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Dr. William Knocke, Chairman
Department of Environmental Engineering
(ABSTRACT)

This study examined the fate of manganese in manganese oxide (MnO(s))
coated filter media. Specific objectives of the project included the following:

1. Determination of the effect of influent pH upon Mn(II) sorption and

oxidation and upon the physical characteristics of the coating on the
media.

2. Determination of the effect of backwash rate upon MnOy(s) coatings.

3. Examination of the effect of air scour upon MnOx(s) coatings.

4. Observation of the effect of an increasing MnOy(s) coating on the

physical characteristics of anthracite coal filter media.

5. Development of an overall mass balance on manganese loading and

accumulation on the filter media.

Resolution of the stated objectives involved construction, optimization, and
continuous operation of a pilot-scale filtration system for the purpose of removing
manganese from filter-applied water. The pilot-scale filter system functioned like a typical
water treatment plant filtration system with similar hydraulic loading rates, influent
manganese concentrations, free chlorine dosage, filter media bed depths, filter run times,
and backwash rates.

With regard to the fate of manganese in MnO,(s)-coated filter media, it was
determined that as long as free chlorine was present to oxidize sorbed manganese,

manganese continued to accumulate and remained on the media in sufficient



concentrations to promote continual removal of soluble Mn(II). While oxide coating that
was susceptible to breakage was removed in backwash, some portion of coating remained
on the media. The combination of MnO,(s) accumulation during filtration and its partial
removal during backwash maintained a net amount of MnOy(s) coating optimal for
catalyzing further manganese removal and, yet, did not hinder filtration for turbidity by
significantly altering the size of the media.

The results of the pilot-scale study also indicated the following pertment
conclusions:

1. Neutral or slightly acidic pH conditions (7 > pH 2 6) inhibited Mn(II)

oxidation before filtration and, instead, promoted sorption and
oxidation of Mn(II) on MnO,(s)-coated media. Alkaline filter influent
pH (pH > 7) allowed some Mn(II) oxidation before filtration, resulting
in significant manganese removal by MnOy(s) particle filtration.

2. Although the intent of MnO,(s)-coating on the filter media was to
remove influent Mn(II) from filter-applied water, MnO,(s) that was
removed by particle filtration also provided MnO,(s) surface area
within the filter and, thus, additional sorption sites for Mn(II) removal.

3. Increases in fluid backwashing rate tended to produce greater amounts
of MnOy(s) release from filter media for the duration of these backwash
operations. However, backwashing did not result in complete MnO,(s)
release from the media surface; rather, there was always sufficient
MnO,(s) retained to permit efficient soluble Mn(II) removal after the
filtration operations were restarted.

Removal of soluble Mn(I) by sorption and oxidation proved to be a dependable,
low-maintenance Mn(II) removal technique that worked well within a wide range of raw
water influent conditions. Because the process is cost-effective and easily integrated into
new or existing water treatment facilities, it is an economical and competitive alternative

for removal of soluble Mn(II).
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Introduction

Manganese found in water sources such as groundwater and the hypolimnetic
regions of lakes and reservoirs frequently exceeds the secondary maximum contaminant
level (SMCL) of 0.05 ™&/, for potable finished water (Coffey, et al., 1993; Knocke, ef al.,
1988; Knocke et al., 1989). Concerns with manganese are predominantly aesthetic
concerns that include taste, color, and odor problems, staining of plumbing fixtures and
laundry, and increased turbidity. More serious but less likely problems include clogging of
pipelines and promotion of biological growth within distribution systems. In addition to
encouraging biological growth, the biological activity within a treatment plant or
distribution system, in turn, may release more reduced (dissolved) manganese into solution
in an anaerobic environment and further cultivate the reaction (Knocke, ef al., 1989).
Although manganese is not directly responsible for adverse health effects due to poor
water quality, it certainly contributes to public scrutiny of the water supply industry and
may be an indicator of inadequate water treatment.

Removal of soluble manganese (Mn(II)) by adsorption onto manganese oxide
(MnO.,(s)) coated filter media and subsequent oxidation by free chlorine to MnOy(s) is an
effective continuous removal technique for manganese-laden waters. However, previous
research has not addressed the fate of surface adsorbed/oxidized manganese or its physical
effects upon filter media. In full-scale water treatment facilities that practice this type of
Mn(II) removal during filtration, the sorption/oxidation process has produced neither
cementing effects nor noticeable media growth due to continuous layering of manganese
oxides. Since manganese breakthrough does not seem to be a problem when removing
Mn(1II) in this manner, filter backwashing has been proposed as the reason for a relatively
slight accumulation of MnOx(s) upon the media in comparison to the amount of

manganese removed from the influent water. Agitation during backwash may remove the



oxide coating from the media, or manganese may desorb and redissolve in manganese-free
backwash water, resulting in little net oxide accumulation.

The main objective of the research presented herein was to assess the fate of
surface adsorbed/oxidized Mn(II) on MnO(s) coated filter media. Several of the
operating parameters under investigation were varied, however, resulting in the following
components of the main objective:

1. Determination of the effect of influent pH upon Mn(II) sorption and

oxidation and upon the physical characteristics of the coating on the
media.

2. Determination of the effect of backwash rate upon the MnO(s)

coating.

3. Examination of the effect of air scour upon the MnO,(s) coating.

4. Observation of the effect of an increasing MnOx(s) coating on the

physical characteristics of anthracite coal filter media.

5. Development of an overall mass balance on manganese loading and

accumulation on the filter media.

Resolution of the stated objectives aided in identifying treatment techniques and
operating procedures for a variety of water treatment plants and water treatment schemes.
The operational flexibility afforded in the design of a typical water treatment facility allows
optimization for manganese removal with few changes in chemical dosage and in location
of chemical addition. For this reason, soluble Mn(II) removal by sorption and oxidation
onto MnO(s) coated filter media may be easily integrated into the water treatment

process at virtually any utility.



Literature Review

The literature review chapter presents a compilation of previous research by others
that deals with topics similar to those included in the scope of the present study. Much of
the information presented is essential for understanding the hypotheses and objectives for
the project. The methods of operation, experimentation, and testing presented in the
methods and materials chapter were based upon previous studies and experimental
methods that indicated the chemistry of manganese removal by sorption and oxidation and
the mechanics involved in operating and backwashing filters.

Specific subsections of the literature review include solid and aqueous phase
manganese species, conventional treatment options for manganese removal, manganese
removal by sorption and oxidation within filters, pH effects on sorption and oxidation,
oxidants, the role of manganese oxide (MnOy(s)) coatings in soluble manganese (Mn(II))
removal, physical characteristics of MnO.(s) coatings, natural MnO,(s) coatings in the
geological environment, the effect of MnO,(s) coatings on filter media, mechanics of filter

backwashing, and the effects of air scour on MnO,(s) coatings.

Solid and Aqueous Phase Manganese Species

Forms of manganese within raw water sources span a broad range of oxidation
states, species, and sizes from strictly soluble electroactive manganese (Mn(1I)) to non-
electroactive colloidal oxyhydroxides of various sizes and oxidation states to the larger
highly oxidized particulate forms (De Vitre et al., 1988; Knocke ef al., 1988; La Zerte and
Burling, 1990). In most freshwaters with pH 7-8, manganese is predominantly present as
soluble Mn(II),, (De Vitre ef al., 1988); in fact, the aqueous Mn(1I) form is the most

common valence found within the entire pE-pH range of typical natural waters (Knocke et



al., 1988). However, geological research identifies other manganese species and valence
states dependent on the aerobic status of various depth regions in lakes and reservoirs.

Particulate and colloidal species usually inhabit the upper portions of a lake or
reservoir while colloidal and electroactive (soluble) species dominate the lower regions
(De Vitre et al., 1988). The metalimnion contains mostly colloidal manganese species (La
Zerte and Burling, 1990). Within the colloidal speciation, though, particle size decreases
with increasing depth to the point where some of the colloidal manganese passes a 0.45
micron filter, and, yet, is non-electroactive as compared to electroactive Mn(II).
Generally, most literature sources term the amount of manganese passing through a 0.45
micron filter as soluble and, thus, electroactive Mn(II) (De Vitre ef al., 1988).

De Vitre ef al. (1988) used a polarographic technique to distinguish between
electroactive manganese, which they termed soluble, and non-electroactive manganese,
which they termed colloidal, up to a maximum diameter of 0.45 microns. The size of fifty
nanometers became the distinction between soluble and colloidal manganese species. The
authors compared polarographic data with those concentrations determined by syringe
filtration and subsequent atomic absorption spectrophotometric analysis (detection limit 2
#8/.) to find that “field filtration, using syringes, yields size distributions which do not
really correspond to the true particle sizes, because of retention factors other than particle
diameter. However, filtration may be used as an operational tool to define two broad size
classes.”

Particulate manganese oxide (MnOy(s)) forms as a result of soluble manganese
diffusion into the upper oxygenated regions of a lake (i.e. autochthoneous regions). The
maximum concentration of manganese particulates occurs at the depth at which
photosynthesis (oxygen production) is most intense. Conversely, MnOy(s) redissolves as
it settles back into decreasing pE regimes containing limited dissolved oxygen (O2(aq)).
Therefore, another manganese concentration peak results at a greater depth where

reducing conditions promote dissolution to Mn(II). Raw water intakes are commonly



located at or near one of these two manganese concentration peak depths (De Vitre ef al.,

1988).

Conventional Treatment Options for Manganese Removal

Conventional treatment of waters for manganese removal or mitigation includes
the following options: oxidation and settling of the manganese precipitate followed by
filtration of any residual manganese precipitate; removal by manganese greensand; or
sequestering soluble manganese by addition of polyphosphates or sodium silicate. In the
oxidation/settling/filtration process, a strong oxidant such as potassium permanganate
(KMnO,), chlorine dioxide (ClO.) or ozone (O;) is added at the outset of treatment under
alkaline pH conditions to oxidize the manganese to an insoluble form that settles during
sedimentation and/or filters out (Knocke ez al., 1988; Knocke ef al., 1989). Failure in this
sort of removal is often due to colloidal MnOy(s) penetrating the filters and escaping into
the distribution system (Knocke ef al., 1988). However, other treatment plant difficulties
result from this type of treatment approach. Excessive amounts of MnOx(s) precipitates
tend to bind filter media (Bratby, 1988). Also, the oxidation efficiency of potassium
permanganate is adversely affected in the presence of high total organic carbon, low
oxidation pH, or low temperatures (Knocke et al., 1989); however, the increased desire
for organics removal at acidic pH values and with lower oxidant doses makes manganese
removal necessary under these conditions (Knocke et al., 1988). Also, if anaerobic
reducing conditions develop within the sedimentation basin, oxidized manganese will
reduce again to the soluble Mn(II) form for transport out of the sedimentation basin
(Hoehn ef al., 1987), and, possibly, through the filters into the distribution system.

Manganese greensand is a zeolite mineral that has become popular for removing
soluble Mn(II) by one of two mechanisms that are briefly described here (Knocke et al.,
1989). Usually, KMnO, is the oxidant of choice for Mn(II) treatment by pressure
filtration through greensand. Upon contact with KMnO,, soluble Mn(II) rapidly oxidizes



to MnOx(s), of which even the colloidal fraction is removed in the tiny pore spaces of
manganese greensand. Residual KMnO, then regenerates occupied sorption sites within
the greensand. Alternatively, if the KMnO, dose is less than that stoichiometrically
required, the manganese greensand provides sites for soluble manganese Mn(II) sorption
and removal. A combination of these two mechanisms is necessary for continuous
manganese removal because occupied greensand sites must be regenerated in order to
continue effective removal, or intermittent regeneration with KMnQ), is required (Griffin,
1960; Knocke et al., 1989).

Sequestering of soluble manganese by polyphosphate (Griffin, 1960; Knocke et al.,
1989; Robinson e al., 1987) or sodium silicate (Robinson e? al., 1987) addition is a viable
alternative to removal but is generally used only when the water supply is unfiltered
(O’Connor, 1971). These chemicals stabilize both soluble Mn(II) and soluble iron (Fe(1I))
in solution so that they do not oxidize in the distribution system and precipitate out of
solution as solid brown particles (Griffin, 1960; Knocke ez al., 1989). However, treatment
of this sort is appropriate only when total metal concentrations do not exceed 1 ™%/1..

. Polyphosphate addition must take place before any oxidants are applied because it will not
stabilize precipitated ferric hydroxide. Polyphosphate dosage should also not be greater
than 10 ™/, because of the potential for the phosphorus to stimulate bacteria growth in the
distribution system. The chlorine residual concentration must also be great enough to
control the bacteria. Also, when water is heated, the polyphosphate turns to
orthophosphate and loses its sequestering power, introducing the possibility for

sedimentation in hot water heaters and generators (O’Connor, 1971).



Manganese Removal by Sorption and Oxidation Within Filters

Sorption

Stumm and Morgan (1970) reported that highly oxidized forms of manganese were
characterized by high specific surface areas, such as 300 m*/g for SMnO,. These hydrous
oxides are able to interact with cations, especially at alkaline pH values above the zero
point of charge. The authors determined that sorption of Mn(II) to manganese oxides was
surface complex formation or ion exchange, where hydrogen ions or other cations were
released while Mn(II) was adsorbed.

Soluble Mn(IT) has an increased opportunity to adsorb onto filter media as a result
of hydrodynamic retardation, which is the deceleration of a particle as it approaches a
collector (Amirtharajah, 1988). As the fluid channel narrows, the velocity of fluid flow
decreases (Tobriason and O’Melia, 1988), and this phenomenon provides a momentary
quiescent environment for sorption to take place.

When no oxidant is present, Mn(II) removal is accomplished by adsorption alone,
until all the available sorption sites are occupied (Knocke ez al., 1989). As early as 1946,
manganese removal upon oxide-coated media was observed at the Montebello Filters,
Baltimore, Maryland. Using 18 inches of coated sand, they removed manganese from raw
water without any other treatment for 24 to 36 hours. Afterwards, they used a strong
chlorine solution to regenerate the media and, again, removed manganese in the filters for
24 to 36 hours before exhaustion in an effort to prove that catalysis was responsible for
soluble manganese removal (Edwards and McCall, 1946). Also, Knocke ef al. (1991)
reported that standard filters of depths of 24 to 30 inches may remove Mn(II) for a month
or longer before exhaustion.

Concem has been expressed about the reliability of hydrous oxide coatings to
retain soluble manganese due to its slow oxidation rate (Robinson ef a/., 1987). However,

sorption capacity is a direct function of the number of available sorption sites upon the



media (Knocke ez al., 1989). In the most recent experiments involving manganese uptake
rates and sorption capacity within continuously regenerated media, media depth profiles
indicate that the majority of influent manganese is removed within the first 3 to 6 inches of
filter depth, even during rapid filtration (Knocke ef a/., 1988; Knocke ef al., 1991). Depth
profiles of manganese solution concentrations as they pass through a filter indicate the
same solution concentration profile within the filter after several hours of filtration as at
the beginning of the filter cycle (Coffey ef al., 1993). Figure 1 shows manganese
concentrations in the influent, effluent, and 3-inch media depth sample port (top port).

The throughput volume of 200 L corresponds to a loading period of 3.5 hours at a
filtration rate of 5.1 /3>, Ifthe manganese coating was not sufficiently regenerated, the
solution concentration profiles would increase with depth as filtration progressed. Also,
media depth profiles would indicate increasing amounts of MnO(s) coating at greater
depths within the filter.

The following increased the rate of manganese uptake: an increased number of
sorption sites, an increase in solution pH, an increase in surface MnOy(s) concentration,
and the presence of free chlorine. The Mn(II) sorption uptake rate constant increases with
increasing pH, possibly because of the increased negative surface charge on MnO(s)
which makes available more sites for adsorption. Knocke et al. (1989) found that the
removal capacity of MnOy(s)-coated media was not a function of the amount of oxide
coating on the media but was a function of the number of sites available for sorption.
However, larger amounts of coating had a greater removal efficiency for a longer time
than lesser amounts of coating subjected to the same loading conditions. Highly oxidized
forms of manganese coating also had greater removal efficiency than those manganese
forms not completely oxidized. Acidic pH values were detrimental to soluble Mn(II)
uptake. The authors also illustrated experimentally that a similar number of sorption sites
could be available under the following two contrasting conditions: operation at a fairly
low pH with a large surface oxide concentration, or operation at a higher pH with a

smaller surface oxide concentration. Decreased temperatures did not affect the Mn(II)
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sorption rate onto the oxide-coated media, although it did hinder bulk solution Mn(II)
oxidation to the colloidal MnOx(s) form with strong oxidants.

Equations Describing Mn(II) Sorption and Oxygenation

The equations following describe first soluble Mn(IT) oxidation to form an original
oxide coating; second, sorption of soluble Mn(II) onto the original coating; and, third,
oxidation of the sorbed manganese to form additional MnO(s) coating (Coffey et al.,
1993; Knocke et al., 1989):

Mn** + '/, 0, + HHO — MnOy(s) + 2H" (1)
Mn®" + MnO,(s) — Mn>*"MnOx(s) )
Mn*"MnOxy(s) + '/, 0, + HHO —> 2MnOxs) + 2H" (3)

The first and last reactions are the rate determining reactions because of the slow
oxidation rate of manganese. The second reaction, which is the sorption reaction, is the
rapid, autocatalytic phase of manganese removal.

Coffey et al. (1993) found that Nakanishi modeled manganese removal in a slightly

different format with the following reactions:

Mn®" + MnO(OH)(s) > MnO,MnO(s) + 2H" (4)

MnO,MnO(s) + HOCl +— 2MnOy(s) + H' + CI (5)
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Coffey et al. (1993) then developed a model for the reaction rate of overall soluble

manganese removal described by the following:

-d[Mn*"/dt = ko[Mn™'] + ki[Mn*"][MnOx(s)] (6)

where ko = oxidation rate constant
k; = adsorption rate constant

Aqueous Mn(IT) transforms completely to MnO, with the use of oxidants by the following
process (Stumm and Morgan, 1970) :

Mn(IT)(aq) — Mn;0; — BMnOOH— yMnOOH — SMnO,— yMnO;
(hausmannite) (feitknechtite) (manganite) (manganate) (nsutite)

pH Effects on Sorption and Oxidation

Previous research indicates that Mn(IT) sorption is intimately dependent upon the
pH of manganese-containing influent waters. Alkaline pH conditions promote efficient
removal of Mn(II) by sorption with or without addition of an oxidant (Knocke et al.,
1988). Effective removal by oxidation with chlorine and filtration by particle removal,
however, requires influent pH values of at least 8.0 to 8.5 (DeVitre et al., 1988; Knocke
et al., 1988) and up to 9.5 (Bratby, 1988).

Under acidic conditions and without the presence of an oxidant, manganese
removal by sorption ceases once available sorption sites are saturated (Knocke et al.,
1988; Knocke ef al., 1989). The ability of MnO,(s) to remove soluble Mn(II) decreases
significantly even at pH 5 to 7; the removal rate slows by 80% at pH 6 as compared to pH
8. Decreasing pH for treating organics, then, may be detrimental to soluble Mn(II)
removal when no oxidant is present. Also, the removal potential of oxide-coated media

decreases when the coating is in the low-oxidized form [MnO; 4.1.6(s)] found under acidic
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pH conditions rather than the highly oxidized form [MnO s.2(s)]. This removal potential
decrease is referred to as exhausting the sorptive removal capacity. The capacity may be
restored by simply contacting the media with a strong oxidant such as KMnO, (Knocke e?
al., 1988). If a filter is out of service for some time, reducing conditions may develop
causing MnOy(s) to redissolve into Mn(II) so that the first water through the filter
contains soluble manganese. If such reducing conditions are suspected, the filter should
be backwashed before use (Knocke ez al., 1991).

Manganese removal capacity increases with increasing pH. Above pH 7, removal
capacities approach 0.5 moles Mn(II) per mole of MnOx(s) coating (Knocke et al., 1989;
Morgan and Stumm, 1964). The manganese uptake rate intensifies with increasing pH
due to the enhanced negative charge upon the oxide surface. Also, as influent water pH
increases, the decreased hydrogen ion concentration in the water forces the oxide coating
to release H', providing additional sorption sites for the Mn(II) (Knocke e? al., 1989).

Morgan and Stumm (1964) observed the stability of MnO, colloidal suspensions
by alkalimetric pH adjustment procedures. They determined a zero point of charge of 2.8
+ 0.3, above which the surface charge becomes progressively more negative. An increase
in pH decreases the concentration of the competing H' ion, thus improving the affinity of
the MnO,(s) surface for Mn(II) sorption (Knocke ef al., 1991).

Oxidants

Comparison of Chlorine and Other Oxidants

Although chlorine is the oxidant of choice for manganese removal by sorption and
oxidation within filters, the following oxidants are also used: potassium permanganate,
chlorine dioxide, and ozone (Knocke ef al., 1989). Because these oxidants are stronger
than chlorine, they oxidize manganese immediately to a colloidal form which is more likely
to penetrate filters, especially just after backwashing before the filter is ripe (Knocke ez al.,

1988). Combined chlorine residuals, on the other hand, will not oxidize manganese
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