2  +  1P,Or4 Y Mn(P20Oy)
5Mn*2 + 2P3Oi0° Y Mns(P30x10)2
3Mn*2  + 1PsOis® Y Mn3(PsOx1s)

Although, polyphosphates show great potential for the removal of
manganese through the figures and ideal reactionsproper experimentation
performed with the water utilized at the facility is necessaryin order to compute the

sequestering capability of a polyphosphate towards manganese (l1).

2.3.2 Polyphosphate Reactions with Other Metals

Polyphosphates are not only conducive to sequestering mangarees Other
metals competeto bond with polyphosphates. Iron (1), which originates from pipe
work, is one main contributor to the difficulties of sequestering manganese.
Additionally, other metals such as potassium, utilized as a pH adjustor in the fornf o
potassium hydroxide [KOH] and magnesium and calcium, sources of hardness, add
to the complexity of sequestering manganese.

Polyphosphates sequester iron more readily than manganes@ WWARF,
2006). A case study demonstrated that for an iron (llI) dosef® mg/L at pH 7 and a
1 mg/L polyphosphate dosage, the iron (lI) was effectively sequestered. A
manganese dose of 1 mg/L under the same conditions as the iron (ll) experiment
relies on a range of polyphosphate between 1 mg/L and no more than 5 mg/L
phosphate (Robinson, 1990). Therefore, iron (Il) sequestered better than
manganese under ideal conditions.

Under hard water conditions, the presence of calcium and magnesium
bivalent cations, the effectiveness of sequestration was not as efficient for iron s
manganese. With 100 mg/L Ca as CagQhe turbidity for the iron (Il) tests
generated levels above 0.6 NTUs after day 0. A suitable turbidity for the time scale
would be less than 0.3 NTU. An explanation for the high turbidity levels originates
from the low solubility of calcium phosphate. However, the filterability of iron was
also low, determining that calcium and magnesium have affected the efficiency of

iron sequestering.
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Manganese under the same conditions as the iron (Il) experimentation
showed effective sequestration even with hardness present. 2 mg/L dosages of
polyphosphates were added to a manganese solution containing 100 mg/L Ca as
CaCQ@. The only downfall concluded from the experiments showed that overdosing
with the polyphosphate coud increase turbidity, but a reduction in the color of the
water. Nevertheless, nanganese sequestering still occurred with hardness
constituents present The causation for the high turbidity is from the hydrolysis of
the polyphosphate to ortho and phosghates and then the precipitation of insoluble
calcium phosphate.

However, thepotential for these other metalsto be sequestereds similar to
the circumstances that allow manganese to become sequesteredzor example,
while iron may be more likely to bondwith a polyphosphate than manganeseyon
may precipitate out of solution quicker than manganesethen the polyphosphate
may not have an opportunity to bond with iron, leaving manganese to
predominately form polyphosphate bonds. Again, experimentation wh iron,
manganese, and the water sample are required to determine the more likely metal

polyphosphate relationship.

2.3.3 Additional Issues Surrounding Polyphosphate Sequestering

Temperature and excess dissolved oxygen both pose problems for
sequestering mangnese. Adding polyphosphates to drinking water for
sequestration should occur before oxidation can influence the manganese. Also, as
discussed in section 2.6 the polyphosphate chain will break up under specific
conditions. Though, this breakdown is typically long, higher water temperatures
can produce faster rates of disassociation. This leads to sequestered manganese to
be released back into the wate(WSDH, 2001).

Even sequestering itself creates issues for customers who utilize internal
treatment systems such as reverse osmosis [ROJSequestration does not remove
manganese from solution and thereforethe membranes for the RO system could

become fouled easie(City of Vernon, 2007).
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Lastly, federal regulations do not permit polyphosphate usen excess of 10

mg/L as PQ. This is the standard limit for drinking water.

2.4 West Boylston Drinking Water Facility

While many communities are affected by manganese precipitation, our report
will closely relate design and treatment methods to those empl®d at the West
"TUI 00T T80 OO0 MARAD ioAne GequasteAnl lofEnah8nese, the West
Boylston drinking water facility located in West Boylston, Massachusetts had had
many customer complaints arise due to manganese deposits ending up on kitchen
and bathroom surfaces To hinder the formation of manganese oxide [Mng), the
unwanted brownish-black manganese precipitate, West Boylston employed a
sodium tripolyphosphate blend to sequester the manganese. However, the facility
does not fully understandthe mechanism of polyphosphate sequestration and how

effective sodium tripolyphosphate is for sequestering dissolved manganese.

2.4.1 West Boylston Drinking Water Distribution

The West Boylston Water District supplies water, via groundwater, to almost
7,000 people in the City of West Boylston (Citipata, 2008). Approximately 72% of
the water consumers are family households. The district is an independent
government entity established in 1939. The district consists of three gravel packed
wells, and fou storage facilities. These three supply sources include one on Lee
Street, which pumps at 250 gpm [gallons per minute]; one on Oakdale, which pumps
725 gpm and the final well is located on Pleasant Valley that pumps at a rate of 500
gpm. All of these pmping rates have been approved by the Massachusetts

Department of Environmental Protection [MassDEP].

2.4.2 Common Constituents in West Boylston Drinking Water

West Boylston annually performs water quality testing to quantify organic
and inorganic contaminantspresent in the water. The testing is necessary to ensure
OEA OAEAOU T £ OEA AEOUBO AOETEET C xAOAOh AOC

and regulations. The Annual Consumer Reports, which is a public document
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contains the results of these tests. Table 2-3 provides data pertaining to
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Table 2-3. Secondary Contaminants Found in West Boylston Drinking Water

Cations HQD AvgD® SMCL* ORSG*
Manganese| 0.1271.0 0.45 0.05 n/a
2003 | Iron 0z70.03 0.01 0.3 n/a
Sodium 11.0z18.0 15.3 n/a 20
Manganese| 0.147 1.60 0.67 0.05 n/a
2004 | Iron 0.007 0.03 0.01 0.3 n/a
Sodium 11.0z18.0 15.3 n/a 20
Manganese 1.40 0.48 0.05 n/a
2005 | Iron 0.013 0.003 0.3 n/a
Sodium 11.0-18.0 15.3 n/a 20
Manganese 1.30 0.41 0.05 n/a
2006 | Iron 0.024 0.002 0.3 n/a
Sodium 13.0-26.0 19.6 n/a 20

HQD: Highest Quantity Detected
Avg D: Detected Avege

SMCL: Secondary Maximum Contaminant Level

ORSG: Massachusetts Office of Research and Standard Guides

*quantities are in units of parts per million (ppm)

Some common inorganic contaminants found in the West Boylston drinking

supply include small concentations of lead, copper, nitrate and bBrium. Lead most

likely occurs in the water because of the corrosion of household plumbing, and/or

the corrosion of natural deposits. Copper occurs because of these reasons as well as

the leaching of wood preserves.Nitrate occurrences are due to fertilizers in runoff,

septic tank leaching, sewage, and the erosion of natural deposits. Barium is most

likely to occur from drilling wastes, metal refineries, and natural deposits. One site
was declared to be above the @ive Level of Lead in 2003, 2005 and 2006. This

means that this site required treatment. None of the other inorganic contaminants

were cause for concern (West Boylston Water District, 2007).
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2.4.3 Federal & State Regulations for Water Quality at West Boylst on

Manganese for West Boylston isategorizedas a secondary contaminant. A
secondary contaminant is one that does not pose an immediate threat to human
health, but chronic exposure to the contaminant may lead to undesiretealth
concerns The city of West Boylston publishes qualitative data for contaminant
levels inthe drinking water via the annual water quality report.

According to the 2006 Water Quality Report of West Boylston, manganese is
an unregulated contaminant. However, as

Table 2-3 shows, manganese has surpassed secondary maximum
contaminant levels [SMCH] in all four years8 3-#, 0 AOA OOOAT AAOAO
protect the aestheticqualities of the drinking water and are not health baseqWest
Boylston Water District, 2007). The number 0.05 ppm Mn is a standard regulated
by both the state of Massachusetts and the U.S. EPA.

2.4.4 Water Treatment Methods Employed by West Boylston

In order to maintain contaminant levels within regulated limits and ensure
standard water quality, the city mixes treatment additivesinto the drinking water.
To elevate the pH of the water, potassium hydroxide is injected.Potassium
hydroxide helpsto control the corrosion of plumbing. For bacterial contaminants in
the water, West Bylston adds disinfectants, such as chlorine.Typically, West
Boylston does not incorporate disinfectants into its treatment. However, the facility
did encounter a small coliform problem. During the months of January, May, and
June of 2004, West Boylsto found traces of coliform bacteria in the storage tanks.
In 2004 and the beginning of 2005 West Boylston usedchlorine and other
disinfectants to clean the tanks.

Manganese and iron both occur naturally v AOO " T drinkih@ Wdted O
Unfortunately, they form precipitates, which produce an aesthetic problem. Both
metals can discolor bathtubs, sinks, white clothing, and other light colored surfaces.
The facility utilizes a sodium polyphosphate blend to sequester the iron and
manganese to preventhe formation of a precipitate (West Boylston Water District,
2007).
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2.5 Previous Experimentation to Alleviate Manganese Precipitation at the
West Boylston Drinking Water Facility

A former Major Qualify Project [MQP] performed by Rebekka Sullivan at
Worcester Polytechnic Institute tested parameters such as pH, irepolyphosphate

bonding, and polyphosphate dose variations.Ms. Sullivan performed &periments

usingEDOOA xAOAOh AEEUAOT OO PEI OPEAOARK AT A
x1 OEh

Oakdale well. From the AOOI 0O 1T £ - 08 3011 EOAT SO
lengthening the times when mixing and settling and to consider the interference of

other ions.

2.6 Background Summary

From the collection of research, manganese sequestering is variable,
especially with polyphosphates. For example, research states that polyphosphates
sequester more effectively under alkaline conditions. However, what is a suitable
range for the alkaline conditions and is this range suitable for West Boylston?
Additionally, other dissolved metals such as iron affect polyphosphate sequestering
However, how greatlydoesiron generate negative results toward the sequestering
of manganese?

Manganese sequestering becomes difficult as additional constituents enter
the water source. These castituents include both ligands such as hydroxides and
carbonates and metals such as iron. Based on the research colleci#&@st Boylston
may temporarily prevent the precipitation of manganese in its drinking water using

polyphosphates under optimum conditons.
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3 Methodology

The purpose of this projectwas to observe and quantify the sequestering
capabilities of a polyphosphate namely sodium trphosphate The hypothesis
during our project was sodium triphosphate would be an effective sequestering
agent for water treatment facilities to control manganese (lI) We researchedand
analyzedconditions such as pH, residence time in both the distribution pipeline and
the injection/mix system, and polyphosphate dosagefor optimum sequestering
potential. The outcome for this papershould allow water treatment facilities such

as West Boylston and others to properly treat their water for manganese.

3.1 Stock Solutions

Stock solutions were created on a need basis. We refrigerated dl stock
solutions and labeled wth chemical name and date of creationThe stock solutions
required for experimentation included manganese (Il), hydroxides, triphosphate,
iron (I), and potassium. To produce the stock solutions our group useddth solid
based and liquid based solutes. The solids used include maganese chloride,
sodium triphosphate, and potassium chloride. 1 N liquid sodium hydroxide was
used to create the hydroxide solution The environmental water quality laboratory
had all of these chemicals in supply

Listed below are additional apparatus usedfor preparing stock solutions:

250 mL volumetric flasks
Micropipette

Small and large beakers
250 mL clear glass bottles
scale

aluminum weighing dish
Parafilm

Manganese (Il)
A stock solution of manganese (ll)ions is required for all experiments
expressed in this report To make the stock solutiora known amount of manganese

(1) ions, from solid manganese chloride [MnGC], was added to Epure water.
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For our experiments, a 0.15 g/L stock solution of Mn2 was created. To
produce a stock solution of M2, we calculated the required amount of Mn¢l
necessary to produce 0.15 g of MA. Using the equation for the dissociation of
MnCb, reaction 1,we could determine the proper dose of MnGlto generate 0.15 g of

Mn+2,

MnCk (s) A Mn*2 + 2Ci
Reactionl
Therefore, 1 mole of MnCl produces 1 mole of Mr2. The specific
calculations for the stock solution can be found in th@ppendix After calculating,

0.0850 g of MnCl per 250 mL of Epure was required to produce0.15 g/L Mn*2,

Triphosphate

The chemical used for sequestratiorin our experiments was triphosphate
[(P3O10)5]. Similar to the manganese (ll) stock solutionmethodology, using the
equation for the dissociation of Na(PsOio), reaction 2, we could determine the
proper dose of Na(P30x1o0) to generatel.0g/L of (P3Oxo)->.

Nas(P3010) (s) A 5Nat + (P3Ou0)>
Reaction2

Therefore, 1 mole of N&P3010) produces 1 mole of(P:Ow0)-5. The appendix
contains the calculations for the tripolyphosphatestock solution. After calculating,
0.2667 g of Na(P3O1w) per 250 mL of Epure was required to produce 1.0 g/L
(P30x0)>.
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Hydrochloric Acid and Sodium Hydroxide

Our group used both hydrochloric acid, and sodium hydroxide, as pH
adjusters to test how vaious pH levels affected manganese sequestrationwWhile,
hydrochloric acid would not produce a manganese precipitate, sodium hydroxide
will form a precipitate. The following section will discuss making a suitable
hydroxide [OH] solution.

From the ideal chemical reaction of sodium hydroxide and manganese
hydroxide:

NaOH () A Na* + OH
Reaction 3

The dissociation of sodium hydroxide produces one mol of hydroxide. To
generatesolid manganese hydroxide, the reaction requires two moles of hydroxide
for every one mole of manganeseFrom the first reaction, our group quantified the
necessary volume of 1 N NaOH to add tefitire water to createa stock solution of

0.30 g/L OH. The calculations