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ABSTRACT

Although significant research works have been carried out on removal of arsenic and iron
from groundwater, relatively little work has been done on the removal of manganese from
groundwater in Bangladesh, in spite of its existence at relatively high concentration in
many areas of Bangladesh. The primary concern regarding presence of manganese in
water stems from its capability to stain sanitary-ware and laundry at concentration > 0.1
mg/L and its deposition in water distribution system, even at concentration as low as 0.02
mg/L. Chemical oxidation followed by filtration, is by far the most widely used
manganese removal technique. Although coagulation by iron and aluminum salts has
been widely used in Bangladesh for arsenic removal, little information is available on its
capability in removing manganese from water. The present study 1s focused on assessing
removal of manganese from groundwater using two chemical oxidants (potassium
permanganate and bleaching powder) commonly available in Bangladesh. Besides,
mangariese removal by simple aeration, a method widely used for iron removal, has also
been assessed. In addition possible manganese removal by coagulation with iron salts has
also been evaluated.

In this study, it has been found that potassium permanganate is capable to remove
manganese from groundwater very effectively over a wide range of initial manganese
concentration. In the near-neutral natural pH range of groundwater, maximum manganese
removal by permanganate oxidation was achieved at a permanganate dose equal to that
required from stoichiometric consideration. However, for an initial manganese
concentration of 2.0 mg/L, greater than 95% removal was achieved for a dose fraction
equal to 0.8 times that required from stoichiometric consideration. A slightly (20%)
higher permanganate dose did not have any significant effect on manganese removal.

Removal of manganese has been found to be highly dependent on pH. In general, removal
increased as pH increased. Beyond pH of about 8, removal of manganese with
permanganate is almost independent of pH. One drawback of permanganate oxidation is
the development of color. It has been found that sand filters, with depths of 10 to 20 cm,
arc capable to reduce the color below Bangladesh drinking water standard. The sand
filters were also found to be very effective in removing oxidized manganese solids.

In case of oxidation by chlorine (bleaching powder), better manganese removal could be
achieved only at pH values 10 and above. In the neutral pH range, removal of manganese
was relatively poor (less than 50%) for initial manganese concentration ranging from 1.0
to 10.0 mg/L. However, removal increased significantly as pH increased and almost
complete removal was achieved at pH 10. Significant manganese removal (over 95%) can
also achieved by simple aeration at high pH value (>10). Thus, at higher pH values,
oxidation of manganese by air may have contributed to the higher manganese removal by
bleaching powder.

In this study, experiments were carried out to evaluate the influence of dissolved iron on

manganese removal by oxidation. It was found that when high amount of dissolved iron

was present in water, manganese removal by chemical oxidation (with potassium

permanganate) was very poor. This is partly due to the fact that a significant part of the -

oxidizing agent added for oxidation of manganese may have been utilized for oxidation of
vi




dissolved ferrous iron. It was also found that when both manganese and iron are present
in water, pre-oxidation of iron (e.g., by aeration) prior to the addition of the oxidizing
agent would improve manganese removal.

In this study, effectiveness of coagulation by iron salts in removal of manganese was
evaluated. Coagulation experiments were carried out with and without the addition of an
oxidizing agent (potassium permanganate) in order to ascertain the dominant removal
mechanism (either oxidation or adsorption onto iron flocs). From results obtained in this
study, it appears that very little manganese could be removed by adsorption onto the
coagulated flocs of iron solids. The increased removal of manganese by coagulation with
ferric chloride at higher pH values appears to be due the oxidation of manganese by
atmospheric oxygen rather than adsorption of manganese on iron solids and their
subsequent precipitation.
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CHAPTER 1

N : INTRODUCTION

1.1 GENERAL

Groundwater extracted through hand pump tubewells is the primary source of safe
drinking water for the majority of the rural population of Bangladesh. Urban water supply
is also heavily dependent on groundwater éxtracted through deep tubewells.
Groundwater, being free from pathogenic microorganisms, receives wide public
acceptance. However, groundwater contains a wide range of dissolved minerals and
presence of certain dissolved constituents in excess of quantities recommended for
&rinking purpose may make it unsuitable or less acceptable as a source of water supply.
The most widely reported groundwater-quality problems in Bangladesh include excessive
concentration of arsenic, iron and salinity (in coastal areas). However, a close inspection
of the available groundwater quality data (e.g., DPHE/ BGS, 2001) suggests that
excessive concentration of manganese is also a significant problem in many areas of the
country. The DPHE-BGS groundwater survey indicates that in Bangladesh manganese is
present in groundwater at relatively high concentration. In the nationwide groundwater-
quality survey (DPHE/ BGS, 2001), concentration of manganese up to 10 mg/l has been

found, with an average value of 0.5 mg/I.

Presence of excessive manganese in potable water may cause significant adverse health
impacts. It may also cause problems related to aesthetics and may cause precipitation_ in
the water distribution system. Evidence of manganese neuro-toxicity has been found in
people following long-term exposure to dusts containing manganese (such as people
working in mines). The World Health Organization (WHO) has a provisional health-
based guideline value of 0.5 mg/l for manganese in drinking water (WHO, 1993). The
WHO guideline value fromconsumer acceptability consideration is 0.01 mg/l. Bangladesh
Standard for manganese in drinking water is also 0.10 mg/1. At levels exceeding 0.1 mg/l,
manganese in water supplies stains sanitary ware and laundry and causes undesirable taste
in beverages. The presence of manganese in drinking water may lead to accumulation of
deposits in the distribution system. Even at a concentration of 0.02 ﬁlg/l, manganese may

form coating on distribution pipes, which may slough off as a black precipitate. In




addition, certain nuisance organisms concentrate manganese and give rise to taste, odor
and turbidity problems in distribution system. Therefore, the acceptability threshold value
of manganese (0.10 mg/l) is five times less than the provisional health-based guideline

value (0.5 mg/1)

A large percentage of wells in Bangladesh fail to satisfy the drinking water standard for
manganese. Results of DPHE-BGS survey showed that about 39% of shallow tubewells
and 2% of deep tubewells exceeded the WHO health-based guideline value (0.01 mg/l),
whereas 79% of shallow tubewells and 22% of deep tubewells exceceded Bangladesh
Standard value. High concentrations of manganese are found in many areas of the
country, but particular high-manganese areas are seen in the current Brahmaputra and
Ganges floodplains. The distribution generally does not correspond with that of arsenic.
This means that groundwater with acceptable concentration of arscnic may not have
acceptable concentration of manganese (BGS/WaterAid, 2001). Again similar
comparison between iron and manganesc shows that water with high manganese
concentration may not have high iron content. Distribution of manganese shows a
distinctly different pattern from those of arsenic and iron. People of areas with high iron
or manganese contents are more inclined to use the unprotected surface water sources,
many of which are dangerously contaminated and completely unsuitable for domestic use

without any treatment.
1.2 RATIONALE OF THE STUDY

High concentrations of manganese are found in many areas of the country, but particular
high-manganese areas are seen in the current Brahmaputra and Ganges floodplains. The
distribution generally does not correspond with that of arsenic. This means that
groundwater with acceptable concentration of arsenic may not have acceptable
conceﬁtration of manganese (BGS/WaterAid, 2001). Again similar comparison between
iron and manganese shows that water with high manganese concentration may not have
high iron content. Distribution of manganese shows a distinctly different pattern from
those of arsenic and iron. People of areas with high iron or manganése contents are more
inclined to use the unprotected surface water sources, many of which are dangerously
contaminated and completely unsuitable for domestic use without any treatment (Shahid,

1998).




Although significant research works have been carried out on removal of arsenic and iron
from groundwater, relatively little studies (c.g., Ali et al, 2001; BAMWSP/ DFID/ Water
Aid, 2001; Tahura et al. 2001) has been done on the removal of manganese from
groundwater of Bangladesh. Manganese removal processes include ion exchange,
aeration, greensand filtration, chemical oxidation and subsequent filtration, and biological
manganese removal (Varner, i992). Chemical oxidation and subsequent filtration is by
far the most widely used technique for manganese removal from water (Raveendran et al,
2001). A number of water quality parameters, such as pH, Eh, iron, organic matter, etc.
can affect the efficiency of manganese removal from water (Seeling et al., 1992). Choice
of oxidizing agent is also an important consideration. Potassium permanganate and
bleaching powder is the most commonly used oxidizing agent in Bangladesh. Although
potassium permanganate is widely used, color development due to its presence is a
concern, Effectiveness of commonly available oxidizing agents in removing manganese
in groundwater and their impact on the overall removal process needs to be studied in
more details (Tahura et al, 2001). Moreover, color produced from permanganate
oxidation of manganese may be removed by using commonly used color removal

techniques (e.g., sand filtration).

It should be noted that processes typically used for arsenic and iron removal, e.g.,
coagulation-adsorption- coprecipitation (for arsenic), adsorptive-filtration (for arsenic),
and oxidation-precipitation-filtration (for iron), can possibly be used to remove
manganese from water. In the project conducted by BAMWSP/ DFID/ Water Aid (2001),
it has been found that some household treatment methods for arsenic removal (e.g., Aclan
Activated Alumina Method, Sono 3-Kolshi Method) were capable to remove manganese
in addition to arsenic. But however, in the study areas, manganese concentration in the
feed water to this treatment plants were much below 1 mg/L.. Where as mentioned earlier
in the most of the areas in Bangladesh, manganese concentration is above 1 mg/L.
Therefore, applicability of these methods of arsenic and iron removal needed to be

assessed further for higher manganese concentrations.

Presence of iron in water can also considerably influence manganese removal from water
by the oxidation process. Excess iron present in water can act as a coagulant and thereby

may assist the settling of manganese solids in water. Morcover, iron hydroxide flocs




1

present in water may also act as an adsorbent for dissolved manganese. Thes

to be studied in more details.

1.3 OBJECTIVES OF THE STUDY:

The overall objective of this study was to evaluate the effectiveness of oxidation and

adsorption processes in removing manganese from groundwater. The specific objectives

of this research work include: |

(1) Evaluation of the effectiveness of the commonly available oxidizing agents
(potassium permanganate and bleaching power) in Bangladesh in removing
manganese from groundwater; ‘

(2) Better understanding of the processes and parameter (e.g., pH, oxidant dose, Eh,
settling time etc) affecting removal of manganese from groundwater

(3) Evaluation of the effectiveness of aeration in removal of manganese present in
groundwater.

(4) Assessment of the effectiveness of sand filtration in removing color produced due to
the presence of permanganate;

(5) Evaluation of effectiveness the of potassium permanganate in removing both
dissolved manganese and iron in groundwater; and

(6) Assessment of the effectiveness of coagulation-adsorption-coprecipitation processes

(using both Fe(Il) and Fe(lIl) salts) in removing manganese from groundwater.

1.4 ORGANIZATION OF THE THESIS

The study 1s presented in seven chapters, the first of which is general introduction.

Chapter two and three contain a brief and selective review of relevant literature. In these
chapters occurrence of manganese in groundwater, problem associated with manganese in
groundwater of Bangladesh, manganese chemistry, and commonly used manganese

removal techniques are discussed.

In Chapter Four, laboratory studies carried out on oxidation of manganese in groundwater
using chemical oxidants (potassium permanganate and bleaching powder) and aeration
have been described. Effect of pH, oxidant dose, manganese concentration, and settling

and contact times on oxidation processes are explained and discussed.




In Chapter Five, experiments on oxidation of natural groundwater containing both
dissolved iron and manganese are described with a view to find out the effect of the

presence of iron on manganese removal by chemical oxidation as well as by aeration.

In Chapter Six, laboratory studies conducted to evaluate the effectiveness of iron
coagulation (using both Fe(II} and Fe(III) salts) in removing manganese in groundwater
are described. Effect of pH, coagulant dose, and manganese concentration in coagulation

process are also discussed.

Conclusions and recommendations for future studies are given in Chapter Seven.

Attempts are made to draw conclusions from various findings of the study.

Recommendations presented in this chapter provide a basis for further study.




CHAPTER 2
OCCURRENCE OF MANGANESE

2.1 INTRODUCTION

Manganese in objectionable concentration has been detected in many water supply
sources. Alone or in combination with other elements, manganese is capable to cause
serious impairment of water quality. The problem is severe in context of Bangladesh, as
groundwater of Bangladesh contains significantly high amount of dissolved manganese
and at the same time groundwater is the vital source for safe water supply for drinking as
well as other domestic and agricultural purposes. The number of tubewells in Bangladesh
is not known but estimates put the number at around 6— 11 million. The vast majority of
these are private tubewells, which penetrate the shallow alluvial aquifers to depths
typically of 10—60 m. Irrigation boreholes typically tap shallow as well as deeper -aquifers
in the region of 70— 100 m depth. In some areas, notably the south and the Sylhet Basin of
North-East Bangladesh, deep tubewells abstract groundwater from depths of 150 m or
more. In the south, the deep tubewells have been installed to avoid high salimty at
shallower levels (DPHE/ BGS, 2001). Shallow hand-dug wells occur in some areas,
though they are much less common than tubewells. In many areas in Bangladesh,
concentration of maﬁganese is at much higher level than the limit acceptable to the rural
people. People of such areas generally refuse to use tubewells water and inclined to use

unsafe and impure pond and river water (DPHE/ BGS, 2001).

In this chapter, relevant literatures on occurrence and distribution of manganese in
groundwater, and some common removal techniques have been reviewed. Possible health

and other effects of manganese have a]so been focused.

2.2 OCCURRENCE OF MANGANESE
2.2.1 Physical and Chemical states

Manganese is a naturally-occurring element that can be found ubiquitously in the air, soil,

and water. Manganese is the third most abundant metals on the earth's surface (9.5 x 10

ppm), making up approximately 0.1% of the earth’s crust. Manganese is not found




naturally 1in its pure (elemental) form, but is a component of over 100 mine
2004). Manganese is naturally occurring in many surface and ground way

in soils that may erode into these waters. However, human activities are also Tey.

for much of the manganese contamination in water in some areas. ; \

Manganese is typiéally released from the rock strata and enters surface and ground water
during mining. Manganese is dissolved in anoxic and acid water. Homogeneous
precipitation of Mn(II) as an oxide phase does not occur-below pH 8 but Mn(Il) oxidation
does occur in the presence of different mineral surfaces and/or via bacterial processes
between pH 6 and 8. It is also known that bacterially mediated oxidation of dissolved

manganese (Davidson et al, 1989).

Manganese is an important component of metals redox chemistry in soils, and marine and
fresh water environments (Martin, 2003). Among the microorganisms capable of
oxidizing Mn (II) are bacteria,’ algae, yeast, and fungi (Ehrlich et al, 1996). Because
aqueous environments are dynamic, and water chemistry, aquatic plants, and algal
communities can change with time, even when manganese (II) precipitates as stable oxide
phases, these precipitates can be resolubilized if new reducing Environments form. The
chemical and physical properties of elemental manganese and common manganese

compounds are presented in Table 2.1 (USEPA, 2001).

vléanganese problems are most likely to develop in water from wells with high carbonate

and low oxygen as shown in the middle well in Figure 1. Problems occur when this type
of water is pumped to the surface. The chemical equilibrium is changed upon exposure to
the atmosphere. The end result is precipitation of manganese compounds in plumbing, on
fixtures, and on clothing, dishes, and utensils. However, the Amount of manganese
dissolved in water often follows a trend of low to high back to low again as depth of the
well increases (Seelig et al, 1992). A typical representation of dissolved manganese

concentration with variation in well depth is shown in Figure 2.1.




Table 2.1 Physical and Chemical Properties of Manganese and that of Some Common

Manganese Compounds

M - M Manganese Manganese Potassium
Name Manganese anganous anganese (11, 1IT) Dioxide Permanganate
Chloride Sulfate Oxide
Manganese Trimanga- Manganese
Elemental s peroxide; .
maneanese: chloride; Manganese nese MANEANcse Permanganic
Collgi dal > | manganese sulfate; Tetroxide; binmgcicl;e' acid;
dichloride; Sulfuric Mangano ’ potassium salt;
Synonyms | manganese; . ) manganese
Cutaval: manganese acid, Manganic black: chameleon
Ma nac,at' bichloride; manganese | oxide; batte ? material
Troiaman’ manganese (I1) salt Mangancse man r:nese_
£ (IT) chloride Tetroxide BANCSE;
. pyrolusite
Valence 0 +2 +2 +2 and +3 +4 +7
ggfﬁf;' Mn MnCl, MnSO, Mn;0, MnO, KMnO,
Molec.
Weight 54.9 125.84 151.00 228.81 86.94 158.04
Color Pink Fale tose- Black Black Purple
o ysical Solid Solid Solid Solid Solid Solid
x"{::?ogc) 1244 650 700 1564 535 240
Boiling Decomposes
Point(°C) 1962 1190 at 850 °C ) ) i
Solubility .
n water £COMmposes nsoluble nsoluble .
I D p 723 (25°C 120 (25°C Insoluble Insolubl 63.8 (20°C
(g/100 mml)
Taste ) ) ) ; ) i
Threshold
QOdor
Threshold - - - - - -
{(air)

- No date available. (Source: USEPA, 2004)
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Figure 2.1 Dissolved manganese concentration with variation in depth of well
(Seelig et al, 1992)




2.2.2 Sources of Manganese in the Environment

Manganese compounds are widely distributed in air, soil, and water. Sources of
atmospheric manganese include industrial emissions, fossil fuel combustion, and erosion

of manganese-containing soils.

Water

Manganese is naturally occurring in many surface and ground water sources and in soils
that may erode into these waters. However, human activities are also responsible for
much of the manganese contamination in water in some areas. Ambient manganese
concentrations in seawater have been reported to range from 0.4 to 10 pg/L (ATSDR,
2000), with an average of about 2 pg/L (USEPA, 2004). Levels in freshwater typically
range from 1 to ZQO pg/L (USEPA, 2004). The United States Geological. Survey’s
National Ambient\Water Quality Assessment (NAWQA) has gathered limited data since
1991 on representative study basins around the U.S. This report indicates a median
manganese level of 16 pg/L in surface waters, with 99" percentile concentrations of 400
'to 800 pug/L (USEPA, 2004). Higher levels in aerobic waters are usually associated with
industrial pollution. Manganese can be released to water by aischarge from industrial
facilities or as leachate from landfills and soil (Gregory et al, 1996). In the USA, reported
industrial discharges in 1991 ranged from 0 to 17.2 t for surface water, from 0 to 57.3 t
for transfers to public sewage, and from 0 to 0.114 t for underground injection

(Barceloux, 1999).

An estimated total of 58.6 t, or 1% of the total environmental release of manganese in the
USA, was discharged to water in 1991 (Casale et al, 2001). Overall, the detection
frequency of manganese in U.S. groundwater is high {(approximately 70% of sites assayed
have measurable manganese levels) die to the ubiquity of manganese in soil and rock. In
another worldwide survey, manganese is detected in about 97% of surface water sites (at

levels far below those likely to cause health effects) and universally in sediments and

aquatic biota tissues (at levels which suggest that it does not bioaccumulate (USEPA

1084).




Soil

Manganese constitutes approximately 0.1% of the earth’s crust, and is a naturally
occurring component of nearly all soils (ATSDR, 2000). Natural levels of manganese
range from less than 2 to 7,000 ppm, with a geometric mean concentration of 330 ppm
(Shacklette and Boerngen, 1984). Accumulation of manganese occurs in the subsoil
rather than on the soil surface (ATSDR, 2000). Land disposal of manganese-containing
wastes 1s the principal source of manganese releases to soil (Barceloux, 1999). An
estimated 60-90% of soil manganese is associated with the sand fraction (WHO, 1981, as

cited in ATSDR, 2000).
Air

Air levels of manganese compounds vary widely depending on the proximity of point
sources such as ferroalloy production facilities, coke ovens, or power plants. The main
sources of manganese releases to the air are industrial emissions, combustion of fossil
fuels, and re-entrainment of manganese-containing soils (Lioy, 1983; USEPA, 1983,
1984, 1985a, 1985b). Average ambient levels near industrial sources have been reported
to range from 220 to 300 ng Mn/m’, while levels in urban and rural areas without point
sources have been reported to range from 10 to 70 ng Mn/m® (Barceloux, 1999). Air
erosion of dusis and soils is also an  important atmospheric source of man ganese, but no
quantitative estimates of manganese releaée to air from this source were identified
(USEPA; 1984). Volcanic eruptions can also release manganese to the atmosphere

(Hasan, 2004).
Food

Manganese is found in a vaﬁety of foods including many nuts, grains, fruits, legumes, tea,
leafy vegetables, infant formulas, and some meat and fish. Food is the most important
source of manganese exposure in the general population (ATSDR, 2000; IOM, 2002;
USEPA, 2003a). Particularly green vegetables (2 mg/kg), nuts (14.9 mg/kg), bread (8
mg/kg) and other cereals (6.81 mg/kg) have considerable amount of manganese. Infant

formulas contain 50 to 300 p.g/L manganese (Collipp et al., 1983), compared to human
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milk which contains approximately 3.5 to 15 pg/L manganese (ATSDR, 2000; U.S. EPA,
1997). Tea 1s a rich source of manganese, containing 2.71 mg/kg and is the largest
contributor to manganese intake. (Kondakis, 1989). Therefore heavy tea drinkers may
have a higher manganese intake than the general population. An average cup of tea may

contain 0.4 to 1.3 mg manganese (ATSDR, 2000).
Industrial Source of Manganese

Manganese compounds are produced from manganese ores or from manganese metal.
Metallic manganese (ferromanganese) is used principally in steel production along with
cast iron and superalloys to improve hardness, stiffness, and strength (NTP, 1993;
USEPA, 1984). Manganese compounds have a variety of uses. The most common uses of

manganese compounds are presented in Table 2.2 (Hasan, 2004).

Table 2.2 Uses of Some Common Manganese Compounds

Compound

Use

Methylcyclopentadienyl manganese
tricarbonyl (MMT)

Fuel additive

Manganous carbonate

Ferrites; animal feeds; ceramics etc

Manganese chloride

Catalyst in organic compound chlorination; trace
mineral supply for animal feed; brick colorant; dye;
dry-cell batteries; linseed oil drier; disinfecting;

Manganous acetate

Mordant in dyeing; drying agent for paint and varnish;

Manganese ethylenebisdithiocarbamate

Agricultural fungicide

Manganese oxide

Ferrites; ceramics; fertilizer; livestock feed additive

Manganese phosphate

Ingredient of proprietary solutions for phosphating iron
and steel

Manganese sulfate

Livestock feed additive; fertilizer; glazes; varnishes;
ceramics; fungicides

Manganous tnifluoride

Fluorinating agent in organic chemistry

Manganese borate

Drying agent for varnish and oil; linseed oil drier;
leather industry

Manganous nitrate

Porcelain colorants; manufacture of reagent grade
manganese dioxide

Manganese dioxide (electrolytic
manganese, pyrolusite)

Dry-cell batteries; matches; fireworks; porcelain; glass
bonding materials; amethyst glass; oxidizer

Potassium permanganate

Oxidizing agent; water and air disinfectant; antialgal
agent; metal cleaning, tanning, and bleaching agent;
fresh flower and fruit preservative

Sources: U.S. EPA (19%94a); ATSDR (2000); Merck (1983).
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2.2.3 Environmental Fate

Manganese compounds may be present in the atmosphere as suspended particulates
resulting from industrial emissions, soil erosion, volcanic emissions, application of
manganese-containing pesticides, and the burning of MMT-containing gasoline (USEPA,
2004). Early analysis of emissions suggested that manganese from combustion of MMT
is emitted primarily as manganese tetroxide (Mn3;04) (Ter Haar et al., 1975, as cited in
ATSDR, 2000). However, more recent testing suggests that when very low levels of
MMT are combusted (i.¢., concentrations comparable to the currently allowed levels),
manganese is emilted primarily as manganese phosphate and sulfate. The reported formal
charge of the emitted manganese is +2.2, with a mass median aerodynamic diameter of 1
to 2 microns (Ethyl Corporation, 1997, as cited in Lynam et al., 1999). Uncombusted -
MMT rapidly decomposes to manganese oxide, carbon dioxide, and organic compounds
in the atmosphere and has a half-life of only a few seconds in the presence of sunlight’
(Lynam et al., 1999; Zayed et al,, 1999). Because particle size is small, atmospheric
manganese distribution can be widespread. These particles will eventually settle out into
surface waters or onto soils via the process of dry deposition. Little information is
available on the chemical reactions of atmospheric manganese, but it is expected to react
- with sulfur and nitrogen dioxide. The half-life of manganese in air is only a few days

(ATSDR, 2000).

Transport and partitioning of manganese in water is dependent on the solubility of the
manganese form. In surface waters, manganese occurs in both dissolved and suspended
forms, depending on such factors as pH, anions present, and oxidation-reduction potential
(ATSDR, 2000). Often, manganese in water will settle into suspended-' sediments. -
Anaerobic groundwater often contains clevated levels of dissolved manganese. The
divalent form (Mn®" ) predominates in most water at pH 47, but more highly oxidized
forms may occur at higher pH values or result from microbial oxidation (ATSDR, 2000).
Manganese in water can be significantly can bioaccumulate in lower organisms (e.g.,
phytoplankton, algae, mollusks, and some fish), but not in higher organisms, and
biomagnification in food-chains is not exbected to be significant (ATSDR, 2000).
Bioconcentration factors (BCFs) of 10000-20000 for marine and freshwater plants, 2500-
6300 for phytoplankton, 300-5500 for marine algae, 800-830 for inter-tidal mussels, and
35-930 for fish have been estimated (Folsom et al., 1963; Thompson et al., 1972). The
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high reported BCFs probably reflect the essentiality of manganese for a wide variety of
organisms; specific uptake mechanisms exist for essential clements. Little information is
available on the biodegradation of manganese-containing compounds in water, but factors

such as pH and temperature are important for microbial activities (Hurley, 1984).

2.2.4 Manganese Intake

Adequate Intake (AI) values have been determined for manganese by the Food and
Nutrition Board of the Institute of Medicine has fixed the amount of manganese intake
per day for different gourp of people. The tabular form is shown in Table 2.3 (USEPA,

2004)

Table 2.3 Adequate Manganese Intakes for Men, Women and Children

Age Group Males Females
Infants, 0-6 months 3 pg/day 3 pg/day
Infants, 7-12 months 0.6 mg/day 0.6 mg/day
Children, 1-3 years 1.2 mg/day 1.2 mg/day
Children, 4-8 years 1.5 mg/day 1.5 mg/day
Boys, 9-13 years 1.9 mg/day --

Boys, 14-18 years 2.2 mg/day --

Girls, 9-18 years B 1.6 mg/day
Adults, 19 years 2.3 mg/day 1.8 mg/day
Women- pregnant (lactating) -- 2 mg/day (2.6 mg/day)

Source: (USEPA, 2004)

2.3 UNDESIRABLE EFFECTS OF MANGANESE

Manganese is one of the most difficult elements to remove from surface waters. Presence

of manganese primarily interferes with water uses. In higher concentrations manganese

causes the following problems (Seelig et al, 1992):

1. Staining: At levels exceeding 0.1 mg/l, manganese in water supplies stains sanitary
ware and laundry. Where the concentration of manganese is high, the color of the
staining tends toward more black or gray.

2. Taste: Manganese causes a metallic or vinyl type taste in the water.
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3. Appearance: Manganese will often give an oily appearing, "crusty" sheen to the water
surface. (Oil does not appeaf "crusty” when disturbed, but "feathers out" like a
rainbow).

4. Sulfur Taste: Hydrogen Sulfide, which causes a characteristic "rotten egg" odor, can
also be liberated by the same conditions (i.e. low dissolved oxygen and low pH) that
cause manganese to dissolve in water. Hydrogen sulfide is frequently encountered in
water with excessive manganese. Some of the treatment methods used to remove iron
and manganese will also "remove" hydrogen sulfide gas. Presence in high
concentrations, manganese may cause an unpleasant metallic taste to the water
(Raveendran et al, 2001).

5. Deposits accumulation: The presence of manganese in drinking water may lead to

accumulation of deposits in the distribution system. Even at a concentration of 0.02
mg/l, manganese may form coating on distribution pipes, which may slough off as a
black precipitate.

6. Clogging: Manganese supports the growth of manganese bacteria. This non-health
related bacteria can clog strainers, pumps, and valves. Periodic or continuous
chlorination 1is the best means to control manganese bacteria. Once present,

manganese bactena are difficult to purge from a well.

In agricultural fields, where groundwater is used for irrigation purpose, presence of
manganese in water causes irrigation difficulties. Dissolved manganese in water becomes
insoluble either by bacteria mediated oxidation or by atmospheric oxidation. Manganese
solids the deposits and results in clogging in different parts of the pump. Oxidized
manganese produced by iron bacteria often results in the formation of an ochre sludge or
slime mass, which is capable of plugging the entire irrigation system (Boman et al®

,1999).
2.4 HEALTH EFFECTS OF MANGANESE

- Manganese is an essential element for many living organisms, including humans. It is
necessary for proper functioning of some enzymes (manganese superoxide dismutase)
and for activation of others (kinases, decarboxylases, etc) (USEPA, 2004). The National
Academy of Science set an adequate intake for manganese at 2.3 mg/day (for men) to 1.8

mg/day (for women), with an upper limit of 11 mg/day (NRWA, 2004).
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Adverse health effects can be caused by inadequate intake or over exposure. Manganese
deficiency in humans appears to be rare because manganese is present in many common
foods. Animals experimentally maintained on manganese-deficient diets exhibit impaired
growth, skeletal abnormalities, reproductive deficits, ataxia of the newborn, and defects in
lipid and carbohydrate metabolism (Keen et al., 1999; Hurley and Keen, 1987; U.S. EPA,
1984). The health effects from over-exposure of manganese are dependent on the route of
exposure, the chemical form, the age at exposure, and an individual's nutritional status.
Irrespective of the exposure route, the nervous system has been determined to be the
primary target with neurological effects generally observed (USEPA, 2004). Exposure to
toxic levels of manganese affects the nervous system, and may cause neurological and
behavioral symptoms, including dementia, anxiety, and a “mask-like” face (NRWA,
2004). These symptoms are generally the result of very high exposures via inhalation, as

might occur in an industrial setting.

2.4.1 Short-term Exposure Studies

Neurological

Kawamura et al. (1941) reported health effects resulting from the ingestion of
manganese-contaminated well water for an estimated 2-3 months by 25 individuals. The
source of contamination was identified as leachate from approximately 400 dry cell
batteries buried near the drinking water well. The concentration of manganese in the well
water was in average 28 mg Mn/L or higher. Assuming a daily water intake of 2L, with a
minimum of 2 mg Mn from food, a dose of at least 58 mg Mn/day is estimated. This
exposure level 1s quite uncertain and it is estimated that it is around 25-30 times the level
considered to be safe and adequate by the Food and Nutrition Board of the Institute of
Medicine (IOM, 2002).

Health effects reported by Kawamura et al. (1941} included lethargy, increased muscle
tonus, tremor and mental disturbances. Out of 25 people examined, 15 had symptoms.
Five cases were considered severe, 2 cases were categorized as moderate, and 8 cases
were described as mild. The most severe symptoms were observed in the elderly.
Younger people were less affected, and symptoms of intoxication were completely absent

in young children (age 1 to 6 years) (USEPA, 2004).
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2.4.2 Long-term Exposure Studies

Neurological

The neurological effects of inhaled manganese have been well documented in humans
chronically exposed to elevated levels in the workplace (ATSDR, 2000; Canavan et al.,
1934; Cook et al., 1974; Roels et al., 1999). The syndrome knqwn as “manganism” is
caused by exposure to very high levels of manganese dusts or fumes and is characterized
by a “Parkinson-like syndrome” including weakness, anorexia, muscle pain, apathy, slow
speech, monotonous tone of voice, emotionless “mask-like” facial expression, and slow

clumsy movement of the limbs. In general, these effects are irreversible (USEPA, 2004).

By the oral route, manganese is often regarded as one of the least toxic elements,
a]thoﬁgh there is some controversy as to whether the neurological effects observed with
inhalation exposure also occur with oral exposure. Several case reports of oral exposure
to high doses of manganese have described néurological impairment as an effect, but the
quantitative qualitative details of exposure necessary to establish direct causation are
lacking. An individual who took large mineral supplements over several years displayed

symptoms of manganism (Banta and Markesbery, 1977).

Results from studies of an Aboriginal population in Groote Eylandt have been cited as
additional evidence for a relationship between elevated manganese exposure, violent

behavior, and adverse health effects (COMA, 1998).

Cancer and Mutagenicity Studies
Mutagenicity

The genotoxic potential of high manganese exposure in humans is not known (IPCS,
1999). Elias et al. (1989) found an increase in the incidence of chromosomal aberration in
metal active gas welding workers who had been welding for 10-24 years. Occupational

exposure to nickel, as well as manganese, was reported. Since nickel is known to cause

chromosomal aberration via inhalation, the results could not be attributed solely to the

influence of manganese (USEPA, 2004)




Carcinogenicity

No studies are available on the potential carcinogenicity of high exposure to manganese
in humans (ATSDR, 2000). USEPA believes that the available data on occurrence,
exposure, and other risk considerations suggest that regulating manganese does not
present a meaningful opportunity to reduce health risk. Only the non-enforceable

secondary MCL for manganese of 0.05 mg/L will remain in effect NRWA, 2004),
2.4.5 Standards and Guideline Values for Manganese

The Environmental Protection Agency (EPA) standards for drinking water fall into two
categories: Primary Standards and Secondary Standards. Primary Standards are based on
health considerations and are designed to protect people from three classes of pollutants:
pathogens, radioactive elements and toxic chemicals. Secondary Standards are based on
taste, odor, color, corrosivity, foaming and staining properties of water. Iron and
manganese are both classified under the Secondary Maximum Contaminant Level
(SMCL) standards. The SMCL for manganese in drinking water is 0.05 mg/! (ppm)
(Lemley, 1999). The World Health Organization (WHQ) has a provisional health-based
guideline value of 0.5 mg/l for manganese in drinking water (IOM, 2002). The WHO
guideline from aesthetic perspective is 0.10 mg/L. Bangladesh Standard for manganese in

drinking water is also 0.10 mg/L.
2.5 OCCURRENCE OF MANGANESE IN GROUNDWATER OF BANGLADESH

The most widely reported groundwater-quality problems in Bangladesh include excessive
concentration of arsenic, iron and salinity (in coastal areas). Although Considerable
research works have been carried out on occurrence and removal of arsenic as well as of
iron, relatively little work has been done on the manganese problem in groundwater of
Bangladesh. The National Hydrochemical Survey (NHS) conducted in 2000 by British
Geological Survey (BGS) in collaboration with DPHE and DFID (DPHE/BGS, 2001)
provides the most comprehensive information on manganese in groundwater of
Bangladesh. Using this survey data various aspects of manganese distribution and
occurrence in groundwater of Bangladesh has been prepared by Hasan (2004).
Groundwater survey indicates that iron and manganese are present in high concentrations.

Concentration of manganese in groundwater has been found as high as 10 mg/l, with an
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average value of 0.5 mg/l.. The high values are related to the anaerobic conditions
dominant in the aquifers (BGS/ WaterAid, 2001). A large percentage of wells in
Bangladesh fail the health guideline value specified by WHO (0.5 mg/L). A total of 938

samples (26.5% of all samples) had manganese concentration below 0.1 mg/L.

Percentile distribution of manganese in groundwater of Bangladesh is summarized in
Table 2.4. The table reports the number of well with specific manganese concentration
range. Table 2.4 indicates the median concentration of manganese is about 0.3 mg/l.
Distribution of manganese in number of wells is shown in Figure 2.2. From Fig. 2.2 it can
be noted that the most frequent cbncentration occurrence of manganese lay within the
concentration range of 0.1 to 0.5 mg/L, accounting for about 38.6% of all sample wells.
About 35% of sample wells exceed WHO health based guideline value and about 73%

exceeds Bangladesh guideline value.

The distribution of manganese in groundwater of Bangladesh is shown in Figure 2.3.
From Figure 2.3 it appears that high concentrations of manganese are found all over the
country and the distribution are very scattered. It also indicates that groundwater in .
coastal region of south part of the country has lower manganese concentration (< 0.1
mg/L). However, the regional trends, more precisely shown in Figure2.4, indicate that the
central, north and south-east regions of Bangladesh have higher concentrations of

manganese.
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Table 2.4 Mn Concentration Expressed as Percentile

(n=3534)
Percentile . Mn Concentration less or
equal to (mg/L)

10 0.03

20 0.068
30 0.123
40 0.185
50 0.287
60 0.428
70 0.613
80 0.892
90 1.365
95 19

99 3.697

(Source: Hasan, 2004)

00.001-0.1
p0.1-0.5
Oo0.5-1.0
01015
015-20
O02.0-3.0
O03.04.0
04.0-5.0
0>5.0

Figure 2.2: Manganese distributions in groundwater
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The average manganese concentration distribution for each individual division is
presented in Table 2.5. It shows that Rajshahi division has the highest average manganese
- concentration (0.731 mg/L), where 521 wells among the 1072 wells exceed the WHO
health-based guideline value (0.5 mg/L) and 84% of the test wells (about 900 wells)
exceed Bangladesh guideline value of manganese. The lowest average manganese
concentration is found in Barisal division. The average concentrations for each division

above the WHO guideline value lie between 0.738-1.03 mg/L (Hasan, 2004).

Table 2.5 Manganese Occurrence Summaries for Different Divisions

Concentration below WHO Concentration above WHO health-

health- based guideline value based guideline value Total
Division No of | Percent- Mean No of | Percent- Max. Mean No of Mean
wells | age (%) (i?;,i') wells | age (%) (::;i) (rc:gl}i) Wells ((r:nogr;i)
Barisal 277/ 7.8 0.055 18 0.5 2.07 1.03 295 0.115
Chittagong O I I 0.19 134 38 4.67 1.10 445 0.645
Dhaka 6007 170 0.175 88 | 110 8.39 1.37 988 0.646
Khulna 330 | 93 0.181 | 144 a1 324 | 110 | 474 | 0460
Rajshahi 551 15.6, 0.202 521 14.7 9.98 1.29 1072 0.731
Sythet 216 6.1 0.202 44 1.2 2.06 0.74 260 0.292
Total 2285 ©4.7 0.172 1249 353 398 1.25 3534 0.554

{Source: Hasan, i004)

The most contaminated district with respect to manganese Kurigram, with average
manganese concentration of 1.336 mg/L, of which about 80% wells have manganese
concentration above of WHO health-based lguideline value. Manganese concentration
distribution in the most contaminated 17 districts is shown in Tab162.6.l About 80% or
more - of the tubewells in.these 17 districts contain manganese above the Bangladesh
standard with average concentrations exceeding the WHO health-based guideline value.
The highest manganese concentration (about 10 mg/L) is found in Jaipurhat. But this

concentration was found in only one test well!
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Table 2.6 Manganese Statistics for the 17 Most Contaminated Districts

Minimum Mn SPZ;.:E?;EE g(t;:eljasnme Percentage of wells
No. AVE | Cone. (mg/L) Max |Sp ¢ rang exceeding
. Mn Mn (mg/L)

District of WHO

Wellg| “OC- cone. Bangladesh uideline
(mg/L)| Shallow | Deep |(mg/L)| <0.1 [0.1-0.50.5-2.0( >2.0 |Standard (0.1 | &7%F "

ML) 6.5 merL)
Kurigram 77 11336 | 0.015 | <001 | 523 | 4 | 19 | 56 | 21 96 77
Narayanganj | 30 | 1.276 | 0.003 | 0.133 | 8.39 7 27 143 | 23 93 67
Sirajganj | 89 | 1.249 [ 0.016 | <001 | 3.77 | 4 | 15| 63 | 18 | ‘96 81
Rajbari 34 | 1.195 | 0.085 | 0.943 | 3.87 3 9 76 | 12 97 88
Pabna 78 | 1.083 | 0.111 | <001 | 554 | 0 | 25 | 65 | 10 100 74
Narsingdi 56 [ 0979 [ 0.009 [ <001 | 403 | 18 | 23 | 50 g 82 59
Magura 32 |1 0971 | 0.087 | <001 | 3.14 3 25 | 63 9 97 72
Tangail 91 [0.922 | 0.006 | <001 | 3.8 12 | 23 | 56 9 88 64
Taipurhat 40 10907 | 0.079 | <001 | 998 | 3 | 47 | 42 | 8 98 48
Manikganj | 47 | 0.868 | 0.001 | <.001 | 6.03 | 22 | 37 | 28 | 13 79 40
Rajshahi 78 | 0.859 [0.017 [ <001 | 3.82 | 13 | 23 | 55 9 87 64
Natore 51 {0841 | 0,145 | <001 | 213 | 0 | 24 | 73 | 4 100 76
Sherpur 51 {0.814|10.032 0404 | 783 | 2 | 53| 41 | 4 98 45
IFaridpur 63 | 0.806 | 0.008 | 0.133 | 3.83 13 1 35 | 43 | 10 87 52
Gaibandha 71 [ 0.787 | 0.038 1 <001 | 459 | 8 | 28 | 61 | 3 92 63
Jamalpur 63 | 0.771 |0.014 [ <001 | 46 | 10 | 38 | 48 | 5 90 52
%herpur 15 10,743 | 0.01 | <001 | 2.35 7 20 ¢+ 67 7 93 73

(Source: Hasan, 2004)
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Distribution and concentration of manganese in groundwater is significantly influenced
by the depth of well. From the National Hydrochemical Survey (BGS/DPHE 2001), 39%
of shallow tubewells- and 2% of deep tubewells exceeded the WHO health-based
guideline value. The distribution of manganese concentration with type of well is shown

in Table2.7 & Table 2.8.

Table 2.7 Percentages of Wells in Shallow and Deep Wells Above and Below
‘Bangladesh Standard and WHO Health-based Guideline Value

Bangladesh guideliﬁe value WHO health-based guideline
Well type (0.10 mg/L) value (0.50 mg/L)
Below Above Below Above
Shallow 21 79 6l 39
Deep 78 22 98 2

(Source: Hasan, 2004)

Table 2.8 pres.ents a summary of Manganese concentration in different depth intervals.
The highest average concentration (0.717 mg/L) occurs for wells of less than 15m depth.
There is little difference in average concentration of manganese for well with depth up to
90m; but for wells above 90m depth, average concentration falls sharply. From Table 2.8,
it is evident that shallow wells with depth up to 60m, are the most vulnerable for

manganese contamination (Hasan, 2004).

Table 2.9 shows a relationship between year of construction of shallow wells and
~ different manganese ranges. Deep wells have been excluded from this table because most
of their manganese concentrations are below the national/WHO standards. From Table

2.9, recent wells appear to be more contaminated.

The trend appears to be alarming because more wells are being constructed recently in
areas which are prone to be manganese contaminated. Figure-2.5 shows the distribution

of wells with respect of year of construction over the country.
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Table 2.8 Manganese Occurrence Summaries for Different Depth Range of Wells

Rt o o s o 750 | Mo i P sy | Pt o
(m) Wells Wells (mg/L) (mg/L) guideline value guideline value
<15 287 8 0.717 7.83 79 43

15-30 1180 33 0.653 9.98 80 42

30-60 1258 36 0.588 5.54 79 40

60-90 317 9 0.519 8.39 78 29

30-150 165 5 0.293 3.50 76 15

150-200 a2 1 0.196 1.04 56

>200 295 8 0.073 1.59 18

Total 3534 100 0.554 9.98 74 35

(Source: Hasan, 2004)

Table 2.9 Manganese Concentration in Shallow Wells of Different Years of Construction

Percentage of Total Wells Having Specific Manganese Concentration Range

Year of (mg/L)
Construction ) -
0.001-0.1 0.1-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-3.0 >3.0

Before 1970 25 31 25 15 4 0 0
1970-74 16 41 24 11 5 2 1
1975-79 23 41 16 11 5 2 2
1980-84 24 44 21 4 4 1 1
1985-89 21 43 18 10 5 3 0
1990-95 22 40 20 9 4 3 2
1995 and later 20 39 20 10 5 4 2
All years 21 40 20 9 4 3 2

(Source: Hasan, 2004)
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Manganese and Arsenic Ratio

Arsenic 1s considered to be the most significant groundwater quality problem in
Bangladesh. However, available data do not show any correlation between occurrence
and distribution of arsenic and manganese in groundwater. This means that groundwater
with acceptable concentrations of arsenic may not have acceptable concentrations of
manganese Arsenic and manganese showed distinctly different regional pattérn that is
shown in Figure 2.6. Division wise comparison of the occurrence of manganese and
arsenic 1s shown in Table2.10. Although about 43.5 % of wells in Rajshahi safe for
drinking with respect to arsenic concentration, but about 84% of these tubewells fails to
satisfy Bangladesh guideline value for manganese. It is notable that groundwater from the

- deep aquifer contain reiatively low concentrations of both arsenic and manganese. Only
33% of shallow tubewells had both arsenic and manganese concentration below the
respective. WHO guideline value. Whereas about 93% of deep tubewells satisfied
respective WHO guideline value (DPHE/BGS, 2001).

Table 2.10 Comparative occurrence of Arsenic and Manganese in different Divisions

As vs Mn
As <50 pg/L As < 50 pg/L As > 50 pug/L As > 50 pg/L Total
o Mn<0.5mg/l. | Mon>05mg/. | Mn<0.5mg/L | Mn > 0.5 mg/L
Division ‘
No of Percen No of Percen No of Perce No of Percen No of Percen
wells tage wells tage wells ntage wells tage wells tage
(%) (%) (%) (%) (%)
Barisal 249 84.4 6 2.0 28 9.5 12 4.1 295 100.0
Chittagong 145 32.6 76 17.1 166 37.3 58 13.0 445 100.0
Dhaka 426 43.1. 259 26.2 174 17.6 129 13.1 988 100.0
Khulna 174 36.7 105 222 156 329 39 8.2 474 100.0
Rajshahi 540 504 466 435 11 1.0 55 5.1 1072 100.0
Sylhet 162 62.3 42 16.2 54 20.8 2 B 260 100.0
Total 1696 48.0 954 27.0 589 16.7 295 8.3 3534 100.0
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Manganese vs Iron

Occurrence of high levels of iron is the most common water quality problems in
groundwater of Bangladesh. In many areas iron concentration much higher than WHO
standard (0.30 mg/L) as well as Bangladesh guideline value (1.0 mg/L) for iron.
Especially the standard limit set by WHO can hardly be maintained in rural water supply
in Bangladesh (Shahid, 1998). From National Hydrochemical Survey (NHS), it is found
that more than 65% of tubewells had iron concentration greater than WHO guideline
value. Therefore assessment of presence of iron in groundwater of Bangladesh has been

done with respect to Bangladesh standard value for iron.

Although both iron and manganese have physical as well as chemical similarities,
distribution of these elements in Bangladesh groundwater show very scattered pattern.
Figure 2.7 shows relative molar distribution of iron and manganese in Bangladesh
groundwater. From figure it is found that in about 25% areas of Bangladesh, Mn/Fe molar

ratio exceeds 1 and in about 22% area, the ratio is below 0.05.

Table 2.11 represents a comparative occurrence of manganese and Fe in groundwater of
different divisions of Bangladesh. Iron concentration has been evaluated with respect to
Bangladesh guideline value and for manganese WHO health-based standard is used. In
Chittagong division only 37% of wells had iron concentration below Bangladesh standard
value but about 70% wells satisfied the guideline value for manganese. Again in Rajshahi
division about 59% and 49% of wells failed to satisfy respective guideline values for iron
and manganese. In Dhaka division more than 24% of wells had foﬁnd to exceed
respective standard values of iron and manganese. Barishal division is found to be less

affected with respect to these two elements.

From National Hydrochemical Survey (NHS), it is also found that shallow tubewells are
more associated with high iron and manganese concentration. More than 65% of shallow
tubewells had exceeded Bangladesh guideline value for iron whereas about 61% of that
cxceeded WHO guideline for manganese. In case of deep tubewells, about 26% had iron
concentration and 11% had manganese concentration greater than respective guideline

values. Only 27% of shallow tubewells had both iron and manganese concentrations
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below the standard limits, whereas about 95% of deep tubewells satisfied the respective

standard values (DPHE/BGS, 2001).

Table 2.11 Comparative Occurrence of Iron and Manganese in Different Divisions

Mn vs Fe

Fe <1 mg/L. Fe <1 mg/L Fi/; 1<n(;g5/L Fe> 1 mp/L Total
Division Mn <0.5 mg/L | Mn> 0.5 mg/L m /L' Mn = (.5 mg/L

No of Pttzargzn No of Pf;;een No of l:::g:z No of | Percent | No of P:;;ecn

wells (%) wells %) wells (%) wells | age (%) | wells (%)
Barisal 211 71.5 4 1.4 65 22 15 51 295 100.0
Chittagong 123 27.6 42 94 188 423 92 20.7 445 100.0
Dhaka 300 304 148 14.9 301 30.5 239 24.2 988 100.0
Khulna 78 16.5 90 19.0 251 52.9 55 11.6 474 100.0
Rajshahi 381 35.5 279 26.0 170 15.9 242 22.6 1072 100.0
Sylhet 52 20 7 2.7 164 63.1 37 14.2 260 100.0
Total 1145 324 570 16.2 1139 | 322 680 19.2 3534 | 100.0
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CHAPTER 3
CHEMISTRY OF MANGANESE AND MANGANESE REMOVAL
TECHNIQUES

3.1 INTRODUCTION

- Manganese is the third most abundant transition metal in the earth’s crust (9.5 x 10
ppm). The redox chemistries of manganese (I/III/IV) have important roles and impacts in
the environment. An important principle to remember about chemical reactions is that, if
allowed enough time, it will reach equilibrium with the surrounding environment. When
the conditions of that environment are changed, such as pumping water from an
underground aquifer, the chemical equilibrium is upset. This will lead to either solution of

manganese or its precipitation.

In this chapter relevant literature on chemistry of manganese that influence manganese
oxidation and dissolution have been reviewed. Different environmental factors which
influence manganese oxidation has also been reviewed briefly. This chapter also provides

‘an overview of manganese removal techniques from water.
3.2 CHEMISTRY OF MANGANESE IN WATER

A general rule of thumb is that oxygenated water will have only low levels of manganese.
The reason is that manganese reacts with oxygen to form compounds that do not stay
dissolved in water (Varner, 1994). Surface water and shallow groundwater usually have
enough dissolved oxygen to maintain manganese in an undissolved state. In surface
water, manganese is most likely to be trapped within suspended organic matter particles.
Oxidized manganese precipitates are so small sized that complete removal is not possible
by settling (Seelig, 1992). Regardless of the removal the basic approach utilized to
remove manganese from water involves oxidation of soluble manganese to one of more
insoluble forms. Thus the removal chemistry of manganese predominantly includes

oxidation chemistry of manganese.




3.2.1 Process Kinetics for Oxidation of Manganese

Although iron and manganese are chemically similar, the rate of manganese oxidation
does not follow the same rate law as for Fe (II) oxygenation (Stumm and Morgan, 1981).
The chemistry of manganese is substantially more complex than that of iron and only a
limited understanding of manganese oxidation exists (Montgomery, 1985 ).The oxidation
and control of manganese 1s complicated by factors that ranges from misunderstanding of
the reaction chemistry to the relatively slow kinetics and the numerous oxidation states
that result from this oxidation (Stumm and Morgan, 1981). Various forms of manganese
in aqueous solution is shown in Figure 3.1. The oxidation of manganese (II) with
molecular with oxygen is an autocatalytic process, that is, the spontanecous oxidation by
free oxygen at room temperature. According to Stumm and Morgan (1981), the reaction

might be visualized as proceeding to the following pattern:

slow

Mn® + 0;(g) o MnO;(s) (a)
Mn*" + MnO,(s) -t __ 5  Mn*. MnO; (s) (b)
[

Mn?'. MnO; (s) +0;(g) —— 2MnO; (s) —---rnev ©

Although other interpretations of autocatalytic nature of the reaction are possible, the

following experimental findings are in accord with such reaction scheme:

1. The extent of manganese (II) removal during oxygenation reaction is not accounted
for by the stoichiometry of the oxidation reaction alone ; that is not all the manganese
(I) removed from the solution is oxidized. Therefore this mechanism offers a
reasonable explariation why a less than stoichiometric oxidant dose may be required
in the “oxidation” of manganese (II).

1. The products of non-stoichiometric oxygenation of manganese (II) show various
average degree of oxidation ranging from MnO) 53 to MnO, 5 (30 to 90% oxidation to
MnQ;; commonly expressed as MnOy) under varying alkaline conditions.

iii. The higher valent manganese oxide suspensions show large sorption capacities for

Mn®* in slightly alkaline solutions.
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Therefore, this removal mechanism indicates that presence of manganic dioxide generally
increases the apparent rate of oxidation of both iron (II) and manganese (II).The

integrated form of autocatalytic reaction rate of manganese (II) can be expressed as

follows:
-d [Mn (Il
A ko pvn a1+ K M D] (Mn0] 1)
where,
-d [f\g tn (I = Rate of manganese (I1) oxidation [mol/L/min]
ko = Reaction rate constant [12 /mol*.atm.min]
k = Reaction rate constant [I° /mol’ atm.min]

[Mn (II)], [MnO;] = lonic concentration [mol/L]

Both manganese (II) oxidation and removal rates follow the rates law of equation (1). The

rate dependence on the oxygen concentration can expressed as :

-d [Mn (I1)]

5t =k [Mn(1l)] [OH J*Po, | (2)

Therefore, k in equation (1) can be formulated as
k = k [OH T* Po, |
Where,
OH" =Hydroxide ion concentration [mol/L]

Po, = Partial pressure of oxygen [atm]

Graveland (1975) suggested another reaction rate equation for manganese. According to
Graveland overall manganese removal is also dependent on temperature, alkalinity as

well as rate of filtration and media diameter. His equation is expressed as,

-d [rinn ()]

—at = k.[Mn(ID].[0; ]. {[OH ]-107° }.{[4.32x10™ +[HCOy]}.
exp(-7000/T). V> dy ! (3)
Where,
[Mn(II)] = concentration of Mn(II) (mg/1)
t = time (sec)
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k = reaction rate constant (sec” )

[O:] = oXxygen concentration (mg/1)
[OH] = concentration of hydroxyl ion (g/1)
[HCOs] = bicarbonate concentration (mg/1)

T = temperature ( 0 Kelvin)
V, = Filtration rate (cm/sec)
dm = mean particle diameter (cm)

Aqueous Mn(I) is oxidized by reaction with dissolved oxygen. The reaction proceeds
through the aqueous Mn(OH), species, although the bimolecular rate constant of
Mn(OH), with O, is 10°? lower than that of Fe(OH),. The reaction product (Mn(III)), in
the absence of strongly complexing ligands, rapidly polymerizes to form Mn oxide solids,
which catalyze further Mn(I) oxidation. Hence, separating homogencous from
heterogeneous pathways in Mn(II) oxidation is difficult because they occur

simultaneously under most experimental conditions (Martin, 2003).
3.2.2 pE - pH and Eh- pH Diagrams for Manganese in Solution

In order to describe the stability relationships of distribution of various soluble and
insoluble forms of aqueous elements, two types of graphical analysis are essential been
used: first, equilibria between chemicai species in a particular oxidation state as a
function of pH and solution composition; second, equlibria between chemical species at a
particular pH as a function of pE (or Eyy). These diagrams can be combined into pE-pH
diagrams. Such pE-pH stability field diagrams show in a comprehensive way how proton
and electrons simultaneously shift the equilibria under various conditions and can indicate
which species predominate under any given condition of pE and pH (Stumm and Morgan,
1981). Natural waters are in highly dynamic state with regard to oxidation —reduction
rather than in or near equilibrium. Most oxidation-reduction reactions have a tendency to
be much slower than acid-base reactions, especially in the absence of suitable
biochemical catalysis. Nonetheless equilibrium diagrams can greatly aid attempts to

understand the possible redox patterns of water (Stumm and Morgan, 1981).

There 1s an analogy between acid-base and reduction-oxidation reactions. Acid-base

reactions exchange protons. Acids are proton donors and bases proton acceptors. Redox
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processes reactions exchange electrons. Reductants are electron donors and oxidants are
electron acceptors. As there are no free hydrogen ions (protons), there are no free
electrons. It implies that every oxidation is accompanied by a reduction and vice versa
(Jimbo and Goto, 2001). Like pH has been introduced as the proton activity, we may

introduce an electron activity defined as:

pE=-log{e” }

For as aqueous solution at a given pH each pE value is associated with a partial pressure
of H; and Q.. _
The equilibrium redox equations for these elements can be expressed in logarithmic form:
log Puz; =0 - 2pH - 2pE
log Po; =-83.1 + 4pH + 4pE

These equations can be rewritten as
pE=0 - pH- Y logPu,
pE=20.78 - pH - % log Po,

These equations can be plotted in a pE-pH diagram with a slope d pE/ d pH of -1 for both
lines. Similarly, pE-pH diagram for aqueous manganese can be developed using °

equilibrium equation (Considering solid concentration in pE equations equals 1 uM.):
¥, MnO, (s) + 2H™ + ¢ = % Mn*" + H,0O

Then at equilibrium,
[Red1] [Oxg]

. 1}
PE=PE™+log {55 [Reds]

» ]
pE = pE’ + log [Mn*"7” [Hfdj

OZET” T

=20.58 - ¥ log[Mn*" ] + 2log[H ']

pE? is the electron activity standard condition of temperature (25°C) and pressure (1 atm)

= 20.58.




Rewriting the above equation,
pE =20.58 - Yilog[Mn ** | - 2pH @)

Thus pE-pH diagram derived according to equation (4) is shown in Figure 3.2 for a total
manganese concentration 10° M at 25°C. The dashed lines show the water stability region
for 1 atm of gases. Above the top line, water should thermodynamically form O if
oxygen partial pressure is below 1 atm. Similarly, below the bottom line, water should
thermodynamically form H, if hydrogen partial pressure is below 1 atm. Natural
environments have a range of pE/pH values: for oceans pE = O, saturated, pH = 8),
surface waters of lakes and rivers {(pE = O, saturated, pH = 4 to 6), mine waters (pE = 02
saturated, pH = 1 to 3), groundwater and sediments (pE = 0 to 3, pH = 7 to 9), and
swamps (pE = 0 to -3, pH = 5 to 7) (Martin, 2003).

In the aqueous phase in the manganesé system, [Mn(H,0)s]*" is the unique dominant at
the commc;n pE and pH values of natural waters. Hydrolysis begins only for pH > 10,
while the stabilization of aqueous Mn(IIl) requires strong ligands. The white pE-pH
regions show where Mny is thermodynamically speciated entirely in the aqueous phase.
For instance, if the prescription of 10°M Mny initially includes solid species in the white
region, then it is predicted that these solids will dissolve. However, the dissolution rate is
slow compared to the timescales of days, weeks, and months usually relevant to the
environment. The gray pE-pH regions conversely show where some (viz. near the
boundary lines) or most (viz. moving inward in the gray region) of 10° M Mn7 should
thermodynamically include solid phases, with a small amount of aqueous manganese
species in equilibrium (e.g., 107 to 107 aqueous Mn). However, the precipitation rate
may be slow. For instance, in the absence of catalysis, aqueous Mn(Il) at pE = 10 and
pH= 8 persists for years in solution, even though oxidation and precipitation of Mn oxide
solid phases is thermodynamically favored. By increasing pH, super saturation increases

and Mn(II) oxidizes and precipitates (Martin, 2003).

However, the first solid to form is generally the least favored thermodynamically, a
phenomenon described as Ostwald’s rule of stages (Martin, 2003). For instance, Mn(III)
solids such as MnOOH form initially even when the free energy of formation for Mn(IV)
0, is gréater. The Mn(IV) oxides form only after long aging times of Mn(III)OOH
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(Martin, 2003).Stability relationship of aqueous elements can also be expressed by redox
potential (Eh) —pH diagram. Redox potential is defined as the oxidation or reduction

potential of a particular environment (Douglas, 1994).

The redox potential, a measure of the oxidizing power of a system, is a variable of major
importance in characterizing systems containing elements that exhibit more than one
oxidation state (Minear et al, 1982). There are some close relationship between Eh and
pH. Eh essentially measures the environments ability to supply electrons in an aqueous
solution (Jimbo and Goto, 2001). The relationship between pE and the redox potential, Eh

can be expressed as follows:

pe= FXxEh | (5)
23RT
Where,
F = Faraday’s number = 96485 C/mol = the charge of 1 mol of electrons
R = Gas constant = 8.314 J/mol K = 0.082057 liter atm / mol K.

Nernst Law provides the basis for measurement of redox potential . According to Nernst

Law (Jimbo and Goto, 2001):

2.3RT [ox]
Eh =Eh’ + ——log (6)
: nF [ red]

Where,
n = Number of electrons gained or lost

Eh® = Standard redox potential corresponding to the {ox} = {red} = 1.

From standard redox potential table it is found that for reduction reaction of Mn(Il) at
room temperature (25°C) is — 0.615 V (for half reaction; as in reduction reaction of

manganese two ¢lectrons are gained) (Jimbo and Goto, 2001).

Combining equation (5) and equation (6) and putting values of constants a Eh-pH
diagram can be developed. Figure 3.3 represents the Eh-pH diagram for manganese at
standard condition. In the figure, vertical lines separate species that are in acid-base

equilibrium. Non vertical lines separate species related by redox equilibria. Horizontal
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lines separate species in redox equilibria not involving hydrogen or hydroxide ions.
Diagonal boundaries separate species in redox equilibria in which hydroxide or hydrogen
ions are involved. Dashed lines enclose the practical region of stability of the water
solvent to oxidation or reduction (Douglas, 1994). This diagram is called Pourbaix

Diagram.

From Pourbaix diagram for manganese it can be observed that (Douglas, 1994):

« Strong oxidizing agents and oxidizing conditions are found only at the top of
Pourbaix diagrams.

« Strong oxidizing agents have lower boundaries that are also high on the diagram.
In the diagram it is shown that permanganate is an oxidizing agent over all pH
ranges. It is very strongly oxidizing even at low pH.

_ e Reducing agents and reducing conditions are found at the bottom of a diagram and
not elsewhere. Strong reducing agents have low upper boundaries on the diagram
and it can be noticed that manganese metal is a reducing agent over all pH ranges
and is strongest in basic conditions.

« When the predominance area for a given oxidation state disappears completely
above or below a given pH and the element is in an intermediate oxidation state,
the element will undergo disproportionation, therefore, MnO,* tends to become

disproportionate.
3.3 FACTORS AFFECTING MANGANESE OXIDATION

The oxidation and control of manganese reactions is complicated by factors that ranges
from misunderstanding of reaction chemistry to the relatively slow Kinetics and the
numerous oxidation states (Montgomery, 1985). Further adding to the complexity of
manganese chemistry is the fact that there are difficulties with analytical techniques used
to remove manganese. The gross analytical techniques do not allow for differentiation of
the speciation of the manganese. Therefore, presumptions are made with respect to the
oxidative states of manganese without through knowledge of its speciation (Montgomery,
1985). However, in general, the removal of manganese is greatly influenced by some
environmental parameters, such as pH, dissolve oxygen, temperature etc. Some of these

factors are discussed below.
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Figure 3.1 Forms of Manganese in aqueous solution
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3.3.1 Effect of pH

Oxygenation kinetics equation for manganese (Equation 2) clearly shows that rate of
reaction of Mn (II) has a second order relationship with hydroxyl ion concentration which
indicate that an increase in one pH unit, cause 100 fold increase in rate of reaction
(Stumm and Morgan, 1984). The pH dependence of Mn(Il) oxidation is shown in Figure
3.4. Reaction of Mn (II) with O, 1s at least 10° times slower than that occurs for iron (1)
oxidation at circumneutral pH (Martin, 2003). Only for pl > 8 does the reaction rate

become appreciable.

According to Marble et al (1998), overall mass transfer of Mn(II) from solution to active
sites at the surface decrcases as pH decreases because of competition with H'. As
reported by Bensghoten and Lin (1992) sorption of Mn (II) in excess of 0.5 mol of Mn(IT)
adsorbed per mole of MnQj; (s), where as the capacity of oxide surface at pH 9 is about 2
mole of Mn(II) adsorbed per mole of MnQ; (s). However, strong oxidizing agent like
permanganate or chlorine dioxide can effectively oxidize manganese at a pH range from 5
to 10 (Samblebe, 2003). But for slow oxidizing agents like chlorine, it is necessary to

raise the pH above 8.5 for effective oxidation reaction of manganese (Samblebe, 2003).
3.3.2 Presence of Organic Matter

Mn (1) is capable of forming complexes with organic matter and as such, is resistant to
oxidation. The relative strength of such complexes has a stability constant of
approximately 10% (Shahid, 1998). Again, presence of oxidizable organics or inorganics
in the water reduces the oxidation effectiveness of the oxidizing agent (e.g., chlorne,
permanganate, etc.) used to remove manganese from water because some of the applied
dose will be consumed in thé oxidation of organics ar}d inorganics. Permanganate
oxidizes a wide variety of inorganic and organic substances in the pH range of 4 to 9

(Hazen and Sawyer, 1992).
3.3.3 Effect of Temperature

Change in temperature can affect the oxidation reaction rate of manganese. As ionization

constant of water is dependent on temperature variation, which in turn effects hydroxyl
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ion concentration of water. On this basis, from oxidation reaction Kinetics it can be found
that at a given pH value, the rate increases about 10 fold for a 15° C increase in

temperature (Shahid, 1998).

A number of research review indicates that oxidation rate gets slower with decrease in.
temperature (Benschoten and Lin, 1992). As reported by Montgomery (1985), oxidation
of manganese by permanganate solution needs a contact time of 5 mins at 20° C and a

contact time of 10 mins at 1° C.
3.3.4 Presence of Dissolved Oxygen

As stated in equation (2), the rate of manganese oxidation is of the first order with respect
to the partial pressure of oxygen, Po, (Stumm & Morgan, 1981). It is also observed that
above about 30% of saturation value of dissolve oxygen, there exhibits no significant
dependence on concentration of dissolve oxygen. Below this value the net rate of Mn(II)
removal was approximately first-order with respect to DO concentration (Marble et al,

1999) The DO dependence of the observed net rate of removal is presented in Figure 3.5.

Many other researchers [e.g., Graveland, 1975; Tebo and Emerson, 1985; etc] reported
no dependence of the rate of Mn(lI) removal on DO above concentrations of about 1
mg/L(i.e~ 12% air saturation, or 0.03 mM) and an approximate lincar dependence at

lower DO values (Marble et al, 1998).
3.3.5 Mn (II) Concentration in Solution

As described in Marble et al (1999), the net rate of Mn (II) removal is directly
proportional to Mn (II) and that a simple first-order dependence on Mn (II) is a
reasonable assumption. The dependence of the net rate of removal of Mn (II) on Mn(Il)
concentration is shown in Figure 3.6. However, it is apparent from the Figure that the net
rate of Mn(Il) removal does not extrapolate to a zero intercept at zero Mn(ll)

concentration.
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In other studies [e.g., Tebo and Emerson, 1985; Tebo et al, 1997] of Mn (II) removal
(oxidation) in microbially active media, it has been demonstrated that the rate of Mn (II)
removal is consistent with a Michaelis-Menten-type of rate expression (Marble et al,

1998).

-d[Mn(ll}] _ vV [Mn (1] -
dt = Vo ¥ ()] + K, Q)
Where
Vo = maximum rate (nM/sec)

K., = Michaelis constant

The study by Marble et al (1998) found that it was more difficult to remove Mn when the

initial concentration was low, regardless of the oxidant used.

3.3.6 Effect of Alkalinity

As stated in Stumm and Morgan (1985), sorption capacities of Mn (II) increases at
slightly alkaline solutions as low alkalinity waters tend to dissolve minerals and metals.
Figure 3.7 shows removal of manganese in bicarbonate solution (Stumm and Morgan,
1985). As indicated by Graveland (1975) in his manganese oxidation rate equation that
manganese oxidation rate is directly dependent on bicarbonate alkalinity. A review of
research involving reactions of permanganate and Mn(II) indicates that experiment often
carried out in acid media to avoid complications that arise from precipitation of Mn (II)
oxides and heterogencous oxidation reaction (Benschoten and Lin, 1992). There is lack
of clear information about the mechanism of direct effect of alkalinity on manganese

removal.

3.3.7 Presence of Oxide Surfaces

The rate of Mn(II) oxidation by O; is catalyzed by metal oxide surfaces (>S). These
surfaces are terminated by hydroxyl groups (>SOH), which bind Mn(II) as (>SO);Mn.
The inner-sphere surface complexes promote rapid oxidation. The catalysis occurs both

on foreign surfaces, e.g., Mn(Il) on FeOOH and also for the special case of autocatalysis,
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e.g., Mn(II) on MnOOH producing additional MnOOH (Martin, 2003). As reported by
{

Bensschoten et al (1992), the kinetics of the reaction rate can be expressed as:

-d [Mn (I1)] (>SOH) [Mn (I1)] (8)
dt =k x A x Po, HT

Where,
(>SOH) = surface concentration of hydroxyl sites
A = mass solids concentration

Po; = Partial pressure of oxygen.

The surface hydroxyl site concentration is hypothesized to be proportional to the
concentration of surface Mn(Il) species (Bensschoten and Lin, 1992). Reaction rates at
surfaces are given either as the conversion rate per unit surface area of the foreign surface
(mol/m®-s) or as the conversion rate per liter of a particulate suspension (M/s). The later is
the basic observable in experiments employing particulates, whereas the former is a more
intrinsic measure, which can be estimated for a suspension of known loading (g/ L ) and

specific surface area (m*g ) (Martin, 2003).

Again in autocatalytic reaction, heterogeneous oxidation occurs when the product of the
oxidation further accelerates the reaction rate. For example, the oxidation of Mn(II)
produces MnOOH(s), as follows:

- homogeneous .
O, +4 Mn“ +6 HO —» 4AMnOOH (s) +8H 9

or heterogeneous

~ As the reaction proceeds, the MnOOH(s) surface area and hence the heterogeneous
reaction rate increase. The rate laws of autocatalysis are less precise than those of
heterogeneous reactions on foreign mineral surfaces. Detailed descriptions for the
autocatalysis pathways are hindered both by the complexities of separating homogeneous
from heterogeneous pathways and by limitations in characterizing the increasing mineral

surface area and the altering mineral phases during reaction (Martin, 2003).
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3.3.8 Presence of Reductive Substances

Reductants rapidly accelerate manganese oxide dissolution. Examples of reductants are
ascorbic acid, hydrogen sulfide, and phenols. A reductant typically forms an inner-sphere
complex at the surface, though not always so. When an electron is transferred to a
Mn(III/TV) oxide, a surficial Mn(II) ion locked inside an oxide lattice is formed. Because
Mn(1l) oxides are much more soluble than the corresponding higher oxides (Figure 3.2},
rapid Mn(TT) depolymerization occurs, which is followed by release to the aqueous phase

of Mn(II).
3.3.9 Effect of presence of Metal Ions

Unlike iron (II), metal ions like Cu" and complex formers do not appear to have any
PP

marked effect upon reaction rate of manganese (Stumm and Morgan, 1985).
3.4 MANGANESE REMOVAL TECHNIQUES

If manganese is present in a water source, there would be two basic options — obtain an
alternate water supply or use some type of treatment to remove the impurity. Selection of
appropriate option for manganese contaminated water depends on various factors, such as
concentration of manganese, availability of alternate sources etc. Use of alternate source
instead of groundwater is less preferable from cost as well as bacteriological
contamination view point. Therefore using groundwater with suitable treatment for

manganese removal would be more appropriate.

3.4.1 Factors that must be known when choosing a Treatment Process

Type of Manganese Present

Manganese may be present in any of three different forms ranging from clear to

discolored as described below. Not all treatment methods work on all forms of manganese

(Vamer et al, 1994).
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1. Water is totally clear when drawn from the tap: Manganese is present in the dissolved

form. The term "Clearwater manganese” is often used to describe this form. The
scientific name for clearwater Manganese is called "manganous".

2. Water is rusty colored when drawn from the tap: When exposed to oxygen or other

oxygen like chemicals, clearwater manganese will precipitate to form fine blackish
(manganic) "rust” particles. The tendency to precipitate is also influenced by changes
of water temperature, pressure, pH and other factors. It is this precipitated form which
stains water use fixtures and discolors laundry. These rust particles will settle if the
water is not disturbed.

3. Water has a yellow tint, but is totally transparent and the color does not settle out with

time: In this case the manganese is probably combined with dissolved organic matter
in the water. This is commonly called colloidal iron. It is more commonly found in
surface water than in groundwater; thercfore, you should also have the bacterial
quality of your well checked if this form is present. Testing for the organic

‘components of tannins is also suggested.

This form of manganese will not settle out when the water is undisturbed, is too small
to be removed by filtration, and cannot be effectively treated by ion exchange (i.e.,

water softener). Colloidal manganese is very difficult to remove.
Water Quality Tests

In order to determine which treatment process will work for a particular water quality; it
is essential to know certain water quality factors. Typically important factors for

manganese removal include (Samblebe, 2003):

e The concentrations of manganese.
¢ pH and hardness.
» Dissolved oxygen for some treatment types; this must be field measured.

e The presence of manganese bacteria.
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3.4.2 Overview of All Categories of Treatment

Generally speaking, there are two basic methods for treating water containing manganese
either by exchanging manganese with any other cation or by oxidizing soluble manganese
to precipitate as insoluble form(s). The diagram below shows the treatment options for

manganese removal,

Oxidation processes, both physical-chemical and biological basically involves oxidation-
raction and surface adsorption followed by suitable filtration option. Surface adsorption is
influenced by autocatalytic behavior of manganese. It is also dependent on the type of
oxidation procedure used to remove manganese. A separate explanation for each type of

manganese removal processes is summarized in Figure 3.8.

Manganese Removal

4/\

Oxidation ' Ion Exchange
(e.g. lon exchange
—»Molecular oxidation followed using water softener)

by filtration (Aeration)

~PChemical oxidation followed by
filtration { KMnQ,, Cl; etc.)

—POxidation filter (manganese
green sand filter, zeolite filter)

~—PBiological oxidation

Figure 3.8 : Commonly Used Manganese removal Techniques

3.4.3 Removal of Dissolved Manganese Using Water Softeners

A water sofiener removes manganese, which is in the dissolved "clearwater" form.
Softening also removes calcium (Cat++) and magnesium (Mg++) ions which are the

primary minerals responsible for "hard" water. The treatment process consists of passing
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the water through an ion exchange resin media bed. The manganese ions and also calcium
and magnesium ions in the water are "exchanged" for sodium (Na+) ions which have

been temporarily stored in the resin material (Kassim, 1994). .

As the hardness and manganese are removed from the water, sodium is added
proportionally. For every 10 mg/! of hardness and manganese removed, approximately 5
mg/] of sodium will be added to the treated water. For those concerned with elevated
sodium levels in their drinking water, potassium chloride (KCI) can be used in place of
sodium chloride (NaCl). The cost of potasstum chloride is higher than sodium chlonde

(Ficek, 1985).

Eventually the removal capacity of the ion exchange resin material will become
exhausted and the media will need to be rejuvenated. The rejuvenation process begins
with a physical backwash of the media. The resin is then immersed in a strong salt brine
solution. The sodium from the salt enters the resin and displaces the previously removed
manganese and hardness. After a period of time (approximately 20 minutes), the
remaining brine, along with the displaced manganese and hardness are flushed out of the
device and disposed of into a dry well, septic tank or sewer. Studies by the Water Quality
Association (a trade organization of the home water conditioning industry) indicate that

waste brine does not injure leach fields or septic tanks (Kassim, 1994).

Ton exchange softening is described as effective for water containing less than 2- 5 mg/L
of dissolved (i.e., colorless) manganese. The system will not work at all where the
manganese has turned to a rusty color. Other aspects of water quality are not overly
important. Where both manganese and hardness are high, softening is an appropriate

treatment technique (Seelig, 1992).

Where manganese is bound to organic matter, or concentrations of manganese is very
high, manganese bacteria is preseﬁt, a strong oxidizing substance must be applied before
filtration. The most commonly used chemical in these systems is household bleach
(hypochlorite) ihj ected ahead of the pressure tank. This procedure disinfects the water and
at the same time oxidizes iron (if present), manganese, and organic matter, which will
then precipitate. Sedimentation and/or filtration are then needed to remove the

precipitants. Activated carbon units or reverse osmosis units should then be used to
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remove the remaining chlorine and possible halogenated hydrocarbons created from
organics. Final choice of the method will depend on manganese concentration, pH of

water, and the presence of the bacteria (Sharma et al, 2001).
Advantages of Water Softening

-Softener resin can be rejuvenated and re-used.

- JIon exchange can consistently remove dissolved Fe/Mn from water to extremely
low levels.

- There are lower backwash water requirements than oxidizing filters.

- The manganese removal is not appreciably affected by pH.
Disadvantages of Water Softening

- Softening will not operate satisfactorily if manganese bacteria or rusty colored water
exists, even if occasionally. If particles are present, a sediment filter is often placed
before the resin tank (Samblebe, 2003).

- The softener and iron filter are effective only if the manganese is not bound to organic
matter and there are no iron or manganese bacteria in the water. The oxidizing media of
the iron filters are not strong enough to break these materials down. In such case it is
necessary to pre-oxidize water with appropriate oxidizing agent e.g., permanganate,
bleaching powder etc (Sharma et al, 2001).

- A water sofiener will not remove hydrogen sulfide odor.

- Water softeners produce waste brine that must be disposed off. In absence of a sewer or
other suitable drainage system, disposal of the waste brine will likely be into the
ground. This creates the potential of polluting the groundwater. This disposal
consequence can be lessened by minimizing the number of backwash rejuvenation

cycles (Samblebe, 2003). S

New water softeners allow the frequency of softener rejuvenation cycles to be reduced.
The controls on these devices include: those that measure the water's electrical
conductivity or those that measure the volume of water treated. In each case, rejuvenation
is triggered based on actual need rather than the passage of time. Excessive backwash

needlessly increases salt use and the generation of waste brine (Sharma et al, 2001).
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3.4.4 AERATION FOLLOWED BY FILTRATION

Aeration can be used to oxidize manganese ions to manganic dioxide. However, the
kinetics of oxidation by oxygen is slow in typical water treatment conditions and so a
long detention time is required especially at pH less than 8.5 (Raveendran et al, 2001).
Aecration is useful as an option to oxidize manganese in reservoirs. The reaction between

manganese and molecular oxygen is:
2Mn®" + 0y(g) +2H;0 = 2MnO, (s) +4H"  (10)

The amount of molecular oxygen required to oxidize manganese can be obtained from
stoichiometric relation of manganese oxidation as shown in Table 3.1, which shows that

0.29 mg O; is required to oxidize per mg of manganese.

Operation of the aeration process requires careful control of the flow through the process.
If the flow becomes too great, not enough air is applied to oxidize the iron and
manganese. If the flow is too small and the aeration is not cut back, the water can become
saturated with dissolved oxygen and, consequently, become corrosive to the distribution
system. During aeration, slime growths may be created on the aecration equipment. If
these growths are not controlled, they could produce taste and odor problems in the water.
The growth of slime can be controlled by the addition of chlorine at the head of the
treatment plant. The process should be inspected regularly to catch the problems in their

early development (Seelig, 1992).

Manganese removal by simple aeration requires longer contact time depending on
manganese concentration present in water. Basically for lower manganese concentration
higher reaction time is required, even as high as contact time of 1 to several hours may be
needed (Montgomery, 1985). This may due to the autocatalytic behavior of manganese
and presence of higher concentration accelerates removal. Aeration is ineffective in
oxidizing organically bound manganese. Due to involvement of high cost, complexity in
pH adjustment and being time consuming, aeration can only be used as a preliminary
treatment to oxidize manganese. Where further oxidation is necessary an oxidizing agent

must be introduced to reduce the manganese levels (Raveendran et al, 2001).
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After reaction and precipitation of insoluble manganese, the water is allowed to flow
through a filter where various filter media are used to screen out oxidized particles of
manganese and some elements co precipitated with manganese. The selection of media is
important. The media should have a large effective size (>1.5 mm) to reduce head loss
and should not have a low uniformity coefficient (Montgomery, 1985). The most
important maintenance step involved in operation is periodic backwashing of the filter.
As manganese oxidation is slower than for iron, it requires greater quantities of oxygen

(Seelig, 1992).
Advantages of aeration

- No foreign chemicals are added to the water.
- Low labor cost.
- Can handle a wide range of manganese concentration in water.

- Can often reduce some odor.
Disadvantages of aeration

- Aeration is not recommended for water containing organic complexes of manganese or
manganese bacteria that will clog the aspirator and filter.

- Generally acration involves high capital costs and high running costs.

- Aeration alone cannot completely oxidize all manganese at pH less than 10  (Seclig,

1992) and without longer detention time.
3.4.5 OXIDIZING FILTER

An oxidizing filter treatment system is an option for moderate levels of dissolved iron and
manganese at combined concentrations up to 15 mg/l. The filter material is usually
natural manganese greensand or manufactured zeolite coated with manganese oxide,
which adsorbs dissolved iron and manganese. In thi§ adsorption process Mn3;0y acts as a
catalyst on which Mn?' is adsorbed Mn*"gets oxidized toﬁMn3.O4 while older MnyO4 gets
oxidized to MnQO, (Sharma et al , 2001).
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As water is passed through the filter, soluble iron and manganese are ﬁulled from solution
and later react to form insoluble iron and manganese. Insoluble iron and manganese will
build up in the greensand filter and must be removed by backwashing. Backwashing
should be done regularly twice a week or as recommended by the designer (Seelig . 1992)

Synthetic zeolite requires less backwash water and softens the water as it removes iron
and manganese. The system must be selected and operated based on the amount of
dissolved oxygen. Dissolved oxygen content can be determined by field test kits, some

water treatment companies or in a laboratory (Kassim, 1994).

Manganese greensand is a specially processed medium for iron, manganese, and
hydrogen sulphide removal. Manganese greensand is a premium non-proprietary filter
medium which is processed from glauconitic greensand on which a shiny, hard finite
thickness manganese oxide coating is formed and is firmly attached on every grain by a
controlled process. This process utilizes the ion exchange properties of greensand to form
a manganese base material which is converted to manganese oxides by oxidation with
potassium permanganate. Manganese greensand contains 0.3% manganese or 0.45%

manganese dioxide.

This material has a high buffering or oxidation- reduction capacity due to the well defined
manganese oxide coating. Actually, the manganese greensand can oxidize over 300 grains
of manganese per cubic foot or reduce over 1 oz. of potassium permanganate per cubic
foot, by far the most of any iron and manganese removal filter media. The grains of
manganese greensand are of both the size and shape to capture the fine precipitates of
iron and manganese which pass through the upper coarse anthracite layer during normal
service conditions. No expensive polymer or other filter aid is needed to prevent leakage

of these oxidation products (Gregory, 1996).

Acidity or pH of the water will influence the ability of the filter to remove both iron and
manganese. If the pH of the water is lower than 6.8, the greensand will probably not
adequately filter out the iron and manganese. The pH can be raised above 7.0 by running

the water through a calcite filter (Seelig, 1992).
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Advantages of oxidation filter

- The manganese greensand process requires no detention time, no secret expensive filter
media, no high concentration of chlorine, and no sulphur dioxide (Gregory, 1996)

- Optimum grain size and shape to retain oxidation precipitation products of iron and

, Mmanganese (Gregory, 1996) ‘

- Unequalled oxidation-reduction buffer capacity. Can tolerate slight over or underfeed of
continuously fed oxidants (Gregory, 1996).

- Manganese oxide coating is not removed during backwashing (Gregory, 1996).
Disadvantages of oxidation filter

- High level of dissolved oxygen must be present for effective removal.

- Oxidizing filter size should be suitable to source water output. Where well output is low
and the required filter size is large, two smaller filters might be substituted so that each
can be backwashed separately. This isolation would be expensive however.

- Backwash requirement is greater than that for softening process (Kassim, 1994),
3.4.6 Chemical Oxidation Followed by Filtration

High levels of dissolved or oxidized manganese can be treated by chemical oxidation,
using an oxidizing chemical such as chlorine, permanganate, or sodium hypochlorite,
chlorine dioxide or ozone, followed by a sand trap filter to remove the precipitated
material. This treatment is particularly valuable when manganese is combined with

organic matter or when manganese bacteria are present (Varner et al, 1994),
Chlorine

Chlorine is a stronger oxidizing agent than oxygen. Chlorine forms hypochlorous acid
when dissolved in water. For manganese oxidation chlorine needs to be added at the head
works or just before filtration. After a retention time of at least 20 minutes to allow for
oxidation of soluble manganese into the insoluble manganic form, the solid particles are

filtered out (Seelig, 1992). The chemical reaction can be written as:
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Mn®" + Cl; +2H;0 = MnO, (s) +2CI +4H" (11)

Stoichiometric relation indicates that (Table 3.1) about 1.29 mg of Cl; dose is needed for
per mg of manganese removal. Even though, the stoichiometric requirement of chlorine is
less than potassium permanganate, in practice the chlorine requirement has been found to

be much higher due to the chlorine demand by organic carbon (Raveebdran, et al, 2001).

As chlorine is a weak oxidant, manganese removal by chlorination would not be very
effective until pH is raised above 8.5 and for high level of manganese it is often needed to
raise pH above 9.5 (Benschoten et al, 1990). Moreover, it required alkaline conditions to
oxidize manganese. Soda ash injected with the chlorine will increase the pH to optimum
\ levels. Adjusting the pH to alkaline levels also reduces the corrosivity of the water to

pipes and plumbing (Seelig,1992)

Pre-chlorination has a higher potential to react with org'anic compounds and to produce
trihalomethane (THM) which is carcinogenic. Chlorinators and appropriate safety
equipment are required to dose chlorine (Samblebe, 2003). When chloﬁne is used, the
treated water can have an unpleasant taste if a particle filter of calcite, sand, anthracite, or
aluminum silicate is used. To overcome this problem, use of an activated carbon filter can
remove both excess chlorine and solid manganese particles. The insoluble materials
produced by chlorination may be highly dispersed and therefore coagulation and filtration
is required (Montgomery, 1986). Frequent backwash is needed for effective removal

(Singer, 1988).

Sodium Hypochlorite

Sodium hypochlorite also forms hypochlorous acid when dissolved in water. The sodium
hypochlorite reaction slightly increases the pH whereas the reaction of chlorine gas
slightly reduces the pH. Commercially available sodium hypochlorite has a concentration
of 12.5 %. Large quantities of sodium hypochlorite required to achieve adequate Mn

removal. Even though sodium hypochlorite is about twice the cost as equivalent chlorine
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gas, sodium hypochlorite is used only in small systems due its ease of handling and safety

(Singer, 1988).
Potassium Permanganate

Although oxidation of manganese by KMnO4 is slower than ClO; and ozone, it is most
extensively used in oxidation purposes as it is easily available in almost everywhere
(Minear et al, 1982). Potassium permanganate is a stronger oxidant than chlorine and
sodium hypochlorite. Whilst it is effective in oxidizing manganese, it has also been used
for the treatment of taste and odor problems in water supplies (Boman et al, 1999). Unlike
chlorine, the reaction of potassium permanganate with organic compounds will not
produce trihalomethanes but will actually reduce them (Singer, 1988). The stoichiometric

equation for manganese ion oxidation by potassium penﬁanganate is given as below.
3Mn?" +2KMnO, + 2H,0 = 5MnO; (s) +2K' + 4H" (12) -

This reaction shows that alkalinity is consumed through acid production at the rate of
1.21 mg/L as CaCO; per mg/L. of Mn"? oxidized. This consumption of alkalinity should
be considered when permanganate treatment is used along with alum coagulation, which
also requires alkalinity to form precipitates. According to the stoichiometric equation
(Table 3.1), it would require 1.92 mg of potassium permanganate to oxidize 1 mg of
manganese ion. In practice, the actual amount of potassium permanganate used has been
found to be less than that indicated by stoichiometry. It is thought that this is because of
the catalytic influence of MnO2 on the reactions (O’Connell, 1978).

Permanganate being highly reactive oxidant, adsorption of Mn(Il) to the oxide surface is
the rate-limiting step that is rapid surface oxidation reaction is less effective for low
manganese concentration (Benschoten et al, 1992). Where as in contrast for less reactive
oxidants like chlorine, surface adsorption is rapid relative to solution and surface
oxidation reaction. Generally a detention time of 5 to 15 minutes is recommended for

manganese removal (O’Connell, 1978).

According to a study by Desjardins, oxidation of manganese by potassium permanganate

occurred in less than 5 minutes where the manganese was not in a complexed form
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(Graveland and Heertjes, 1975). As permanganate is very strong oxidizing agent, it is
capable to remove manganese over a wide pH range of 5-10 (Samblebe, 2003). But for
rapid oxidation it is preferable to raise pH above 7.0 (Benschoten et al, 1992). Slight
overdosing of permanganate (up to 0.1 mg/L) has been found not to cause any adverse
effects (Raveendran et al, 2001), but presence of excess permanganate produce pink color
to the water. Although the cost of permanganate is more than that for chlorine, it has been
reported to be as efficient and may require co‘nsiderably less equipments and capital

investment (Montgomery, 1986).

In order to remove manganese, potassium permanganate is usually added to solution
ahead of a filter. After reaction, oxidized water is delivered to this filter media to remove
oxidized substances and as well as color (if produced). Usually manganese green sand, or
silica or even anthracite can be used as filter media (Montgomery, 1985). Greensand

media requires periodic regeneration with potassium permanganate solution.
Chlorine Dioxide

Chlorine dioxide or ozone is extremely rapid under most solution conditions (Benschoten,
and Lin 1992). ClO; has relatively higher oxidation potential than ozone and potassium
permanganate. C10; is capable to reduce residual manganese concentration to a level less
than 10 ug/l. within 60-120 sec when manganese concentration is within 1,000 pg/L
(Gregory and Carlson, 1996). The stoichiometric cquation for manganese ion oxidation

by ClO; s given as below (Benschoten and Lin, 1992).
5Mn™ + 2ClO, + 6H;0 = 5MnO,+ 12H* + 2CT (13)

From this equation it can be found that about 2.45 mg of C10; is needed to oxidize 1 mg
of soluble manganese. However, as CIO; is a strong oxidizing agent, during oxidation,
relatively less amount of dose is required (Gregory and Carlson, 1996). Best results are
obtained when the pH is greater than 7 (Stevens, 1982). Chlorine dioxide has also been
reported to oxidize organically bound manganese (Masschelein, 1979). One impqrtaht

advantage of chlorine dioxide oxidation is that it does not produce THMSs during

oxidation like chlorine (Stevens, 1982).




However, excessive dosing may lead to increase in C1” concentration especially at pH less
than 7 (Benschoten and Lin, 1992). The chlorine dioxide is a so strong oxidant that reacts
with organic material to produce a variety of oxidized by-products. Practicing indicated
that C10;" produced hemolytic anemia at lower exposure levels than thése required to
produce significant increases in methemoglobin. Additional studies extended these
findings to chlonne dioxide and Cl0O;". Chlorite remained the most potent of the three
chemical species for causing signs of hemolytic oxidative stress in animals (Cao rui yu et
al, 2001). These factors often limit the use of Chlorine dioxide as oxidant in removal of

manganese and iron (Cao rui yu et al, 2001).
Ozone

Ozone is 12.5 times more soluble in water than is oxygen, leading to better mixing in
water treatment (Evans, 1972). Also, the products of its reaction with organics are
oxygen, carbon dioxide, and water. This prevents the incomplete disinfection products
that could lead to trihalomethanes (THMs) in drinking water. Ozone is effective against
odor-producers because it can easily oxidize these unsaturated compounds. Although
ozone is extremely rapid under most solution conditions, it is rarely practiced for
oxidation of manganese (Benschoten and Lin, 1992). Ozone may not be effective for
oxidation in presence of humic or fulvic materials. When ozone is applied to water,
excess air or oxygen is applied in sufficient quantities to supersaturate the dissolved
oxygen content of the water. The excess transferred oxygen 1s of concern due to its effect

on accelerating corrosion rates and out gassing via effervescence. The stoichiometric

equation' for manganese ion oxidation by ClO; is given as below (Benschoten and Lin,

1992).

2M™* + O3 (g) +2H,0 = 2MnO; () + 4H'  (14)

From stoichiometric relation it can be found that about 0.44 mg ozone is reqired for 1 mg
manganese oxidation. Oxidation with ozone often results in Mn®" greater than 20 ug/L
and increasing TOC concentrations causes increasing Mn’' residuals (Gregory and
Carlson, 1996). It is necessary to control appropriate dosing of ozone as overdosing due

to ozone’s ability to oxidize Mn>" to Mn’* or permanganate. The formation of
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permanganate and the resulting pink water are drawbacks to the use of ozone

manganese removal (Montgomery, 1985).

Table 3.1 Stoichiometry of Manganese Oxidation

. Hydrogen ion produced | Alkalinity destroyed as
e Dose required ¥
Oxidizing agent er mo of Mn as H" per mg of Mn CaCO; per mg of Mn
P & removal removal
Oxygen 0.29 (as O) 0.04 1.80
Permanganate, 1.92 (as
0.02 1.21
KMnO, KMnO.) _
Chlorine, Cl; 1.29 (as Cl,) 0.07 3.64
Chlorine
2.45 (as ClO;) 0.06 0.73
Doxide, C10,
Ozone, O, 0.44 as (0,) 0.05 1.82

for

- Not given (Source: Raveendran, 2001; Benschoten and Lin, 1992; Gregory and Carlson, 1996)
3.4.8 Biological Oxidation

When manganese is in complexed with substances like humic acids, polyphosphates,
silica etc., rémoval of manganese by simple physical-chemical processes may become
ineffective. In such cqndition biological oxidation can be utilize to remove manganese
from water. In biological oxidation process manganese is oxidized by several types of
bacteria, such as Lepothrix, Crenothrix, Siderocapsa, Mettallogenium Pseudomonas etc
(Sharma et al, 2001). These bacteria which can remove iron or manganese are referred to
as ‘Iron Bacteria’. In general, these bacteria are found wherever there is a detectable level

of iron or manganese in water.

Similar to chemical oxidation, biological oxidation of manganese is highly dependent on
pH and redox potential of water. Manganese oxidation by ‘iron bacteria’ requires higher
oxidation - reduction potential (ORP) values (Eh > 300 mv) than that for iron and pH of
water should be greater that 7.5 for effective removal. Oxidation occurs according to
some variation of the following three step reaction (Gage et al, 2001):

Mn*" + O, =MnO, + Energy

Mn?*+ MnO, =MnO,Mn*'

MnO;Mn** + 0, = 2MnO;
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Once a biological iron or manganese removal plant is constructed, the system must be
given time to ‘seed’ with bacteria naturally present in the water source. This seeded
biomass is naturally and continuously regenerated during the life of the plant and 1s
periodically partially removed through backwashing. For manganese removal plants the
seeding time can be considerably longer, anywhere from 3 weeks to 3 months (Gage et al,

2001).
Advantages of biological oxidation process

- Smaller sized plants can be used because of higher applied filtration rates, (sometimes
in excess of 50 m/hr versus 10 — 15 m/hr) or because aeration and filtration can take
place simultaneously in the same vessel.

- Longer filter runs because manganese retention in the filter due to the formation of
more dense precipitates and the use of a more course media

- Produce denser backwash sludge that is easier to thicken and de-water

- Higher net productions due to less water being required for backwashing and being able
to use raw water for the backwash; less frequent backwashing is needed

- Require no chemical addition; and no deterioration of water quality over time;

- Lower capital and operating costs through the elimination of chemicals. -
Disadvantages of biological oxidation process

-Difficult to control as the process occurs naturally
-Responsible bacteria require more stringent conditions for effective oxidation

- Not suitable for small scale removal
3.4.8 Filtration

The filtration step involves the final removal of manganese from the water. It therefore is
a critical link in the process. There are two basic types of filters that are used; gravity high
rate filters and pressure filters. Basically, they include a means of introducing the water,
the filter media and a coliection system for the filtered water. The collection system also

serves as a distribution system for the backwash water used to clean the filters. The
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selection of filtration media and operational cycle of a gravity filter is somewhat similar

to that of a pressure filter.

The media for the filters can include anthracite filter material, sands and manganese
greensand together with the support sands and gravels. If manganese removal is not
required then the filter can be anthracite and sand, sand only or anthracite only. On the
other hand, if manganese removal is required, then normally manganese greensand is
used. If there are any significant iron levels present, it is beneficial to have an anthracite

cap on top of the manganese greensand to protect it from a lot of iron sediment.
There are two basic operations associated with filtration. They are described below:

(a) Rate of Flow

"fhe filtration step includes application of water uniformly to the top of the filter. Often
the rate of water application is described in relation to the area of the filter surface. The
application rate can be expressed in cubic meters per hour of water per square meter of
area (meters per hour) or gallons per minute per square foot. The rates that can be
appropriately used will depend on the raw water quality, the pretreatment provided and

the media used in the filter.

A typical rate for filtration would be 6 meters per hour (m/hr) or 2 gallons per minute per
square foot (2 gpmv/ft?) although some filters Ihay have been designed for higher rates.
Normally, the lower rate will permit a better operation and subsequently less treatment
and filter problems. The under drain system should be so designed that the water can be
collected evenly from the filter. This type of system can be either a hub or lateral system
which has a spoke type configuration or it could be a system of evenly spaced nozzles or
collectors on a false bottom. The use of fine porous plates is normally not recommended

for manganese removal since the small pore size is susceptible to clogging.

(b) Backwashing

The cleaning or backwashing of a filter is one of the most important aspects of filter
operation. The process is to reverse the flow upwards from the under drain or distribution
system up through the filter and waste that water. The cleaning action arises from the

expansion of the bed and the rubbing of the filter particles so that all of the deposits
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become free and pass out in the wastewater. For effective backwashing, it is important
that the rate of water applied be sufficiently large to permit a good expansion of the bed.
This rate is also expressed as a water flow per unit area of filter. Typical backwash rates
would be in the order of 60 to 70 meters per hour or 10 to 12 gallons per minute per

square foot.

~ It is important that the distribution water bé uniformly applied so that the entire filter bed
is expanded evenly. Backwashing is normally carried out until the wastewater turns clear.
The backwash water is then stopped and the filter is rinsed to waste before placing it into
service. For manganese greensand, an air scour or air wash system is also useful to ensure
the media becomes clean. This air wash is normally used during the backwash cycle after
the filter has been initially flushed. It is also important that treated water is used to

backwash and clean the filter media, particularly in the case of manganese greensand.

A brief description of common manganese treatment options and their suitability is shown

in tabular form in table 3.2.

3.5 TREATMENT TYPES NOT RECOMMENDED

3.5.1 Magnetic manganese Removal Devices

The Water Quality Association (the professional association representing the home water
treatment industry) has indicated that there is no proof that magnetic manganese removal
devices are effective (Cameron an Bourgin, 1995).

3.5.2 Electrodialysis

This process will become clogged by any rust particles, manganese bacteria, silt etc. The

trcatment membranes cannot be rejuvenated and new membranes will be necessary. This

equipment is very expensive to purchase and operate (Cameron and Bourgin, 1995).

.
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Table 3.2 Treatment of Manganese and Iron in Drinkjlig Water

Indication

Cause

Treatment

Water clear when drawn but
red-brown or black particles
appear as water stands; red-
brown or black stains on
fixtures or laundry

Dissolved iron or
manganese

» Water softener (<5 mg/l combined
concentrations of iron and manganese)

* Oxidizing filter (manganese greensand
or zeolite) (<15 mg/l combined
concentrations of iron and manganese)

® Aeration (pressure) (<25mg/l combined
concentrations of iron and manganese)

» Chemical oxidation with potassium
permanganate or chlorine; followed
with filtration (>10 mg/l iron/
manganese)

Water contains black
particles when drawn;
particles scttle out as water
stands

Oxidized manganese
due to exposure of
water to air prior to tap

Particle filter (if quantity of oxidized
material is high, use larger filter than
inline; e.g., sand filter)

Black slime appears in toilet
tanks or from clogs in
faucets

manganese bacteria

Kill bacteria masses by shock treatment
with chlorine or potassium
permanganate, then filter; bacteria may
originate in well, so it may require
continuous feed of chlorine or potassium
permanganate, then filter

Black color that remains
longer than 24 hours

Colloidal manganese;
organically complexed

mangancse

Chemical oxidation with chlorine or
potassium permanganate; followed with

filtration

(Source: Varner et al, 1994)




3.5.3 Reverse Osmosis

This process will become clogged by rust particles, manganese bacteria, silt, etc. and
cannot be rejuvenated. New membranes would be required. Like eletrodialysis process,

this method is also expensive to operate (Cameron and Bourgin, 1995).
3.5.4 Bag Filtration

This method uses chemicals to cause formation of rust particles. The particles are
removed from the water by passage through bag filters. The cost of this system is
comparatively low. However, the bags must be manually cleaned which creates higher

operational costs (Cameron and Bourgin, 1995).

3.6 SEQUESTERING PROCESS: PHOSPHATE TREATMENT

Sequestering of soluble manganese is the opposite of oxidation. It means to bind up or
complex forming so as to prevent natural chemical reaction (Montgomery, 1986).
Chemical used for sequestering is sodium hexametaphosphate, commonly known as -
polyphosphate. Low levels of up to 2 mg/l can be remedied using phosphate compound
treatment (Singer, 1988). Phosphate compounds are a family of chemicals that can
surround minerals and keep them iﬁ solution. Phosphﬁte compounds injected into the
water system can stabilize and disperse dissolved manganese at this level. As a result,
manganese compounds are not available to react with oxygen and separate from solution.
The phosphate compounds ust be introduced into the water at a point where the iron is
still dissolved in order to maintain water clarity and prevent possible iron staining. This
should be before the pressure tank and as close to the well discharge point as possible

(Varner et al, 1994).

Phosphate compound treatment is a relatively inexpensive way to treat water for low
levels of iron and manganese. Phosphate treatment is effective in the pH range of 5.0 to
8.0 (NRWA, 2004). Since phosphate compounds do not actually remove manganese,
water treated with these chemicals will retain a metallic taste. In addition, too great a

concentration of phosphate compounds will make water feel slippery (Varner et al, 1994).
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Phosphate compounds are not stable at high temperatures. If phosphate compound-treated
water is heated (for example, in a water heater or boiled water), the phosphates will break
down and release iron and manganese. The released iron and manganese will then react

with oxygen and precipitate.

Adding phosphate compounds is not recommended where the use of phosphate in most
cleaning products is banned. Phosphate, from any source, contributes to excess nutrient

content in surface water (Seelig, 1992).
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CHAPTER 4

MANGANESE REMOVAL FROM GROUNDWATER BY
OXIDATION

4.1 INTRODUCTION

Besides arsenic, iron and salinity (in coastal areas), excessive concentration of manganese
is also a significant groundwater quality problem in many areas of Bangladesh (DPHE/
BGS, 2001). Presence of manganese in potable water may cause problems related to
aesthetics (e.g., development of color in clothes and plumbing fixtures) and may cause
precipitation in the water distribution system. Evideﬁce of manganese neuro-toxicity has
been found in people following long-term exposure. The World Health Organization
(WHO) has a provisional health-based guideline value of 0.5 mg/l for manganese in
drinking water (WHO, 1993). The WHO guideline value from aesthetics consideration is
0.1 mg/l. Bangladesh Standard for manganese in drinking water 1s also 0.10 mg/l. In the
nationwide groundwater-quality survey (DPHE/ BGS, 2001), it has been found that about
35% of sample wells exceeds WHO health-based guideline value (0.5 mg/l) and about
73% of samples exceed Bangladesh guideline value (0.1 mg/l). Manganese concentration
as high as 10 mg/l has been detected in this survey. Therefore, development of
appropriate manganese removal technology in the context of Bangladesh is of prime

importance.

Broadly manganese removal technologies can be categorized in two groups: (i) ion
exchange and (i1) oxidation followed by precipitation of manganese in insoluble form(s).
As described in Chapter 2, chemical oxidation followed by filtration, is by far the most
widely used manganese removal technique. Common chemical oxidants include
potassium chlorine, ozone, and permanganate. Besides, simple aeration has also been
used for oxidation and subsequent removal of manganese. Efficiency and effectiveness of
manganese removal depend on a range of factors in'cluding type of oxidant used, initial
manganese concentration, pH, alkalinity, and a range of other water quality parameters.
Though considerable work has been done elsewhere in the world, very limited works

(e.g., BAMWSP/ DFID/ Water Aid, 2001; Tahura et al, 2001) have so far been done on




the effectiveness of different oxidizing agents in removing manganese from groundwater

of Bangladesh.

In Bangladesh, bleaching powder and potassium permanganate are easily available and
these chemicals are also widely used for oxidation of As(Il) to As(V) in many arsenic
removal systems (Tahura et al, 2001). It may be mentioned that aeration followed by
filtration is often used for removal of dissolved iron from groundwater in Bangladesh.
However, vary limited data are available on effectiveness of these chemicals and

processes In removing manganese from water (e.g., Tahura et al, 2001).

In this study, removal of manganese from natural groundwater by the oxidation process
has been assessed using two commonly available oxidizing agents, potassium
permanganate and chlorine. Effectiveness of manganese removal by simple aeration has
also been evaluated. Besides, removal of color produced during permanganate oxidation
~ of manganese has been assessed by using sand filtration. This chapter presents results of
manganese removal from natural groundwater by aeration and chemical oxidation using

potassium permanganate and chlorine (bleaching powder).
4,2 MATERIALS AND METHODS

In this study, the effectiveness of two oxidizing agents, bleaching powder and potassium
permanganate, in removing manganese from groundwater by the oxidation ﬁrocess has
been evaluated. Laboratory batch experiments were carried out to assess removal of
manganese from groundwater under various conditions. In this study groundwater
collected from ﬁ deep tubewell pumping stations at BUET was used. The advantage of
using this water is that the concentrations of both manganese and iron in this water are
very low, and therefore concentrations of these two parameters could be varied by

appropriate spiking. Table 4.1 shows the characteristics of -groundwater used in this study.

All batch experiments were carried out in 1-L glass beakers. In a typical batch
experimental set up, 500-mL groundwater sample was taken in each of a series of 1-L
glass beakers. Initial manganese concentrations in the groundwater samples were varied
by spiking with a stock solution of manganese (containing 500 mg/l of Mn), prepared by

dissolving anhydrous manganous sulfate salt (MnSQ,4.H;0) in deionized water.
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Required doses of the oxidizing agents (either potassium permanganate or bleaching
power) were added to the beakers by from stock solutions of potassium permanganate and

bleaching powder, respectively.

After addition of the oxidizing agent, the content of each beaker was mixed in a jar test
apparatus at 100 rpm for 10 minutes (when KMnO4 was used as oxidant; Fig. 4.1) or 30
minutes (when bleaching powder was used as oxidizing agent). The s'a.mples were then
kept at rest for 30 minutes to allow the manganese solids, formed as a result of oxidation,
to precipitate. The pH and Eh of the water samples in each beaker were then measured.
About 50 ml of water sample was then drawn from each beaker from a depth of about 1-
cm below the surface of liquid. These samples were tested for total manganese, color
(during chemical oxidation) and residual chlorine (when bleaching powder was used as an
oxidizing agent). Part of the sample withdrawn from each beaker was filtered through a
0.45 pm filter, and the filtrate was analyzed for total manganese. Each experiment was
carried out in duplicate. Similar experiments were carried out to assess the effect of pH on
manganese removal by both the oxidizing agents. The pH of water sample was adjusted

by addition of solution of either NaOH or HCI as required.

Figure 4.2 shows a flow diagram of the experimental procedure followed in this study.
Besides, additional experiments were carried out to evaluate the removal of manganese
from groundwater by aeration. Experimental evaluation was also done to determine the
effectiveness sand filter to remove color produced from oxidation of manganese with
potassium permanganate. Additional details of each type of experimental set up are

briefly described below.

4.2.1 Manganese Removal by Oxidation with KMnQ,

Available information (e.g., Raveendran et al, 2001) suggest that oxidation of manganese
by potassium permanganate occurs in less than 5 minutes where the manganese was not

present in complexed form. In this study, a mixing time of 10 minutes was allowed for

complete oxidation of manganese.

71




Effect of initial manganese concentration on it removal efficiency was evaluated by
varying the initial concentration of manganese from about 1.0 to about 10.0 mg/L. Initial
pH of the samples were measured to be within the range of 7.7 to 7.8. Required dose of
permanganate was calculated from the stoichiometry of Eq. 4.1. According to Eq. 4.1, for
each mg/l of dissolved manganese, the required dose of potassium permanganate for
complete oxidation of manganese is 1.917 mg/l. For these experiments, concentration of

permanganate was fixed at 1.2 times that required from stoichiometric consideration.

3Mn2* +2KMnO; +2H;0 = 5MnO; (s) +2K" +4H" (4.1)

To evaluate effect of pH on manganese removal, experiments were carried out with an
initial manganese concentration of about 2.0 mg/l. For these experiments, permanganate
dose was set at exactly that required from stoichiometric consideration (i.e., 2.84 mg/l of
KMnO, for 2.0 mg/l of manganese). The pH of the water samples were varied from about
4.8 to 10.0, by either NaOH (N/44) or HCI (concentrated) solutions.

Experiments were carried out to evaluate the effect of the dose of potassium
permanganate (which also contains manganese) on the removal of manganese and the
presence of residual manganese. These experiments were carried out with and initial
manganese concentration of 2.0 mg/l. The dose of potassium permanganate was fixed at
six different factors of that required from stoichiometric ratio. The factors were 0.25, 0.5,
0.8, 1.0, 1.2, and 1.5. That is the permanganate dose was varied from 0.25 to 1.5 times

that required from stoichiometric consideration.

The effect of settling time on manganese removal was determined, in similar
experimental set up, in order to assess the settling of manganese solids by gravity. Initial
manganese concentration was set at 1.0 mg/l, 2.0 mg/l, 5.0 mgl, and 10.0 mgl
Permanganate dose was fixed at 1.2 times that required from stoichiometric
consideration). In these experiments, after the initial mixing of 10 minutes (at 100 rpm),
the contents of the beaker were allowed to settle and water samples were collected (from
a depth of about 1 cm below the water surface) at time intervals of 30, 90 and 180

minutes.
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Figure 4.1: Mixing of KMnO; with groundwater containing Manganese

Water sample
Procedures Measurement
Add required Mn stock solution
) ‘ ) ———-b Mn conc., pH, Eh
Adjust pH (if required) [NaOH/HC1]
~ — pH
Add oxidant (KMnOy/ Cl,)
Stir for specific detention time
Allow settling for 30 mins or
more ( if required) » pi, Eh
Collect supernatant

—» Residual Mn, Color / residual Cl,
Filter sample (0.45 um)

—» Residual Mn

Figure 4.2; Flow diagram of experimental procedure followed for evaluating manganese
removal by oxidation process
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Tn manganese removal processes involving oxidation with potassium permanganate, it is
customary to use some kind of filtration device to remove the manganese solids as well as
the color produced due to addition of potassium permanganate. In Bangladesh sand
filtration is common in many water treatment processes (e.g., arsenic and water treatment
processes). Hence efficiency of sand filtration in removing manganese solids (formed as a
result of oxidation with potassium permanganate) and color was evaluated in this study.
The experimental set up is similar to that used by Ali et al. (2001). Sand filters were
prepared in glass burettes having a cross-sectional area of 1 sq. cm. A pre-washed locally

available sand sample was oven-dried at 105° C for 24 hrs.

The ovén-dﬁed sand was sieved and the portion of sand passing sieve # 30 and retained
on sieve #40 was selected as filter media. This portion of the sand sample was then
poured in to the burettes. Care was taken to ensure that no void space existed between the
sand particles and the burette. Experiments on color removal were carried out for two

different depths of sand filter, 10 cm and 20 cm.

For these experiments, water samples (3-litres) having initial manganese concentration of
about 2.0 mg/l were treated with potassium permanganate at a dose 1.2 times that
required from stoichiometric consideration. After the initial mixing for 10 minutes (at 100
rpm), the water sample was passed though the sand column. The flow rate was controlled
to maintain a minimum contact time of 1 minute. The filtrate coming out of the bottom of
the burette was collected at 30-minute interval and was analyzed for residual manganese

and color. The experiments were carried out for a period of about 150 minutes.
4.2.2 Manganese Removal by Oxidation with Bleaching Powder

Available information (e.g., Seelig, 1992) suggest that oxidation of mangancse by
chlorine requires a contact time of about 20 minutes. In this study, a mixing time of 30
minutes was allowed for complete oxidation of manganese by chlorine (added in the form

of bleaching powder).

Effect of initial manganese concentration on it removal efficiency was evaluated by
varying the initial concentration of manganese from about 1.0 to about 10.0 mg/L.

Required dose of chlorine (in the form of bleaching powder) was calculated from the
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stoichiometry of Eq. 4.2. According to Eq. 4.2, for each mg/l of dissolved manganese, the
required dose of chlorine for complete oxidation of manganese is 1.29 mg/l. For these
experiments, concentration of chlorine was fixed at 1.2 times that required from
stoichiometric consideraﬁon. As oxidation by chlorine is known to be strongly dependent
on pH (Benschoten et al, 1990), these experiments were carried out at three different pH

values — 7.5, 8.5 and 10.0.
MnZ* +Cl, +2H,0 = MnO; (s) +2ClI +4H" (4.2)

To evaluate effect of pH on manganese removal, experiments were carried out with imitial
. manganese concentration varying from about 1.0 mg/l. For these experiments, chlorine
dose was set at exactly that required from stoichiometric consideration (i.e., 2.58 mg/l of
Chlorine for 2.0 mg/l1 of manganese). The pH of the water samples were varied from

about 5.2 to 10.0, by either NaOH (N/44) or HC1 (concentrated) solutions.

A set of experiments was carried out to assess the effect of initial mixing time on
manganese removal. For this purpose, initial contact time was fixed at 15, 25 and 35
minutes. For this set of experiments, initial manganese concentration varied from about

1.0 mg/L to 10.0 mg/l and pH was fixed at a value of about 10.0.
4.2.3 Manganese Removal by Aeration

Manganese removal by simple aecration was also evaluated in this study. The
experimental set up for this purpose was similar to that used for manganese removal by
an oxidizing agent, except that instead of adding an oxidizing agent, the water samples in

the experimental beakers were aerated by vigorous mixing.

Available literature (e.g., Montgomery, 1986) suggest that for removal of manganese by
simple oxidation, a contact time of several minutes to an hour may required for oxidation
of manganese, depending on manganese concentration as well as some other parameter,
e.g.; pH. In this study, aeration (by vigorous mixing) was carried out for a period varying
from 20 minutes to an hour. The mixing was done in a jar test apparatus, where mixing
was carried out at 100 rpm. After completing the mixing, samples were filtered using 0.45

pm filter and analyzed for residual manganese.

75




For these experiments, initial manganese concentration was fixed at 2 mg/l and pH was

varied from 7 to 11.
4.2.4 Chemicals, Preparation of Stock Selutions

All chemicals used in this study were of reagent grade. Stock solutions were prepared by

dissolved appropriate salts to deionized water (Barnstead Fistreem III).

Manganese stock solution (containing about 500 mg/l of Mn) was prepared by dissolving
anhydrous manganous sulfate salt (MnSO4.H;O; MW = 169.04) in deionized water. The
stock solution was kept at a pH below 2.0 by acidifying with concentrated HCl. Stock
solution of potassium permanganate (containing about 500 mg/l KMnO,) was prepared
by dissolving KMnOy crystals (MW = 158.07) in deionized water. The stock solution was
kept in dark. A chlorine stock solution (having about 400 mg/1 of Chlorine) was prepared

by dissolving bleaching powder (with chlorine content of about 32%) in deionized water.

In this study, manganese concentration in water samples was measured by flame atomic
absorption spectrophotometry, using an AAS (Shimadzu, 6800). A sample standard curve
for manganese is shown in Fig. Al in Appendix A. Measurement of pH was carried out
with a digital pH meter (HACH, Sension 1) and Eh was measured with an Eh meter
(WTW, Multiline P4). Color was measured with a spectrophotometer (HACH, DR2010).
Residual chlorine in water samples was also measured with the spectrophotometer (by
chlorine total DPD method). Other parameter was measured following standard methods

(AWWA 2002).

43 RESULTS AND DISCUSSIONS
4.3.1 Removal of Manganese by Oxidation with KMnO,

This section describes the results of batch experiments designed to remove manganese
from groundwater by oxidation with potassium permanganate. Baich experiments were
conducted primarily to evaluate: (i) the effect of initial manganese concentration on
manganese removal, (ii) effect of pH on manganese removal, (iii) effect of permanganate
dose on manganese removal, and (iv) effect of settling time on manganese removal.

Results from each set of experiment are described below.
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Effect of Initial Manganese Concentration on Manganese Removal

Mechanisms involved in the removal of dissolved manganese from groundwater as a
result of oxidation include: (i} oxidation (in solution) of dissolved Mn(II) into insoluble
manganese solids [¢.g., MnO;(s), Mn;Os(s), Mn;Oa(s), and Mn(OH),(s), MnOOH(s)]; (ii)
surface mediated oxidation of Mn(II); and (iii) adsorption of dissolved Mn(II) onto oxide
surfaces (e.g., on the insoluble manganese oxide surfaces). Permanganate being a highly
reactive oxidant, oxidation (in solution) of Mn(IT) into insoluble manganese solids is the

primary removal mechanism (Benschoten et al., 1992).

Figure 4.3 shows percentage of removal of manganese for different initial mangancse
concentrations, varying from about 1.0 mg/l (0.0182 mM) to about 10.0 mg/l (0.182
mM). The permanganate dose for these experiments was fixed at 1.2 times that required
from stoichiometric consideration. Figure 4.3 shows very good removal of manganese
(expressed as “% removed™} for all different initial manganese concentrations. In fact, for .
initial manganese concentration of up to about 2.0 mg/l, almost complete removal was
achieved (i.e., residual manganese concentration below the MDL of 0.001 mg/l}. For

initial concentration ranging from about 4 to 10 mg/l, % removal approached about 98%.

Figure 4.4 shows residual manganese concentration (after filtration) for different initial
manganese concentration. It shows that although manganese removal, when expressed “%
Mn removed”, does not appear to depend significantly on initial manganese concentration
(Fig. 4.3), in terms of residual manganese the effect is not insignificant. For example, for
an initial manganese concentration of about 10.0 mg/l, 98% removal means a residual
concentration of 0.20 mg/l, which does not satisfy the Bangladesh drinking water
standard as well as the WHO guideline value (from aesthetics consideration). However,
the maximum residual concentration of manganese (0.22 mg/l for initial manganese

concentration of about 10.0 mg/l) was much below the WHO health-based guideline

value.
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Figure 4.3: Removal of manganese by oxidation with KMnQj for different initial
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In previous studies (e.g., Marble et al., 1999), it has been found that it is more difficult to
remove Mn when the initial concentration is low, regardless of the oxidant used.
However, for the lowest initial manganese concentration (about 1.0 mg/l) used in this
study, this effect was not apparent. In comparison with the study conducted by
Raveendran et al (2001), better removal is achieved in this study. In the study of
Ravvendran et al (2001), for an initial manganese concentration of about 0.3 mg/L only
50% removal of manganese was achieved for KMnQ, dose of 1.2 times of that obtained
from stoichiometric consideration. Since pH of water sample for the different experiments
varied over a relatively narrow range of 7.44 to 7.90, pH does not appear to have a

significant effect on removal of manganese among the different experiments.

Results presented in Figs. 4.3 and 4.4 suggest that although oxidation by potassium
permanganate (followed by filtration) could remove significant manganese from
groundwater, for higher initial concentrations exceeding about 5.0 mg/l manganese, the
residual manganese achievable may not satisfy the Bangladesh drinking water standard of

0.10 mg/l.

Measured Eh values for these experiments varied from a low of 230 mV for a
permanganate dose of 2.3 mg/l (for 1 mg/l of manganese) to a high of 556 mV for a
permanganate dose of about 23 mg/] {for 10 mg/l of manganese). As noted earlier pH for
these experiments varied from 7.44 to 7.90. For these ranges of pH and Eh, the Eh-pH
diagram of manganese (Fig. 3.3 of Chapter 3) suggest that the precipitated solids would
be either Mn,O;(s) (dark brown to black) or Mn;O4(s) (reddish brown). The precipitated

form would change from Mn304(s) to Mn;Os(s) as Eh value increases.

The observed color of the precipitates for different experimental conditions matched well
with the color of the expected precipitate for that particular condition. For example,
figures 4.5(a) shows photographs of precipitates of manganese solids (reddish brown) for
an initial manganese concentration of 4.98 mg/l, for which measured pH and Eh were
7.74 and 225 mV, respectively. According to Fig. 3.3 of Chapter 3, for this condition the
most likely precipitate is Mn3;Qq(s), having a reddish brown color, which matched well
with the observed color. Similarly, Fig. 4.5(b) shows dark brown colored precipitates of
manganese solids for an initial manganese concentration of 10.02 mg/l, for which

measured pH and Eh were 7.44 and 556 mV, respectively. According to Fig 3.3 of
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Figure 4.5 (a) Color of precipitation for water
with initial manganese concentration 5 mg/L.
(pH= 7.4, Eh =230 mV)

A

Figure 4.5 (b) Color of precipitation for water
with initial manganese concentration 10 mg/L
(pH= 7.9, Eh =560 mV)
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Chapter 3, for this condition the most likely precipitate is Mn,Oj3(s), having a dark brown

to black color.

Effect of pH on Manganese Removal 7

In this study, effect of pH manganese removal was evaluated in batch experiments with
an initial manganese concentration of about 2.0 mg/l, with a permanganate dose set at
exactly that required from stoichiometric consideration (i.c., 2.84 mg/l of KMnO, for 2.0
mg/1 of manganese). The pH of the water samples were varied from about 4.8 to 10.0.
Figure 4.6 shows removal of manganese as a function of pH. Thus pH appears to have a
major influence on the removal of manganese. In general, removal increased as pH

increased. Beyond pH of about 8, removal is almost independent of pI.

It should be noted that oxygenation kinetics equation for manganese clearly shows that
rate of reaction of Mn (II) has a sccond order relationship with hydroxyl ion
concentration, which indicate that an increase in one pH unit, cause 100 fold increase in

rate of reaction (Stumm and Morgan, 1984).

The pH of water also affects manganese removal by influencing the adsorption of
dissolved Mn(1]) on the MnQ,(s) formed as a result of oxidation. According to Marble et
al (1998) overall mass transfer of Mn(Il) from solution to active sites at the surface
decreases as pH decreases because of competition with H'. The capacity of oxide surface
at pH 9 is about 2 mole of Mn(ll) adsorbed per mole of MnQO; (s). However,
permanganate being a very strong oxidizing agent, it is capable to oxidize manganese
over a wide pH range of 5-10 (Samblebe, 2003), though for rapid oxidation it is
preferable to raise pH above 7.0 (Benschoten et al., 1992).

Thus, results from this study appear to agree well with those observed by other
researchers (e.g., Raveendranet al, 2001). Since pH of natural groundwater in
Bangladesh usually falls around the neutral range, manganese from such groundwater

could be effectively removed by potassium permanganate without any pH adjustment.
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Figure 4.6: Removal of manganese by oxidation with KMnO; for different pH value
(Initial Mn concentration= 2.0 mg/L; KMnQ, stoichiometry ratio = 1.2)

Effect of Permanganate Dose on Manganese Removal

According to the stoichiometric equation for manganese oxidation by potassium
permanganate (Eq. 4.1), it would require 1.92 mg of potassium permanganate to oxidize 1
mg of manganese ion. In practice, the actual amount of potassium permanganate used has
been found to be less than that indicated by stoichiometry. It is thought that this is
because of the catalytic influence of MnQ; on the reactions (O’Connell, 1978). Unused

permanganate, if any, would contribute to be increased residual manganese concentration.

In this study, effect of permanganate dose on manganese removal was evaluated in batch
experiments with an initial manganese concentration of about 2.0 mg/l, where
permanganate dose was varied from 0.25 times to 1.5 times that required from
stoichiometric consideration. For 12 sets of experiments carried out for this purpose, pH

varied from 7.56 to 8.10.

Figure 4.7 shows removal of manganese for different doses of potassium permanganate
(expressed as multiple of stoichiometric ratio). It shows that manganese removal was low
(about 50%) for a stoichiometric ratio of 0.25, and has increased as permanganate dose

increases from 0.25 up to a stoichiometric ratio of 1.0. At a stoichiometric ratio of 1.0,
: !
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manganese removal approaches 100%. At a stoichiometric ratio of 1.2, manganese
removal decreased slightly and was about 97%, with residual manganese concentration of
about 0.05 mg/1, below the Bangladesh drinking water standard of 0.10 mg/l. At even
higher stoichiometric ratio (1.5), manganese removal decreased significantly. This was
because of the presence of unused potassium permanganate that contributes to the
residual manganese. At a stoichiometric ratio of 1.5, manganese removal drops to 'about

85% with residual manganese concentration of about 0.30 mg/1.
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Figure 4.7: Removal of manganese by oxidation with KMnQ, for different doses of
KMnQy expressed as multiple of stoichiometric ratio
(Initial Mn concentration= 2.0 mg/1.)

Thus, results from this study show maximum manganese removal at a permanganate dose
equal to that required from stoichiometric consideration. However, a slight overdose of
permanganate (e.g., for ensuring a factor of safety) would not affect residual manganese
concentration significantly when initial manganese concentration is below 5.0 mg/L.

However, for higher values of initial Mn concentration (> 5.0 mg/L) is a concem.
As noted earlier, pH value of these experiments varied from 7.56 to 8.1, which is a

favorable range for manganese oxidation. Permanganate dose may have a higher

influence on manganese removal below neutral pH range.
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Eh values measured for these experiments varied from 174 mV to 230 mV; generally
ncreasing with increasing permanganate dose. For this range of Eh and pH values
(varying from 7.56 to 8.1), the precipitated solid would most likely be MnsOa(s),
according to the Eh-pH diagram shown in Fig 3.3 in Chapter 3. As before, the precipitates

were found to be reddish to dark brown.

Effect of Settling Time on Manganese Removal and Color

In order to evaluate effect of settling time (detention time) on removal of manganese (by
gravity settling of manganese solids) and color, experiments were carried out with initial
manganese concentration varying from about 1.0 to about 10.0 mg/l. Potassium
permanganate dose was set at 1.2 times that required from stoichiometric consideration.
These experiments are the same as those carried out to assess the effect of initial

manganese concentration on manganese removal.

Figure 4.8 shows removal of manganese from solution as a function of time for different
initial manganese concentrations. It shows that for a particular initial manganese
concentration, manganese removal (by gravity settling of manganese flocs) increases with
increasing settling/ detention time. For example, for an'initial manganese concentration of
about 2.0 mg/l, manganese removal (for a sample taken from 1-cm below the surface of
water) after 30 minutes was about 86%, after 90 minutes about 96%, and after 3 hours
about 100%. Figure 4.8 shows that after about 3 hours of detention time, manganese
removal by gravity settling approaches that achievable by filtration (with a 0.45 m
filter).

Figure 4.9 shows residual manganese concentration (for water sample collected form 1-
cm below water surface) in water as a function of settlement/ detention time for different
initial manganese concentrations. It shows the with prolonged detention time (3 hours),
residual manganese concentration could be brought down to levels satisfying the WHO
standard (health-based). But however, for initial manganese concentration equal to or
greater than 5.0 mg/L, residual manganese concentration was above Bangladesh standard

(WHO aesthetic-based standard) even after allowing 3 hrs settlement/detention time.
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Figure 4.8: Removal of manganese by oxidation with KMnQ; as a function of initial
manganese concentration for different settling times. (KMnQOg
stoichiometric ratio =1.2; Initial pH = 7.7)
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Figure 4.9: Residual manganese concentrations as a function of settling time after
oxidation with KMnQ, for different initial manganese concentrations.
(stoichiometric ratio = 1.2; Initial pH 7.7 ).

Figure 4.10 shows concentration of color (in Pt.-Co. Unit) in water at different times after
addition of potassium permanganate. It shows that for a particular time interval, color

increases as initial manganese concentration (and hence corresponding potassium




permanganate dose) increases. For example, for an initial manganese concentration of
about 1.0 mg/l, the potassium permanganate dose was 2.3 mg/l and the corresponding
color, after 30 minutes, varied from 78 to 82. For initial manganese concentration of
about 10.0 mg/l, the potassium permanganate dose was 23.0 mg/l and the corresponding
color, after 30 minutes, varied from 549 to 556. Thus, color concentration appears to be

proportional to the dose of potassium permanganate added.
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Figure 4.10: Color remaining in solution as a function KMnO, doses for different settling times.
(Stoichiometry ratio= 1.2; Initial pH 7.7)

Figure 4.10 also shows that for a particular initial manganese concentration (and hence
for a particular permanganate dose), color decreases with time as a result of settling. For
example, for an initial manganese concentration of about 2.0 mg/l, the potassium
permanganate dose was 4.6 mg/l and the corresponding color (average value) after 30
minutes was 140 Pt.-Co. umt, after 90 minutes 54 Pt.-Co. unit, and after 3 hours 24 Pt.-

Co. unit.

Figure 4.11 shows color of water samples as a function of settling/ detention time for
different initial manganese concentration. It shows that except for the lowest initial
manganese concentration (i.e., 1.0 mg/l), all color concenirations were above the
Bangladesh drinking water standard, even after 3 hours of settling/ detention time. Thus,

it is clear that settling/ detention alone would not remove color from water treated with
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potassium permanganate. Hence, appropriate filtration would be required to rerno'\'fq'
color, although it appears that manganese solids (produced as a result of oxidation wi_tﬁ

potassium permanganate) could be removal by prolonged gravity settling.
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Figure 4.11: Color remained in solution as a function of settlement time for different amount of
initial manganese concentration (Stoichiometry ratio= 1.2)

Removal of Color and Manganese by Sand Filtration after Oxidation with Potassium

Permanganate '

Figures 4.12 shows removal of color as a function of bed volume of liquid passed through

the 10-cm and 20-cm deep sand filter column. Initial concentration of color of the water

samples, having an initial r.nanganese concentration of about 2.0 mg/l and treated with -
pbtassium permanganate, were 244 and 225 Pt.-Co. unit, respectively. Significant color

removal was achieved with both the filters. However, for the 10-cm filter, measured color

slightly exceeded the Bangladesh drinking water standard (15 Pt.-Co.) for bed volume of
up to about 80. |

Figures 4.13 shows removal of manganese as a function of pore volume of liquid passed
through the 10-cm and 20-cm deep sand filter column. Manganese concentration in the
filtrate varied from 0.01 to 0.04 mg/l for both the sand filters. In similar experiments
performed earlier in this study, residual manganese concentration after filtration with a

0.45 pm filter paper was < 0.001 mg/l. Though such low levels of manganese could not
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be achieved by sand filiration, all residual manganese concentrations (after sand filtration)

were well below the Bangladesh drinking water standard of 0.10 mg/1.
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Figure 4.12: Color remaining in solution after passage through sand filter column as a
function of pore volume of liquid passed. (Initial Mn concentration = 2.0
mg/L; Stoichiometry ratio for KMnQ, = 1.2)
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Figure 4.13: Residual manganese remaining in solution after passage through sand filter
column, as a function of pore volume of liquid passed. (Initial Mn
concentration 2.0mg/L; Stoichiometry ratio for KMnQ, = 1.2)
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4.3.2 Removal of Manganese by Oxidation with Bleaching Powder

Effect of Initial Manganese Concentration and pH on Manganese Removal

Figure 4.14 shows manganese removal by oxidation with chlorine (added in the form of
bleaching powder) at different pH values for different initial manganese concentrations
(varying from about 1.0 mg/l to about 10.0 mg/l). The chlorine dose was fixed at 1.2
times that required from stoichiometric consideration. As explained carlier, experiments
were carried out at three different pH values: 7.5, 8.5 and 10.0.' pH was adjusted with
NaOH (N/44) solution. After the equilibration period, the final pH was also recorded. For
the 10 sets of experiments run at pH =~ 7.5, the final measured pH varied from 7.24 to
7.42; for experiments run at pH ~ 8.5, the final measured pH varied from 8.21 to 8.42;

and for experiments at pH ~ 10.0, the measured pH varied from 9.68 to 9.75.

Figure 4.14 shows for all three pH values, manganese removal (expressed as % removal)
decreased as initial manganese concentration increased. At pH ~ 7.5, manganese removal
is relatively poor, varying from about 50% for an initial manganese concentration of 1
mg/l to about 23% for an initial concentration of 10 mg/l. At pH ~ 8.5, manganése
removal improved significantly, varying from about 83% for an initial manganese
concentration of 1 mg/l to about 73% for an initial concentration of 10 mg/l. At pH close

to 10, complete manganese removal was achieved (i.e., residual manganese below the

MDL of 0.001 mg/1).

Figure 4.15 shows chlorine dose added and residual chlorine remaining in solution at
three different pH values. It is clear that utilization of added chlorine becomes much
better as pH increases. At pH = 7.5, measured Eh values varied from — 77 to - 54 mV; for
pH ~ 8.5, Eh varied from — 176 to — 70 mV; and for pH »~ 10, measured Eh varied from —
88 to — 70 mV. For these ranges of pH and Eh, the Eh-pH diagram of manganese (Fig.3.3
of Chapter 3) suggest that the precipitated solids would be either Mn(OH),(s) (cream
colored) or Mn3;O4(s) (reddish brown). The precipitated form would change from
Mn(OH)x(s) to Mn3Ou(s) as Eh value increases. Observed color of precipitates is shown
in Fig. 4.16(a}, (b), and (c). It indicates that the color of the precipitate was off-white,
when pH was relatively low and cream-brown to light reddish-brown, when pH was

relatively high,
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Figure 4.14: Removal of manganese by oxidation with bleaching powder, as a function
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Figure 4.16{(a) Color of precipitaﬁon Figure 4.16(b) Color of precipitation

for water with initial manganese for water with initial manganese
concentration 1.0 mg/l. (pH =7.4; Eh concentration 5.0 mg/L. (pH =~8.4; Eh
= 70 mV) A~ -176 mV)

|
Figure 4.16(c) Color of precipitation
for water with initial manganese
concentration 10.0 mg/L (pH =9.7; Eh
== -80 mV)
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Figure 4.17 shows results of another set of experiments carried out to evaluate the effect
of pH on manganese removal by bleaching powder. This experiment was carried out with
an initial manganese concentration of about 2.0 mg/l; chlorine dose was set at exactly that
required from stoichiometric consideration and pH was varied from 5.2 to 10. As shown
in Fig. 4.15, manganese removal was found to be strongly dependent on pH. Removal of

manganese varied from a very low of about 8.5% at pH 5.2 to about 100% at pH 10.

These results are not surprising as chlorine is a weak oxidant, and manganese removal by
chlorination is usually not very effective until pH is raised above 8.5; and for high level
of manganese it is often needed to raise pH above 9.5 (Benschoten et al, 1990). Samblebe
(2003) also reported that for slow oxidizing agents like molecular oxygen or chlorine it is
necessary to raise the pH above 8.5 for effective oxidation reaction of manganese.
Besides higher pH also promotes rate of oxidation of manganese by oxygen. In treatment
systems, soda ash is often injected with the chlorine to raise pH to optimum levels.
Adjusting the pH to alkaline levels also reduces the corrosivity of the water to pipes and

plumbing (Seelig, 1992).
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Figure 4.17: Removal of manganese by oxidation with chlorine at different pH values
(Initial Mn concentration =2.0 mg/L; Chlorine dose added = 2.58 mg/L})




Effect of Contact Time on Manganese Removal by Bleaching Powder

Since chlorine (bleaching powder) is a slow oxidizing agent, effect of contact time on
manganese removal was evaluated in this study. For this purpose, experiments were
carried out with initial manganese concentrations varying from about 1.0 to 10.0 mg/l;
chiorine dose was set at 1.2 times that required from stoichiometric consideration and pH
was fixed at close to 10.0. The contact time of the oxidant (bleaching powder) was fixed
at 15 minutes, 25 minutes and 35 minutes. Figure 4.18 shows manganese removal as a
function of initial manganese concentration for the three different contact times. It shows
that for any particular initial manganese concentration, removal increases as contact time
increases. For example, for an initial manganese concentration of about 2.0 mg/l, average
manganese removal for 15, 25 and 35 minute contact times are about 65, 89 and 99
percent, respectively. Thus, it appears that efficiency of manganese removal by bleaching

powder could be improved by increasing the contact time with the oxidant.
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Figure 4.18: Removal of manganese by oxidation with chlorine as a function of initial
manganese concentration for different contact times (Initial Mn cone. =
2.0 mg/L; Initial pH = 10; chlorine stoichiometry ratio=1.2)
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4.3.3Manganese Removai by Aeration

Figure 4.19 shows removal of manganese (present at an initial concentration of about 2.0
mg/1) by simple aeration as a function of pH for different period of mixi'ng (aeration). It
shows that for a particular pH manganese removal increased as aeration period increased;
and for a particular aeration period removal increased as pH increased. However, these
results show that pH has a much more pronounced effect on manganese removal than
aeration time. For example for a 30 minute contact time, removal of manganese increased

from about 10% to about 93% as pH increased from 7.04 to about 10.

These results are not surprising because the rate of oxidation of Mn (II) has a second
order relationship with hydroxyl ion concentration, which indicate that an increase in one
pH unit would cause about 100 fold increase in rate of the oxidation reaction (Stumm and
Morgan, 1984). On the.other hand, manganese oxidation is not strongly dependent on the
concentration of dissolved oxygen. It has been observed that above about 30% saturation
value of dissolve oxygen, there is no significant dependence of the manganese oxidation
reaction on the concentration of dissolve oxygen. Many other researchers [e.g., Graveland
and Heertjes, 1975; Tebo and Emerson, 1985; Tebo and others, 1991] reported no
dependence of the rate of Mn(II)} removal on DO above concentrations of about 1 mg/l
(1.e.about 12% air saturation, or (.03 mM) and an approximate linear dependence at lower

DO values (Marble et al, 1999).

A comparison of manganese removal (after filtration) by bleaching powder and simple
aeration at different pH values (pH 7 to 10) is shown in Figure 4.20. The figure shows
that at pH 7 removal of manganese by both methods Was almost same. But at pH values
in between 7 to 9, manganese removal by bleaching powder oxidation was slightly highér
than that from aeration. At higher pH (at 10), removal was almost same. It should be
noted that for bleaching powder a contact time of 30 mins was maintained and in case of
aeration, removal (after filtration) for a contact time of 60 mins was plotted. Therefore, it
appears that oxidation by mixing with bleaching powder is slightly more effective within
the pH range of 7 to 9 compared to oxidation by acration (by mixing). However, it should
be noted that, during bleaching powder oxidation, acration also occurred during mixing.
Therefore, manganese removal by bleaching powder oxidation may also include effect of

oxidation by aeration during mixing.
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Figure 4.19: Removal of manganese by aeration for different initial manganese
concentration at different pH values ( Initial Mn = 2.0 mg/L)
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Figure 4.20: Comparison of removal of manganese (after filtration) by aeration and by
bleaching powder oxidation at different pH values ( Initial Mn =2.0 mg/L,;
for aeration contact time= 60 mins; for bleaching powder oxidation contact
time = 30 mins)
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4.4 SUMMARY

Potassium permanganate is found to be very effective oxidizing manganese. Very good
removal of manganese for different initial manganese concentrations varying from 1.0 to
10.0 mg/L was achieved. For initial manganese concentration of up to about 2.0 mg/l,
almost 100% removal was achieved. Although oxidation by potassium permanganate
(followed by filtration) could remove significant manganese from groundwater, for higher
inttial concentrations exceeding about 5.0 mg/l manganese, the residual manganesc

achicvable may not satisfy the Bangladesh drinking water standard of 0.10 mg/l.

Manganese oxidation with KMnOy increases rapidly above pH 7.5 (greater than 95%).
Complete removal can be achieved around pH 9. Since pH of natural groundwater in
Bangladesh usually falls around the neutral range, it appears, manganese from such
groundwater could be effectively removed by potassium permanganate without any pH

adjustment.

Optimum manganese removal (100%) has been found at a permanganate dose equal to
that required from stoichiometric consideration. However, a slight overdose of
permanganate (1.2 times of stoichiometry ratio) did not affect residual manganese
concentration significantly. A dose about 0.8 times of stoichiometry ratio removed about

95% manganese for an initial manganese concentration of 2.0 mg/L.

Sand filter has been proved very effective (for both 10-cm and 20-cm depth) in removal
of the color developed in water due to addition of KMnQ, Sand filtration has also been
found to be very effective in removing solid manganese oxides efficiently (>99%, for

initial Mn concentration of 2.0 mg/L).

For an inmitial manganese concentration of 2.0 mg/L, complete removal was possible for a
scttlement time of 3hrs. For initial Mn concentration varying from 5.0 to 10.0 mg/L,

removal by a 3-hrs settlement was greater than 95%.

Manganese oxidation using Bleaching powder has been found to be less effective than

permanganate in the natural.pH range of groundwater. At pH 7.5, removal by chlorine
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oxidation varied from about 23% to 49% for initial Mn concentration of 10.0 to 1.0 mg/L,
respectively. At pH 8.5, corresponding removal was 83% and 73%, respectively. At pH

10, complete removal occurred regardless of initial concentration.

Manganese oxidation by aeration is possible at high pH value. At pH 7, removal after
acration, followed by filtration has been found to be only 15% for an initial Mn
concentration of 2.0 mg/L. At pH 9, removal increased to 89% (for a contact time of 60

mins) Complete removal was achieved at pH 11, regardless of contact time,
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CHAPTERS

MANGANESE OXIDATION IN PRESENCE OF IRON

5.1 INTRODUCTION

Occurrence of iron in groundwater is one of the most wide spread and significant water
quality problems in Bangladesh. In most of the arcas of Bangladesh signiﬁcanﬂy high
amount of iron is present in groundwater. As described in chapter two, more than 65%
tubewells surveyed during National Hydrochemical Survey (NHS), exceeded WHO
guideline value (0.3 mg/L) for iron (DPHE/BGS, 2001). Presence of iron in water is not a
health concern but cause the water to be unsightly, taste bad, sticky hair and stain
plumbing fixtures and laundry (Cameron and Bourgin, 1995). In literature reviews in
chapter two, it is described that manganese can cause similar problems even existing at
very low concentration (less than 0.02). From NHS it is found that only about 47% of
tubewells of Bangladesh have both iron and manganese concentration below the
acceptable limit from aesthetic view point (0.3 mg/L and 0.10 mg/L respectively).
Therefore, in many areas of Bangladesh it may be neéessary to remove both of these

clements from groundwater to increase the effective use of the groundwater.

Considerable works have been carried out in Bangladesh over the last three decades for
removal of iron from groundwater. In recent years substantial amount of work has been
. done on removal of arsenic and iron-arsenic. Consideration of possible presence and
removal of manganese has given less emphasis. Only a few studies (e.g., Tahura et al,
2001; Ali et al, 2001; BAMWSP/DFID/Water Aid, 2001) on iron and arsenic removal
have provided data on manganese removal by those treatment options of iron and arsenic
removal. Moreover in those studies, manganese concentration was below 1.0 mg/L. Only
two tubewells had concentration above 1.0 mg/L (BAMWSP/DFH)/Watef Aid, 2001) but
it was found that removal of manganese was poor for that tubewells. As both iron and
manganese are present at considerable level in many groundwater sources, it is necessary

to develop any treatment option for simultaneous removal of these two elements.

Processes in which oxidation is followed by filtration are found to effectively remove

soluble iron from water. Usually oxidation of iron is accomplished by simple aeration or
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chlorination or potassium permanganate application (Shahid, 1998). These oxidizing
agents are also used for manganese oxidation. Iron is oxidized at relatively lower pH
value than manganese. Soluble ferrous iron is oxidized very rapidly to insoluble ferric at
pH range 7 to 11(Shahid, 1998). Whereas, manganecse oxidation is more effective at
relatively higher pH range (above 7.5 in case of permanganate oxidation). So in natural
pH range, er a water source where both iron and manganese are present at elevated level,
a portion of oxidation dose provided for manganese removal may be consumed by
dissolved iron. These may lead to inefficient removal of both iron and manganese by

oxidation.

Again during oxidation processes insoluble iron flocs are formed. Manganese solids
produced from oxidation gradually settle down with time. As evaluated in chapter four,
considerable amount of settlement time is required for removal of oxidized manganese
solids from solution. Presence of iron'may inﬂue‘ncé settlement of solid manganese

particles.

In chapter four, it is found that during permanganate oxidation and as well as chlorine
oxjdation of high manganese concentration, significant amount of color is produced.
Therefore it was necessary to provide father treatment option for this color removal.
Presence of soluble iron in water may have some effect on color removal produced during

oxidation.

In many iron treatment plants, iron is removed by simple aeration at clevated pH (7.5 to
8) followed by suitable filtration option (Shahid, 1998). From assessment of manganese
removal by simple aeration (chapter four), it is found that at pH below 10 manganese
removal by aeration is not very effective. However, if soluble iron is present in such
water, that can be precipitated easily at this pH value. This precipitation of insoluble iron

may enhance the removal of manganese by simple aeration.

In this study, oxidation of manganese present in groundwater has been evaluated in
presence of dissolved iron using potassium permanganate as oxidizing agent.
Permanganate oxidation has been done on both natural groundwater and artificially
prepared samples. Besides, effectiveness of simple acration in manganese removal in

presence of iron has also been assessed. This chapter presents results of laboratory
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investigations on manganese removal from water by permanganate oxidation and aeration

in presence of dissolved iron.
5.2 MATERIALS AND METHODS

In this study, laboratory batch experiments were carried out in a way similar to that
described in chapter four. Natural groundwater collected from BUET pumping station
was used in these experiments. In order to assess effect of alkalinity on manganese
removal, additional experiments were carried out in synthetic water samples prepared

with deionized water, having low alkalinity.

All batch experiments were carried out in 1-L glass beakers using in 500-ml samples.
Initial manganese concentration of the water samples were varied by spiking with
manganese stock solution (500mg/L) prepared according to the description given in

chapter four.

Required concentration of iron in groundwater was added by spiking the samples in
beakers with iron stock solution (having 500 mg/L Fe), prepared by dissolving anhydrous
ferrous sulfate salt (FeSO,4. 7H,0). -

All batch studies were carried out according to the procedure described in chapter four.
‘Additional details of different experimental set up are briefly described in the next

section.
5.2.1 Manganese Oxidation with KMnO, in Presence of Dissolved Iron

This study was carried following the procedure described in article 4.2.1 for manganese

removal by oxidation with KMnQ,.

Effect of presence of dissolved iron on manganese removal from natural groundwater
(alkalinity = 240 mg/L as CaCOs) by oxidation with KMnQ, was studied by varying the
initial iron concentration from about 1.0 to 10.0 mg/L. Initial manganese concentration
was fixed at 2.0 and 5.0 mg/L. Dose of KMnO4 was.set at 1.0 and1.2 times to that

required from stoichiometric relation for manganese oxidation (Eq. 4.1). Groundwater
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was first spiked with manganese, and then iron stock solution was added to achieve a
range of iron concentrations (e.g., 1, 3, 5 and 10 mg/L). After adding the oxidant, mixing
was done for 10 mins and samples were allowed to settle for 30 mins before filtration in

similar way described in chapter four.

Experifnents were carried out to assess the effect dissolved iron on manganese oxidation
at low alkalinity and low pH. Instead of using natural groundwater, in this study,
deionized water was used. Alkalinity of the artificial water was varied from 89 to 102
mg/L as CaCO; using a NaHCO, solution (20 g/L). pH was varied between 5.98 to 6.1 by
adding concentrated ICl solution. The experiments were carried out with initial
manganese concentration of about 2mg/L. Dissolved iron concentration was varied from
1.0 mg/L to 10.0 mg/L. Permanganate dose was set at exactly that required from

stoichiometric requirement for manganese oxidation (Eq. 4.1).

Effect of dose of potassium permanganate on simultaneous removal of iron and
manganese in natural groundwater was determined. Permanganate dose was calculated
from stoichiometric relation for manganese and as well as for iron. According to Eq. 5.1,
for complete oxidation of iron by KMnO., about 0.94 mg of KMnO, dose is required for

1 ml of dissolved iron.
3Fe”™ + KMnO, + 7H,0 = 3Fe(OH); (s) + MnO; (s) + K" +5H" (5.1)

Therefore for simultancous oxidation of 1.0 mg/L iron and 1.0 mg/L manganese in
groundwater, the total amount of KMnQO4 dose required is 2.86 mg/L. For these
experiments, KMnQOy4 dose was varied by different factors this requirement. The factors
were 0.25, 0.5, 0.75 and 1.0. Manganese concentration was fixed at 2.0 mg/L and iron at
5.0 mg/L. Therefore, pérmanganate dose was varied from 0.25 to 1.0 times of that
required to oxidize 2 mg/L manganese and 5.0 mg/L iron simultaneously according to
stoichiometry of Eq. 4.1 and Eq. 5.1. For example, stoichiometry fraction 0.25 means that
of 25% of KMnQ, dose required for 2.0 mg/L manganese and 5.0 mg/L iron has been
used. Alkalinity of natural groundwater was found to be 238 mg/L as CaCOs

Dissolved iron is known to get oxidized in contact with air under suitable alkalinity and

pH condition. Hence, removal of manganese from water (having dissolved iron) that has
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been acrated (for iron oxidation) was investigated. In this experiment pH of water
samples were raised to about 8.0 (In between 8 to 8.1). pH was increased using NaOH
solution (N/44). Water was spiked with an initial manganese concentration of about 2.0
mg/L Tron concentration was varied from 1.0 to 10. 0 mg/L. After spiking water with
iron, samples were stirred for 15 mins in order to oxidize iron in water by aeration before
adding manganese to water. After that manganese stock solution was added to water
samples to provide an initial concentration of 2.0 mg/L. Permanganate dose required to
oxidize manganese only was added to water. Dose was set to exactly that required from

stoichiometric consideration for manganese oxidation.
5.2.2 Manganese Removal by Aeration in Presence of Iron

Manganese oxidation by simple aeration in presence of dissolved iron was also evaluated
in this study. Experiments similar to that described in article 4.2.4 were carried out. Initial
manganese concentration of manganese was fixed to about 2.0 mg/L. Initial iron
concentration was varied from 1.0 to 10.0 mg/L. After spiking water with required dose
of manganese and iron, water samples were aerated by vigorous mixing at 100 rpm.
Mixing was carried out for about 30 mins. Samples were then allowed to settle for 30
mins and then filtered and analyzed for iron and manganese. Initial pH varied from 7.65

to 7.72.
5.2.3 Chemicals and Measurement of Parameters

As describéd in chapter four, all chemicals used in this study were of reagent grade. Iron
stock solution (containing about 500 mg of iron/L of solution) was prepared by dissolving
anhydrous ferrous sulfate (FeSQ,. 7H,O; MW = 278.0) in deionized water. The stock
solution was kept at a pH below 2.0 by acidifying with concentrated HCl solution.
Manganese and permanganate stock solutions were prepared according to the procedure

described in chapter four in article 4.2.6.

In this study both iron and manganese concentration in water was measured by flame
atomic absorption spectrophotometry, using an AAS (Shimadzu, 6800). A sample
standard curve for iron is shown in Fig. A2 in Appendix A. Measurement of other

parameters (e.g., pH) was carried out following procedures described in article 4.2.6.
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5.3 RESULTS AND DISCUSSIONS

5.3.1 Removal of Manganese by KMnO, Oxidation in Presence of Iron

This section describes the results of batch experiments carried out to assess manganese
removal from groundwater when iron is also present in water. Oxidation was performed
either by using potassium permanganate or by aeration. Batch experiments were
conducted to assess: (i) the effect of iron present in varying concentration in natural
groundwater on removal of manganese by permanganate oxidation, (i1) Effect of iron on
manganese removal from synthetic water having low alkalinity and pH, (111) removal of
both iron and manganese present in groundwater by oxidation with KMnQ,, and (iv)
removal of manganese by chemical oxidation from groundwater which has been aerated

at elevated pH for removal of iron.

Effect of Dissolved Iron Concentration on Manganese Removal

Figure 5.1(a) and 5.1(b) show the percentage of manganese and iron removal respectively
as a function of initial ifon concentration, varyihg from 1.0 mg/LL (0.0178 mM) to about
10.0 mg/I. (0.178 mM). The figure is plotted for initial manganese concentrations of 2.0
mg/L (0.036 mM) and 5.0 mg/L (0.091 mM). The permanganate dose for these
expeﬁments was fixed at 1.2 times that required from stoichiometric consideration for
manganese oxidation. pH of water samples for these experiments varied from 7.77 to

7.62.

The figure shows that for higher initial manganese concentration (5.0 mg/L) removal of
both iron and manganese was good. About 90% of manganese removal was achieved
even when initial iron concentration was as high as 10.0 mg/L, while removal was over
98% for an initial iron concentration of 1.0 mg/L. But for lower initial manganese
concentration (2.0 mg/L), percentage of manganese removal decreased significantly with
increasing iron concentration. For initial iron content of 10.0 mg/l, manganese removal
was about 78%. For both cases iron removal was very good. For initial Mn concentration
of 2 mg/L, removal of iron was more than 99% even when iron concentration was about
10.0 mg/L. This is clear from the figure that as iron is capable to be oxidized to its
undissolved form under the experimental conditions. Part of the oxidizing agent added for
manganese oxidation may have been utilized for oxidation of iron, resulting in lower

removal of Mn.
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Figure 5.1 (a): Percentage removal of manganese as a function of different initial iron
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Figure 5.1 (b): Percentage removal of iron as a function of initial iron concentration
present in groundwater (KMnQ; stoichiometry ratio for Mn = 1.2)
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Figure 5.2 shows the amount of residual manganese remaining in solution after filtration
for different initial iron concentration in water. The permanganate dose was 1.2 times of
that required from stoichiometric consideration. It shows that althéugh the removal was
good when expressed as percentage (fig. 5.1), but the residual concentrations of
manganese were high, especially in presence of higher iron contents. For an initial
manganese concentration of 5.0 mg/L, residual manganese after filtration exceeded
Bangladesh drinking water standard value for manganese (0.10 mg/L) as well as WHO
Health-based guideline value (0.50 mg/L), for initial iron concentrations of 3 mg/L or
higher. And in case of manganese concentration 2mg/L, residual concentration was above

allowable limit for initial iron content of 5.0 mg/L or higher,
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Figure 5.2: Residual manganese in solution after filtration for different initial iron
concentration in water

If these results are compared with experiments described in chapter four article 4..3.1,
where manganese was oxidized with KMnO4 in the absence of iron, residual
concentration was much less than allowable limit for initial manganese concentrations of
2 and 5mg/L. This indicates that the presence of iron, decrcased manganesec removal

efficiency significantly and increased residual concentration of manganese in solution.
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Figure 5.3 shows comparison of manganese removal (initial Mn concentration = 2.0
mg/L) in presence of iron (varied from 1.0 to 10.0 mg/L) for two different dose of
KMnO4 (1.0 and 1.2 times that required for Mn oxidation). Quantitatively, for an initial
manganese concentration of 2 mg/L., amount of KMnQ, dose added wés 3.84 and 4.61
mg/L for stoichiometric fraction of 1.0 and 1.2 respectively. The figure shows that in case
of stoichiometric ratio 1.2, manganese removal was relatively good (as % removal) even
when iron was as high as 10.0 mg/L. But in case of stoichiometric ratio 1.0 for KMnQj,
removal gradually decreased with increase in iron concentration. This probably indicates
that when less oxidant js available, iron consumes a part of the oxidant before manganese

could get oxidized.
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Figure 5.3: Manganese removal as a function of initial iron concentration by
oxidation with KMnO4 at two different stoichiometry ratio (S. R.) of
KMnO, (imtial manganese concentration = 2.0 mg/1.)

Results presented in Fig. 5.1 and 5.2 suggests that complete manganese oxidation in
presence of high iron content in water is not possible with an oxidant dose required just
for manganese oxidation. In pH range (7.5 to 7.8) at which the experiments were

conducted was more favorable for iron oxidation than for manganese.
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Manganese Removal from Low Alkalinity-Low pH Water in Presence of Iron

Previous studies on iron removal (e.g. Shahid, 1998) suggest that at low pH (less than 7)
and at low alkalinity, iron removal efficiency is also reduced. Therefore an attempt was
made to assess manganese oxidation in presence of iron in water at low pH and low

alkalinity, where iron may not get oxidized before manganese.

Figure 5.4(a) and 5.4(b) show the comparison between manganese and iron removal
respectively under normal pH (7.6 to 7.8) and alkalinity (240 mg/L. as CaCO;) conditions
with that at low pH ( 6 to 6.1) and low alkalinity (<100 mg/L as CaCOs) value. From Fig.
5.4 (a) and (b), 1t is clear that manganese removal follows the same trend under both
experimental conditions. That is in both cases, manganese removal decreased with
increase in initial iron concentrations. However the removal was a little less for low pH
and low alkaline condition than that in case of normal pH range. For example, at initial Fe
concentration of 3 mg/L, % of manganese removal after filtration was about 83% and
80% at normal pH and at low pH condition, respectively. Figure 5.4 also indicates that
iron removal was also high even at low pH and low alkalinity, even for initial iron

concentration as high as 10.0 mg/L.
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Figure 5.4 (a): Comparison of manganese removal with KMnO; as a function of
different imitial iron concentration in low pH -low alkalinity water and in
normal pH - normal alkalinity condition.
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Figure 5.4(b): Comparison of % iron removal as a function of different initial iron
concentration in low pH -low alkalinity water and that in normal pH -
normal alkalinity condition.(Initial Mn concentration = 2.0 mg/L;
Stoichiometry ratio for KMnO, = 1.0)

This is probably due to the fact that permanganate being a very strong oxidizing agent
capable to oxidize both iron and ma.nganeée even at low pH (for pH range of 5 to 10;
Samblebe,2003).Though alkaline environment enhance oxidizing power of permanganate,

its effect was not significant for the experimental condition used in the study.

Figure 5.4 suggests that even at low pH and low alkaline environment, manganese
removal by KMnQj is poor in presence of iron. As KMnOj is a strong oxidant agent, it is

capable to oxidize iron at low pH and low alkaline condition.

Figure 5.5 shows the residual manganese remaining in solution after KMnOQ, oxidation in
presence of iron at low pH and low alkalinity condition. It shows that residual manganese
was always above the Bangladesh standard (0.10 mg/1.) for manganese. However for
initial iron concentration less or equal to 3.0 mg/L, concentration of residual manganese
was below WHO health-based guideline value (0.50 mg/L) for manganese. Fig. 5.5 shows
that although the removal of iron (expressed as “% removed™) was high, for higher initial

iron concentration residual iron was greater than who guideline value for iron (0.30

mg/L).
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Figure 5.5: Residual manganese remain in solution after oxidizing with KMnQ, at low
pH low-alkaline water for presence of dissolved iron at different
concentrations. (Initial Mn concentration = 2.0 mg/L; KMnQj, stoichiometric
ratio = 1.0)

Removal of Both Iron and Manganese by Oxidation with KMnO, Dose

Results presented earlier shows that manganese removal in the presence of iron,
decreased with increase in iron concentration. This shows that, when both iron and
manganese are present in water, it is necessary to provide sufficient oxidant dose to
oxidize and remove both of these two elements. For oxidation KMnQ, dose required may
be less than that indicated by stoichiometry because of possible oxidation of iron by air.
Therefore experiments were conducted to assess the amount of KMnQ, dose required to

remove iron and manganese simultaneously.

Figure 5.6 shows % of manganese removal (after filtration) for different combined
stoichiometry fraction. The figure indicates that régardless of the amount of KMnQ, dose
apphied, complete removal of iron occurred after filtration. But for manganese, removal
increased with increase of dose fraction up to the fraction 0.75, then again it decreased.
Removal of manganese was greater than 93% in case of stoichiometric fraction of 0.75;

whereas it was 84% when the dose was exactly that indicated by stoichiometry of iron |

and manganese oxidation.
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Quantitatively, to oxidize 5.0 mg/L of Fe, about 4.7 rng/L of KMnQO, dose 1s needed
according to Eq. 5.1. For removal of both 2.0 mg/L manganese and 5.0 mg/L of iron,
about 8.54 mg/L. of KMnOjy is required. Fig. 5.6 indicates that almost 100% Fe removal
was achieved after filtration irrespective of KMnQO, dose. Therefore, if the oxidation of
iron is carried out by KMnQy, then for combined KMnO, fraction of 0.25 (i.c., 2.14 mg/L
KMnOg) and 0.5 (ie., 4.27 mg/L KMnQO,), no KMnQ; was available to oxidize
manganese. However, for these KMnQO, fractions, removal of mahganese about 8% and
60 %, respectively was achieved. For KMnQ, fraction 0.75, (i.e., 6.41 mg/L KMnOQOy),
about 1.71 mg/L KMnO, in excess of that required for complete Fe oxidation was
available to oxidize Mn, which is capable to oxidize 44.5% Mn. Whereas at this dose,
removal of Mn was about 94%. Therefore, oxidation of Fe did not occurred by KMnO,
alone, aeration (during mixing) and autocatalytic oxidation of manganese may play

significant role in removing both Mn and Fe.
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Figure 5.6: Simultancous removal of manganese and iron for different KMnO. dose
expressed as a fraction of that required for complete oxidation of both iron
and manganese. (Initial Mn concentration = 2.0 mg/L; initial iron
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Figure 5.7: Manganese concentration remaining in solution after simultaneous removal
of manganese and iron at different KMnQO, dose expressed as a fraction of
that required for complete oxidation of both iron and manganese. (Initial Mn
concentration = 2.0 mg/L; initial iron concentration = 5.0 mg/L)

Figure 5.7 shows residual manganese concentration for different dose of KMnQ,_ It shows

that although the removal of manganese was high in case of stoichiometric fraction 0.75

(as % removed), residual concentrations were well above Bangladesh drinking water
standard and WHO aesthetics based guideline, though lower than WHO health based
guideline.

Manganese Oxidation by KMnO, with Pre-Oxidation of Iron by Aeration

Previous results from this study indicate that when iron is present in groundwater, it is
difficult to remove manganese completely, even with addition of required amount of
oxidant dose for removal of both iron and mangaﬁese. On the other hand, almost
complete removal of manganese was achieved in the absence of iron, under similar
experimental conditions. Therefore, removal of iron by aeration prior to addition of

KMnQO; may improve manganese removal in the presence of iron.
Experiments were carried out to evaluate the removal efficiency of manganese with

KMnQ, oxidation with pre-oxidation of iron by aeration. For these experiments, initial

manganese concentration was fixed at 2.0 mg/L and initial pH was adjusted to about 8.0
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(to enhance iron removal by aeration). Iron concentration was varied from 1.0 to 10.0
mg/L. KMnQ, dose was set at exactly that required for complete oxidation of manganese

only.

Figure 5.8 shows removal of both manganese and iron from these experiments. It shows
that pre-oxidation removes about 30% to 47% of initial iron in water varied from 1.0 to
10.0 mg/L respectively. After addition of permanganate dose, complete removal of iron
was achieved regardles; of initial concentration. The figure also indicates that with pre-
oxidation of iron by aeration, greatly increase the removal of manganese, and complete
removal of manganese was also achieved after oxidation with KMnOy This indicates that

prior aeration for removal of iron can enhance simultaneous removal of both manganese

and iron.
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Figure 5.8: Removal of manganese with KMnOy oxidation in presence of iron
with pre-oxidation of iron by aeration (KMnQ, stoichiometry ratio for
Mn= 1.0).
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5.3.2 Removal of Manganese and Iron from Water by Aeration

From previous experimental result it has been found that -acration enhances the removal
of iron from water. An attempt was made to evaluate the removal of both manganese and

iron from water by simple aeration.
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Figure 5.9: Simultaneous removal of manganese and iron by simple aeration for different
initial iron concentration (Initial Mn concentration= 2.0 mg/L).

Figure 5.9 shows the % of removal of manganese and iron by simple aeration. The figure
shows that both iron and manganese removal decreased with increase of initial iron
concentration in water. However if Fig.5.8 is compared with the Fig. 4.19 in chapter four
showing manganese removal by aeration, it would indicate that in presence of iron
removal of was slightly less than manganese removed by aeration in absence of iron. This

implies that presence of iron may not enhance manganese removal by simple aeration.
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CHAPTER 6
MANGANESE REMOVAL BY COAGULATION-ADSORPTION-
COPRECIPITATION

6.1 INTRODUCTION

In many water treatment facilities chemical coagulation process is used to enhance the
removal of colloidal and dissolved substances from water. Especially in Bangladesh
chemical coagulation (e.g. iron coagulation, alum coagulation etc.) processes are
extensively used to remove arsenic as well iron from groundwater. When both iron and
arsenic is present in water, iron coagulation enhances removal of both of these
substances. In addition to iron and arsenic, manganese is another very common element
found in water in almost allover the world. Many researches suggest (Benschoten and
Lin, 1992; Raveendran et al, 2001; Samblebe, 2003; Seeling, 1992; Sharma et al, 2001
etc.) chemical oxidation, especially with KMnQy, ClO,, as the most effective treatment
option for manganese removal. One of the common difficulties with chemical oxidation
is the removal of color, for which it is necessary to filter water through a suitable filter
media after chemical oxidation. Where as color produced from water treatment can

effectively reduced through flocculation and coagulation.

The subject of controlled coagulation for the removal of the objectionable manganese
dioxide resulting from manganese oxidation has received little attention (Passelt et al,
1967). According to Morgan and Stumm (1981) oxygenation of manganese (II) show
various average degree of oxidation (MnQ,). Variations in x often can be attribute to
sorption of manganese (IT) by the oxide, thus increasing the apparent ratio Mn:O and
decreasing the magnitude of x. Despite the variable nature of x, the formula for
manganese dioxide is commonly given, as the name implies, as MnO, (Gabono et al,

1965).

According to Passelt et al -(1967), for the pH range of practical mterest for water

treatment (5 to 11), colloidal MnQ; is characterized by a net negatlve particle charge.




Hence, for normal conditions, colloidal hydrous MnQO, is should behave in a fashion
similar to many other negatively charged colloids (such as Si0;), respond accordingly to

treatment with common coagulants such as ferric sulfate and alum.

An important characteristic of hydrous manganese dioxide in aquecus solution is its
ability to exchange surface-bound H" and OH’ ions in response to changes in the relative
concentrations or activities of these ions in solution phase; i.€., in response to changes in
pH. If the negatively charged OH  ion is present in excess at the hydrated surface, the
colloid will exhibit a net negative charge, while a net positive surface charge will be

exhibited in the presence of an excess of H' ions (Passelt et al, 1967).

The hydrolyzing metal ions Fe (III) and Al (III) are the most common coagulants for
water treatment. The behavior of these metals with respect to coagulation of colloidal
hydrous MnQ; produced from dissolved manganese oxidation is thus direct interest.
According to Passelt (1967), both Fe(Ill) and AI(II) undergo relatively extensive
hydrc;lysis and polymerization in aqueous solution to yield a broad spectrum of charged
species of different “molecular” size and charge density. The nature of predominant
hydrolysis and polymerization species formed is strongly dependent upon pH, other
factor being constant. At low pH these species are positively charged, but increases in pH

lead eventually to formation of negatively charged metal-hydroxo polymeric forms.

Coagulant aids often promote settling, when the sedimentation characteristics of flocs
formed by normal coagulation procedures are poor. There are two categories of coagulant
aids. The first includes those for which a substantial increase in floc size occurs as a
result of sorption and enmeshment of particles by long-chain polymeric molecules. The
second includes clay-type minerals that affect an increase in the density of floc particles.
MnQ;, because of its high specific gravity, might well act as a coagulant aid in water
treatment operations and thus be included in the second category (Black, 1985).
Therefore, removal of manganese by coagulation, insoluble manganese itself may act as

coagulant aid and thus may enhance further removal.
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All the studies discussed above highlights the possibility of removal of oxidized
manganese (MnQO,) by coagulation. Therefore, for this option it is necessary to oxidize

manganese first and then Mn solids would be removed by coagulation.

In context of Bangladesh, coagulation using FeCl; and alum is widely used to remove
arsenic  from groundwater (e.g., Ali et al, 2001; Tahura et al, 2001,
BAPWSP/DFID/Water Aid, 2001). In these studies it has been found that some of the
methods also removed manganese, but in those cases manganese concentration was
below 1.0 mg/L. Moreover in many methods of arsenic removal by coagulation utilized
some permanganate to oxidize As(lIl) to As(V) (e.g. Ali et al, 2001). And coagulation

was followed by filtration to enhance surface adsorption of arsenic.

No reliable data has been found on effective removal of dissolved manganese in water by
coagulation-adsorption process alone. By addition of coagulant under favorable
environment it may be possible that dissolved manganese get adsorbed onto coagulant .
flocs and thus get settled by gravity. Therefore, it is necessary to assess the possibility of

removing dissolved manganese by coagulation adsorption and coprecitation.

Iron coagulation is being widely used in removal of arsenic from groundwater of
Bangladesh. In this study, experiments have been carried out to assess manganese
removal by Fe(Ill) coagulation, adsorption and coprecipitation processes. Moreover,
study was also made to evaluate the possibility of manganese removal by utilizing

dissolved ferrous iron as adsorbent in coagulation process.
6.2 MATERIALS AND METHODS

In this study, effectiveness of manganese removal by coagulation with two common iron
salts [ferric chloride and ferrous sulfate) was evaluated. Moreover, effect of pH on
manganese removal by Fe(IIl) coagulation was also assessed. As in previous studies
described in chapter four and five, groundwater collected from BUET pumping station

was used for this study. Alkalinity of groundwater was 242 mg/L as CaCO;. Stock
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solutions for manganese, potassium permanganate, and iron (IT) were prepared following
the procedures in chapter four and five. Stock solution of Fe(Ill) salt (i.e., ferric chloride)
was prepared by dissolving anhydrous ferric chloride salt (FeCl:.6H,0; MW = 270.30) in
deionized water. A stock solution having 500 mg Fe(IlI) per liter of solution was
prepared. The pH of the stock solution was kept below 2.0 by adding concentrated HCl in

order to keep ferric iron in dissolved form.

For a parﬁcular initial manganese concentration and coagulant dose, one set of
experiments was conducted without the addition of any oxidizing agent, while another set
was conducted with the addition of oxidizing agent (potassium permanganate). This was
be done for differentiating the mechanisms (oxidation versus adsorption) of manganese
removal from water. In_each set of experiment, water samples (500 ml) in 1-L glass
beakers were coagulated in a digital paddle-type coagulation apparatus. The coagulant

dose was varied from 2 mg/! (as iron) to 25 mg/] (as iron).

After addition of potassium permanganate (if needed), coagulant dose was added to the
beaker from stock solution of either Fe(Il) or Fe(Ill). Then the contents of the beakers
were mixed rapidly for 1 minute at a speed 100 rpm. Then a slow mixing was done for 15
minutes at a speed of 45 rpm. Samples were then allowed to settle for 30 minutes. Then
clear supernatant was collected from the beaker from about 1-cm below the water surface
and analyzed for manganese, color, and iron concentrations. Collected samples were
then filtered through 0.45-pum filter in order to determine total dissolved manganese
present in water. In order to determine the effect of pH on manganese removal by
coagulation with ferric solution as coagulant, pH was varied from 7 to 11 by adding
NaOH (N/44) solution. Figure 6.1 shows the experimental set up for manganese removal
by coagulation with the addition of KMnOj, as oxidizing agent. Additional details of

each type of experimental set up are briefly described below.
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Figure 6.1: Experimental Set-up for manganese removal by Coagulation
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6.2.1 Manganese removal by Coagulation-Adsorption-Coprecipitation

Experiments were conducted for initial manganese concentration of 2 mg/L. Ferrous
sulfate concentration was varied from 2 to 25 mg/L (as Fe). Two sets of experiments
were carried out. In one set KMnO, was added at a concentration (2.84.mg/]) exactly
equal to that required from stoichiometric consideration for manganese oxidation. After 1
minute of rapid mixing (100 rpm), 15 minutes of slow mixing (45 rpm) followed by 30
minutes of settlement, supernatant samples were collected. The pH values of the samples
were within the range of 7.5 to 7.7. Similar experiments were conducted with ferric
chloride added as coagulant. Coagulant dose in this case was varied from 10.0 mg/l to

25.0 mg/L (as Fe). The pH values for these experiments varied from 7.59 to 7.72.

6.2.2 Effect of pH on Coagulation of Manganese with Fe (III) Coagulation

In order to evaluate the influence of pH ori removal of manganese from groundwater by
coagulation with FeCls, experiments similar to those described above were carried out
where pH of the samples was varied from 7 to 11 by adding NaOH (N/44). Experiments
were carried out without addition of the chemical oxidant (e.g., KMnQ,.) Manganese
concentration was fixed at about 2 mg/L. Coagulant dose (ferric chloride) was fixed to 15

mg/L (as Fe).

6.3 RESULTS AND DISCUSSIONS

6.3.1 Manganese removal by Iron Coagulation

In this study, batch experiments were carried out to evaluate the effectiveness of
coagulation-adsorption process in removing dissolved manganese from groundwater.
Experiments were carried to defermine: (1) the effectiveness of Fe(Il) as coagulant in
removing manganese with or without pre-oxidation of manganese by KMnQ, dose, (ii)

the effectiveness of Fe(lll) as coagulant in removing manganese with or without pre-
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oxidation of manganese by KMnO, dose, and (iii) effect of pH on removal of manganese

with iron (III) coagulation. Experimental results are briefly described below.

Manganese Removal by Iron (II) (Ferrous Sulfate) Coagulation

The primary mechanism involved in the removal of metal ions by coagulation with iron
(IT) (ferrous sulfate) involves adsorption of dissolved metal ions onto the surface of iron
flocs and subsequent precipitation of the flocs. In case of manganese, in addition to
adsorption, som¢ manganese could be removed by oxidation of dissolved Mn(Il) to
insoluble manganese solids, either by oxygen (from air) or potassium permanganate (if

added).

Figure 6.2 shows the % removal of manganese after coagulation. The figure gives a
comparison between removal efficiency with and without KMnQ, oxidation. Fig. 6.2
shows that manganese removal by coagulation was relatively good (as % removed) when

manganese was oxidized with KMnQO,.
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Figure 6.2: Removal of manganese by iron coagulation-adsorption process by using dissolved
FeSO, as coagulant with and without addition of KMnO, (Initial Mn
concentration =2.0 mg/L; KMnO, stoichiometry ratio =1; pH =7.6)
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Poor removal (about 20% to 34%) was achieved in case of coagulation without the
chemical oxidation. Part of this removal may be due to oxidation of dissolved manganese

into insoluble manganese by oxygen (from air) and its subsequent precipitation.

In case of coagulation without chemical oxidation, % removal decreased with increase in
coagulant dose, though the reason for this apparent trend is not clear. In case of
coagulation with chemical oxidation of manganese, removal decreased with increase in
coagulant dose up to 10 mg/L of iron (II), and then increased with increase in coagulant

dose.

- For coagulant FeSOydose of 3, 5 and 10 mg/L, manganese removal has been found to be
about 78%, 66% and 60%, respectively. In chapter 5 it has been found that for similar Mn
and Fe (II) contents, removal of Mn was 82%, 54% and 29%, respectively for dissolved
Fe (II) concentration of 3, 5 and 10.0 mg/L respectively (Fig. 5.3). This probably implies
that controlled mixing for the purpose of coagulation enhanced Mn removal in presence
of Fe(Il).

From results obtained in this study, it appears that when the oxidizing agent is added,
oxidation of dissolved manganese to insoluble forms and their subsequent precipitation is
the primary mechanism for manganese removal. Very little dissolved manganese could
be removed in the coagulation experiments through adsorption of dissolved manganese

onto iron flocs.

Figure 6.3 illustrates the amount of residual manganese remaining in solution after
coagulation. It shows that although the removal of manganese was good (when expressed
“as % removed”), in case of coagulation with chemical oxidation, the residual
concentrations were well above the allowable national standard (0.10 mg/1) and the limit
set by WHO (aesthetics). For coagulant dose of 5.0 and 10.0 mg/L, residual manganese
was greater than WHO health-based limit (0.5 mg/1). |
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Figure 6.3 : Residual manganese concentration in solution after coagulation with FeSO,, with
. and without pre-oxidation of dissolved manganese using KMnQ,. (Initial Mn

concentration =2.0 mg/L; KMnO, stoichiometry ratio =1; pH =7.6)

Manganese Removal by Iron (I1I) (Ferric Chloride) Coagulation
Iron (III) salts, such as ferric chloride, are widely used as coagulant for removal of
arsenic from groundwater. In this study, effectiveness of ferric chloride coagulation in

removing dissolved manganese from groundwater was evaluated.

Figure 6.4 illustrates the removal of manganese by coagulation with ferric chloride, with
and without chemical oxidation of manganese. It shows that regardless of amount of
coagulant, removal of manganese in case of coagulation with chemical oxidation was
greater than 90%. In contrast, removal of manganese by coagulation without chemical
oxidation was much less, varying from about 25% (at a coagulant dose of 10 mg/l) to
about 37% (at a coagulant dose of 25 mg/l). Results presented in Fig. 6.4 also suggest
that chemical oxidation of manganese (and not adsorption of dissolved manganese) is the
primary mechanism of manganese removal in the coagulation experiments where KMnQO,

was used.
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Figure 6.4 : Removal of manganese by iron coagulation-adsorption process using Fe(III) as
coagulant, with and without pre-oxidation of dissolved manganese using KMnQ,,.

(Initial Mn concentration = 2.0 mg/L; KMnO, stoichiometry ratio =1)

However, 1if these results are compared with results obtained ﬁom coagulation with
ferrous sulfate (Fig 6.5), it becomes clear that ferric chloride coagulation was more
effective in temoving manganese from groundwater that ferrous sulfate. The difference
was more significant for coagulation with chemical oxidation by potassium
permanganate. This may be due to the fact that in case of coagulation by ferrous sulfate,
part of the oxidant added (KMnQ,) was used up for conversion of ferrous iron to ferric
iron; and this portion of the oxidant was no longer available for oxidation of dissolved
manganese. It may be noted that as described by Black (1985), solid oxide form of
manganese (MnQ,), because of its high specific gravity, might well act as a coagulant aid

in water treatment operations.
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Figure 6.5 : Comparison of Fe(llI) and Fe(II) as coagulant in removing manganese from

water, (Initial Mn concentration = 2.0 mg/L; KMnQ, stoichiometry ratio =1)

Effect of pH on Manganese Removal by Iron (I1I) Coagulation

Since adsorption of dissolved manganese on to metal hydroxides is likely to be favored at
higher pH values, experiments were carried out to assess if greater manganese removal
could be achieved by coagulation at higher pH values. Results from this study presented
earlier suggest that Fe(III} is better coagulant than Fe(II) for manganese removal. Effect
of pH on manganese removal by coagulation was therefore carried out with ferric

chloride.

Figure 6.6 shows the removal of manganese by Fe(III) coagulation as a function of pH. It
shows that removal of manganese was low (less than 40%) for pH less than 9. However,
at higher pH values manganese removal increased sharply and almost complete removal

was achieved at pH 11.
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Figure 6.6 : Effect of pH on removal of manganese by Fe (III) coagulation-adsorption
process using Fe(Ill) as coagulant without pre-oxidation of dissolved
manganese using KMnQO,.( Initial Mn concentration = 2.0 mg/L; KMnQ,
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In previous experiment on manganese removal by simple aeration (Chapter Four), it has
been found that high manganese removal (greater than 90%) could be achieved by simple
aeration pH value 10 and 11 (regardless of contact time). Thus, the apparent higher
removal of manganese in coagulation experiments (shown in Fig. 6.5) appears to be the
result of oxidation of manganese by air. The coagulant (ferric chloride) does not appear
to be responsible for this high removal of manganese at higher pH values. These results
once again demonstrated that very little manganese removal could be achieved by
coagulation alone. Thus, very little manganese -removal could be expected in traditional

arsenic removal systems based on coagulation.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

From the experimental results obtained in this study, following conclusions can be drawn:

* Potassium permanganate is very effective oxidant for removal of manganese from
groundwater. Manganese removal by permanganate oxidation was maximum at
permanganate dose equal to that required from stoichiometric consideration. However
for very high initial manganese concentration, although the removal was significantly
high with slight over dose of permanganate, residual manganese concentration was well

above the allowable limit set by Bangladesh drinking water standard (0.1 mg/L)

¢ Potassium permanganate, being a very strong oxidizing agent, is capable to oxidize
manganese over a wide pH range of 5-10. However, removal rate above pH 7.0 was
significantly high and above pH 8.0, manganese removal with KMnO, oxidation

\ becomes independent of pH. This implies that natural groundwater containing
dissolved manganese can b¢ effectively removal with permanganate without any

adjustment to natural pH.

* One drawback of pemanganate oxidation is the formation of color due to the oxidation
of dissolved manganese. It has been found that even for the lowest concentration of
manganese used in this study (1.0 mg/L), all color concentrations were above the
Bangladesh drinking water standard, even after 3 hours of settling/ detention time.

Thus, it is clear that settling/ detention alone would not remove color from water treated

with potassium permanganate. Hence, appropriate filtration option would be required to

remove color.

* Significant color (produced from potassium permanganate oxidation of manganese)
removal would be possible using of sand filters having 10 to 20 cm depth. However,
sand filter with greater depth found to be more effective in removing color. Sand filter
is also capable to remove solid manganese formed by oxidation. Although residual

concentrations after sand filtration were not be as low as that obtained by 0.45pm filter




paper (<0.001 mg/L), all residual manganese concentrations (after sand filtration) were

well below the Bangladesh drinking water standard of 0.10 mg/1.

* Manganese removal by chlorination in natural pH range (7. to 8.5) would be Very poor,
- Manganese oxidation with chlorine would not be very effective until pH is raised above

8.5; and for complete oxidation of manganese, it is necessary to raise pH near 10.

* Manganese oxidation with chlorine is also dependent on contact time. Insufficient
contact time may lead to poor removal of manganese by chlorine oxidation even at an

elevated pH.

* Manganesec removal by simple aeration is also possible. Similar to chlorine oxidation,
manganese removal by acration requires sufficient contact time (often may need 30 to
60 minutes contact). pH has a very pronounced effect on manganese removal by
aeration. For effective removal of manganese by acration, pH is needs to be raised

above 10.

* Within pH range of 7 to 9, manganese oxidation with bleaching powder is more
effective than aeration. However, at higher pH values (= 10), both of these options are

capable to remove manganese completely.

* Presence of dissolved iron in- groundwater may significantly influence manganese
oxidation with potassium permanganate. In natural pH range a part of the oxidant added
for manganese oxidation could be consumed by iron and could result in ineffective

removal of manganese.

* When both iron and manganese is present in water, providing oxidation dose for
removal of both iron and manganese may lead to sufficient removal of manganese.,
However dose requirement would be less than that required from stoichiometric
consideration for iron and manganese. This is due to the fact that some manganese as

well as iron would be removed from water by the aeration during mixing.
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* When dissolved iron is present in water, removal of manganese by chemical oxidation
may become effective, if water is aerated for a suitable time before adding the oxidant.
By acration a significant portion of iron would get oxidized and thereforelwould not
influence manganese oxidation and thus complete removal of both iron and manganese

could be possible.

e Ferric chloride coagulation is found to be more effective in removing manganese from
groundwater that ferrous sulfate. However, without pre-oxidation of manganese (e.g.,
using KMnOg) coagulation would not be capable to remove dissolved manganese

significantly.

¢ Coagulation (with FeCly) at higher ph values increased manganese removal. But at
higher pH values (>10)} manganese removal is dominant by oxidation with air rather
than by adsorption onto iron flocs. These results demonstrated that very little

manganese removal could be achieved by coagulation alone.

7.2 RECOMMENDATIONS FOR FUTURE STUDIES

¢ To conduct study on manganese removal using groundwater having naturally occurring
high manganese concentrations

e To investigate removal options for reducing residual manganese levels below the
Bangladesh standard (0.1 mg/L) for higher initial manganese concentration.

* To investigate effect of parameters such as organic matter on manganese removal
efficiency.

» To investigate the effectiveness of sand filtration alone or coagulation followed by
convéntional sand filtration as used in iron and arsenic removal plants in removing

manganese from groundwater.
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APPENDIX- “B”

Study on Manganese Removal from Groundwater by Oxidation




Table B1: Water quality parameters for groundwater collected from BUET pumping

station.
L
7 Bangladesh
. . Concentration Standard for
Sl. no. | Water Quality Parameters Unit Present Drinking Water
(ECR'97)
1 pH - 7.78 ' 6.5-8.5
2 | Color Pt. Co. 2.00 15
unit
3 Turbidity NTU 0.35 10
4 Carbon-dioxide, CO, mg/L 41.0 o
5 | Total Alkalinity as CaCO; | mg/L 238.0 -
6 Total Hardness as CaCQO4 mg/L 236.0 200-500
7 Iron, Fe mg/L 0.02 0.3-1.0
8 Manganese, Mn mg/L 0.004 0.1
9 Arsenic, As g/L <1.0 50
10 Chloride, Cl mg/L 130.0 150-600
11 Fluoride, I mg/L 0.29 1
12 Eltrate-Nltrogen, NO;-N as mg/L 02 10 as N
Total Dissolved Solids
13 (TDS) mg/L 504.0 1000
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Table B-2 : Effect of settling time on removal of manganese present in different
concentration in groundwater with KMnQy oxidation (Stoichiometry ratio = 1.2)

Unit 1A 1B 2A 2B 3A 3B

Initial Mn meL | 103 | 1o1 | 203 | 202 | 495 | 498
Concentration

KMnO4 Dose

Added mg/L | 2.304 2.304 4,608 4.608 11.52 11.52
Residual Mn After

30 mins Settlement mg/L 0.15 0.17 0.27 0.3 1.02 1.08
Residual Mn After

90 mins Settlement mg/LL | 0.05 0.04 0.09 0.11 0.35 0.41

Residual Mn Afier
3 hrs settlement mg/L. 0 0 0 0 0.11 0.13
(mg/1)

Residual Mn Afier
Filtration
Manganese
Removal After 30 % 85.4 83.2 86.7 85.1 79.4 78.3
Mins Settlement
Manganese
Removal After 90 % 95.1 96.0 95.6 94.6 92.9 91.8
Mins Settlement
Manganese
Removal After 3 hrs % 100.0 100.0 100.0 100.0 97.8 97.4
Settlement

Manganese
Removal After % 100.0 100.0 100.0 100.0 8.8 98.4
Filtration :

pH After Removal 7.88 7.9 7.84 7.86 7.74 7.7

mg/ll | 0 0 0 0 006 | 0.08

Eh After Removal mV 230 228 236 248 338 325

Color after 30 mins | Pt-Co

) 78 ]2 145 150 197 208
settlement unit
Color after 90 mins Pt-Co 12 40- 57 55 121 130
settlement unit
Color after 3 hrs Pt-C.o 12 18 24 22 71 70
settlement unit
Color after PBt-Co
Filtration unit 0 0 0 0 4 0
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Table B-2 (continued) : Effect of settling time on removal of manganese present in
different concentration in groundwater with KMnO, oxidation (Stoichiometry ratio = 1.2)

Unit 4A 4B 5A 5B
mg/L 7.48 752 | 998 | 10.02

Initial Mn
Concentration
KMnQ4 Dose '
Added

Residual Mn After .
30 mins Settlement

mg/L | 16.128 | 16.128 | 23.04 | 23.04

mg/L 1.86 | 1.79 | 254 | 2.66

Mn Concentration _
After 90 mins mg/L 0.7 0.77 1.14 1.18
Settlement
Residual Mn After _ :
3 hrs settlement mg/L 0.24 0.23 0.35 0.38
(mg/1)

Residual Mn Afier
Filtration
Manganese :
Removal After 30 % 75.1 76.2 74.5 73.5
mins Settlement :

Manganese
Removal After 90 % 90.6 80.8 88.6 88.2
mins Settlement
Manganese
Removal After 3 hrs % 96.8 96.9 96.5 96.2
Settlement
Manganese
Removal After % 97.9 98.0 97.8 97.9
Filtration

pH After Removal | 76 7.58 7.5 7.44

mg/L 0.16 0.15 022 | 021

Eh After Removal mV 469 480 549 556

Color after 30 mins Pt-Co 298 315 456 448

settlement unit
Color after 90 mins Pt-(_?o 179 188 225 220
settlement unit
Color after 3 hrs Pt-Co 120 128 162 151
settlement unit
Color after Pt-Co 8 8 12 15

Filtration unit




Table B-3: Effect of pH on manganese removal from groundwater by oxidation
with KMnQy (Stoichiometry ratio =1.0)

Unit | 1 2 3 4 5 6 7
mualMn i mg/ 5 00 o3 | 199 | 202 | 199 | 201 | Log
Concentration L
Adjusted pH 4.82 6 7.1 7.5 8.07 9.1 10
Mn conc after me/ ‘

30 mins 7 | 096 | 078 | 033 | 028 | 016 | 018 | 021
settling
Mn o
Concentration mﬁ’ 045 | 03 0.14 | 007 | 0.02 0 0
After Filtration
Mn Removal
After 30 mins % |5224| 61.58 | 83.42 | 86.14 | 91.96 | 91.04 | 8939
Settling
Mn Removal
move % | 77.61 | 8522 | 92.96 | 96.53 | 98.99 | 100.00 | 100.00

After Filtration
PH After 754 | 768 | 7.78 | 786 | 820 | 834 | 878
Removal ,
Eh After mv | 182 | 205 | 228 | 230 | 239 | 235 | 232
Removal
Color Aft Pt-

or Aller Co | 92 85 81 75 68 75 71
Removal it
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Table B-4: Effect of KMnO, dose on oxidation of manganese in groundwater by varying the stoichiometric fraction

Unit la 1b 2a 2b 3a 3b 4da 4b 5a 5b 6a 6b
Initial Mn mgL | 201 | 202 | 199 | 202 { 198 | 198 | 201 | 203 | 198 | 201 | 201 | 198
Concentration
KMnQO4 Fraction
of Stoichiometric 025 | 025 ! o5 | o5 | o8 | o8 1 1 12| 12 | 15 1.5
Ratio
Mn Concentration
After 30 mins mg/L | 146 | 151 | 078 | 069 | 036 | 033 | 028 | 029 ! 042 | 039 | 095 | 093
Settlement
Mn Concentration
A ot mgL | 103 | 1.07 | 056 | 053 | 008 | 0.09 0 0.0l | 006 | 005 | 031 | 028
Color After 30 PrCo ooa | 236 | 110 | 119 | 78 74 85 91 130 | 141 | 359 | 385
mins Settlement unit
pH After Removal 757 | 756 | 7.84 | 784 | 795 | 798 | 81 | 805 | 801 | 802 | 802 | 804
Eh After Removal | mV | 174 | 177 | 196 | 192 | 210 | 215 | 224 | 230 | 218 | 222 | 212 | 2m
Q
7o Mn Removal % | 4876 | 47.03 | 71.86 | 73.76 | 95.96 | 95.45 | 10000 | 99.51 | 96.97 | 9751 | 84.58 | 8586 |
After Filtration
% Mn Removal
After 30 Mins % | 27.36 | 2525 | 60.80 | 65.84 | 81.82 | 83.33 | 86.07 | 85.71 | 78.79 | 80.60 | 5274 | 53.03
Settlement
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Table B-5: Removal of color produced during oxidation of manganese present in
groundwater by potassium permanganate using 10 ¢cm depth sand filter.
(KMnO, Stoichiometry ratio = 1.2)

Unit 1 2 3 4 5
Initial Mn
Concentration mg/L 2.01 2.01 2.01 2.01 2.01
Initial Color Pt-Co
After Mixing unit 244 244 244 244 244
Time Interval for} . | 34 30 30 130 30
Measurement
Volume of
Filtrate Water ml 285 268 230 192 178
Rate of Filtration| ml/min 9.50 8.93 7.67 6.40 5.93
Contact Time Mins 1.05 1.12 1.30 1.56 1.69
Color After Pt-Co
Filtration unit 18 18 15 8 7
Residual Mn
after Filtration mg/L 0.03 - 0.04 0.03 0.02 0.02
ColorRemoved | o | o)y | 9362 | 9385 | 9672 | 97.13
by Filtration
MnRemovalby |\ o, | gg51 | o801 | 9851 | 9900 | 99.00
Filtration -
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Table B-6: Removal of color produced during oxidation of manganese present in

groundwater by potassium permanganate using 20 cm depth sand filter.

(KMnQ, Stoichiometry ratio = 1.2)

| Unit 1 2 3 4 5
Initial Mn mgL | 203 | 203 2.03 2.03 2.03
Concentration ‘

Initial Color Pt-Co
After Mixing unit 225 225 225 225 225
Time Interval for| . o1 5 30 30 30 30
Measurement
Volume of
Filtrate Water ml 495 475 435 420 365
Rate of Filtration | ml/min | 16.50 15.83 14.50 14.00 13.17
Contact Time Mins 1.21 1.26 1.38 1.43 1.52
Color After Pt-Co
Filtration unit 6 7 4 2 2
Residual Mn '
afler Filtration mg/L 0.04 0.03 0.02 0.01 0.02
Color Removed | o/ | o733 | 9680 | 9822 | 9911 | 99.11
by Filtration .
MnRemoval by |, 98.03 | 98.52 99.01 99.51 99.01
Filtration
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Table B-7: Oxidation of groundwater containing different amount of manganese by chlorination at pH 7.5. (Stoichiometry ratio = 1.2)

Unit 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b
é“;ﬁglex‘;ﬁon mgL | 101 | 102 | 201 | 202 | 498 | s02 | 75 | 748 | 997 | 1001
{(hlorine Dose mgL | 1548 | 1548 | 3.096 | 3096 | 774 | 774 | 1161 | 1161 | 1548 | 154
Mn Concentration
after 30 min mgL | 056 | 061 | 129 | 135 | 321 | 331 | 562 | 564 | 779 | 781
settling
fg;;ﬁ‘:;‘if:m mgL | 051 | 054 | 118 | 121 | 316 | 321 | 549 5.4 7.58 7.7
Mn Removal
After 30 mins % 4455 | 4020 | 3582 | 33.17 | 3554 | 3406 | 2507 | 2460 | 21.87 | 21.98
Settlement
gﬁrzggfval After| o, 49.50 | 47.06 | 4129 | 40.10 | 3655 | 36.06 | 2680 | 27.81 | 2397 | 23.08
pH after removal 724 | 728 | 737 | 735 | 736 | 737 | 738 | 741 | 742 | 74
Eh Afier Removal | mV 58 65 77 74 68 .70 -60 58 54 -60
Residual Cl, mgL | 106 | 104 | 121 | 124 | 156 | 151 | 172 | 179 | 18 | 188
El?rllzrsigg Isgnt P-Counit| 0 4 0 0 5 4 0 4 g 9
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Table B-8: Oxidation of groundwater containing different amount of manganese by chlorination at pH 8.5. (Stoichiometry ratio = 1.2)

Unit 1a 1b 2a 2b 3a 3b 4a 4b 5a 5h
Initial Mn mg/L. | 1.01 1.03 2.01 2.01 4.98 4.99 7.49 7.51 998 | 10.02
Concentration i
Chlorine Dose mgL | 1.548 | 1.548 | 4.64 | 464 | 774 | 774 | 1161 | 1161 | 1548 | 1548
Added
Mn Concentration A
after 30 min mg/L | 025 0.27 0.61 0.62 1.69 1.6 3.01 2.95 4.39 4.45
settling
Mn Concentration
After Biltation mgL | 017 | 0.8 0.4 0.39 1.12 1.15 1.97 1.92 2.72 2.66
Mn Removal
After 30 mins % 7525 | 73.79 | 69.65 | 69.15 | 66.06 | 6794 | 5981 | 60.72 | 5601 | 55.59
Settlement
Mn Removal® % | 83.17 | 8252 | 80.10 | 80.60 | 7751 | 76.95 | 73.70 | 74.43 | 7275 | 73.45.
After Filtration
pH after removal 8.25 8.21 8.29 8.31 8.42 8.4 8.37 835 | 8.39 8.41
Eh After Removal | mV 272 70 -80 82 -105 104 -155 -154 174 -176
Residual Cl, mg/L | 0.41 0.38 0.52 0.55 0.99 0.87 1.04 1.09 1.3 1.35
Color After 30 Pr-Co | 4 0 0 5 8 12 17 18 2
mins Settlement unit N
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Table B-9 Oxidation of groundwater containing different amount of manganese by chlorination at pH 10.0 with variation in contact time.
(Stoichiometry ratio = 1.2)

Unit la 1b 2a 2b 3a 3b 4a 4b 5a Sb.

Initial Mn

. me/L | 1.02 | 099 2.01 2.02 5.01 5.02 7.51 748 | 1004 | 10.01
Concentration
Chlorine Dose mg/L | 1.548 | 1.548 | 464 | 464 | 774 | 774 | 1161 | 11.61 | 1548 | 15.48
Added
Mn Concentration mg/L | 041 | 039 0.73 0.68 1.48 1.52 2.02 2.14 2.67 2.55
After 15 min contact ’ : : : . . . . . .
Mn Concentration
After 25 me 00 | mg/L | 015 | 016 0.21 0.24 0.35 0.39 0.43 0.41 0.51 0.59
Mn Concentration
After 35 min contact| &L | 001 0 0.02 0.01 0.05 0.03 0.08 0.07 0.08 0.08
Mn Concentration
After 30 min settling mg/L. |0 0 0 0 0.03 0.01 0.04 0.02 0.03 0.02
Mn Concentration
After Filtration mgL | 0 0 0 0 0 0 0 0 0 0
Mn Removal After | o | 5900 | 6061 | 6368 | 6634 | 7046 | 6072 | 7300 | 7139 | 7341 | 74.53
15 min contact :
MnRemoval After | o | g559 | 8384 | 89.55 | 88.12 | 9301 | 9223 | 9427 | 9452 | 9492 | 9411

25 min contact




Table B-9 (Continued.): Oxidation of groundwater containing different amount of manganese by chlorination at pH 10.0 with variation in
contact time. (Stoichiometry ratio = 1.2)

Unit 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b
Mn Removal After o/ | 9905 | 100.00 | 99.00 | 9950 | 99.00 | 99.40 | 9893 | 99.06 | 9920 | 99.20
35 min Contact
MnRemoval After | " 1166001 100,00 | 10000 | 100.00 | 99.40 | 99.80 | 9947 | 9973 | 9970 | 9950
30 min Settlement
Mn Removal After % [100.00| 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
Filtration
pH After Removal 9.72 9.7 9.75 9.69 9.74 9.76 9.68 9.76 9.68 9.74
Eh After Removal mvV | -88 86 76 =70 74 75 70 -89 72 73
Residual Cl, mg/L | 028 | 026 0.42 0.39 0.81 0.82 0.95 0.99 1.19 1.12
Color After 30 min Pt-(?o 4 6 5 5 0 4 2 0 0 0
Settlement unit
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Table B-10: Effect of pH on oxidation of manganese in groundwater by chlorine
(Stoichiometry ratio = 1.0)

Unit | 1 2 3 4 5 6 7
Initial Mn mg/L | 201 | 202 | 201 | 20 | 203 | 202 | 2.04
Content
Adjusted pH s2 | 602 | 704 | 75 ! 798 | 9 | 1001

Chlorine dose
added
Residual Mn
After 30 mins | mg/L 1.89 1.84 1.73 1.42 0.86 0.39 0.03
Settling
Mn in
Solution After | mg/L 1.84 1.76 1.64 1.15 0.62 0.16 0
Filtration
Mn Removal
After 30 mins % 5.97 8.91 13.93 | 29.00 | 57.64 | 80.69 | 98.53
Settling
Mn Removal
After % 8.46 12.87 | 18.41 | 42.50 | 69.46 | 92.08 | 100.00
Filtration

PH After 547 | 634 | 7.21 746 | 790 | 855 | 8.73
removal f

2}1\‘;‘)&“ rem |y 91 36 23 | 42 | 7 88 | -100

Residual Cl, mg/L 2.08 2.01 1.78 1.52 1.26 0.97 0.51

Color after Pi-Co
removal unit

mg/L. | 2.58 2.58 2.58 2.58 2.58 2.58 2.58
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Table B-11: Removal of manganese present in natural groundwater with simple
aeration with variation in contact time

Unit 1 2 3 4 5

Initial Mn
Concentration mg/L. | 2.03 2.04 2 : 2_-02 2.02
Initial pH 7.04 8.08 9.1 10.02 11

Mn Concentration
After 20 min Mixing

Mn Concentration
After 30 min Mixing

mg/l. | 1.86 1.54 0.82 0.26 0.1

mg/l, | 1.82 1.41 0.63 0.15 0.05

Mn Concentration

After 60 min Mixing mg/L 1.71 0.98 0.22 0.04 0.02

Mn Concentration mg/L | 1.68 0.92 0.2 0.02 0.01

After Filtration

%ﬂ nﬁf}”ﬁ;’;ﬁ;‘;ﬂer % 837 | 2451 | 59.00 | 8713 | 95.05
%“ﬁiﬁ;?;gﬁ“ % 11034 3088 | 68.50 | 92.57 | 97.52
gg“niﬁnl\‘;; "ﬁl :ﬂer % | 1576 | 51.96 | 89.00 | 98.02 | 99.01
ﬁﬁ;‘ﬁoval After % | 17.24 | 5490 | 90.00 | 99.01 | 99.50
pH After Removal 6.94 | 7.91 8.86 982 | 1074
Eh After Removal mV 5 -72 -110 -170 =228
Color After Removal Pltl”nﬁ" 0 4 2 4 4
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APPENDIX “C”

Study on Manganese Oxidation in Presence of Iron




Table C-1: Manganese removal from groundwater by oxidation with KMnO; in presence of dissolved iron in water
(Initial Mn concentration = 5.0 mg/L; Stoichiometry ratio =1.2)

Unit 1a 1b 2a 2b 3a 3b 42 4b
Initial pH 7.65 7.62 764 7.62 77 7.65 761 767
g‘;ﬂiﬁ‘;ﬁm mg/L 5.02 5.01 4.98 5.01 5.03 5.02 4.99 5.02
Mn Concentration
After 30 mins mg/L 1.76 1.88 1.54 1.48 1.32 1.26 121 12
Settlement
fgﬁf;?f;;?:;‘on mg/L 0.08 0.06 0.11 0.12 0.18 0.21 0.49 0.51
%“nig‘:’gggfcfngg % 64.94 62.48 69.08 70.46 73.76 74.90 75.75 76.10
%’ﬁ‘nﬁi‘“’al After | o, 98.41 98.80 97.79 97.60 96.42 95.82 90.18 89.84
Initial Fe .
Concentration mg/. ! ! 3 3 : . 10 10
Fe Concentration
After 30 mins mg/L 0.33 0.42 1.21 1.29 1.72 1.82 2.87 3.25
Settlement
E;tf;?gnaﬁer mg/I. 0 0 0 0 0 0 0 0
11;?13;23%1 After % 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Final pH 7.77 7.72 7.65 7.68 7.84 7.82 7.88 7.85
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Table C-2: Manganese removal from groundwater by oxidation with KMnO; in presence of dissolved iron in water
(Initial Mn concentration = 2.0 mg/L; Stoichiometry ratio =1.2)

Unit 1a 1b 2a 2b 3a 3b 4a 4b
Initial pH 7.61 7.64 7.68 7.57 7.59 7.7 7.66 7.58
Initial Mn mg/L
Concentration 2.02 2.01 1.99 2.02 2 2.03 2.03 2.02
Mn Concentration :
After 30 mins mg/L
Settlement 0.14 0.15 0.25 0.22 0.37 0.35 0.51 0.57
Mn Concentration :
After Filtration mg/L 0 0.01 0.04 0.03 0.22 0.2 0.44 0.41
Mn Removal After % _ -
30 mins settlement 93.07 92.54 87.44 89.11 81.50 82.76 74.88 71.78
Mn Removal After o
Filtration 100.00 99.50 97.99 98.51 89.00 90.15 78.33 79.70
Initial Fe mg/T.
Concentration 1 1 3 3 5 5 10 10
Fe Concentration
After 30 mins mg/L
Settlement 0.46 0.48 0.71 0.68 1.02 1.08 1.48 1.56
Fe Conc after T
Filtration me 0 0 0 0 0.03 0.02 0.06 0.07
Fe Removal After 9%
Filtration 100.00 100.00 100.00 100.00 99.40 99.60 99.40 99.30
Final pH 7.83 7.77 7.78 7.84 7.86 7.9 7.92

7.8
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Table C-3: Manganese removal from groundwater by oxidation with KMnO, in presence of dissolved iron in water
‘ (Initial Mn concentration = 2.0 mg/L; Stoichiometry ratio =1.0)

Unit 1a ib 2a 2b 3a 3b 4a 4b
Initial pH 7.55 7.60 7.58 7.71 7.56 7.55 77 7.68
Initial Mn mg/L 1.98 2.01 1.99 1.98 2.02 1.97 2.02 2.01
Concentration
Mn Concentration
After 30 mins mg/L 0.65 0.69 08. 0.82 1.31 1.28 1.56 1.55
Settlement
Mn Concentration
Aftor Platior mg/L 0.08 0.05 0.3 0.35 0.91 0.89 1.42 1.44
Mn Removal After | 6717 | 6567 59.80 58.59 35.15 35.03 2277 22.89
30 mins settlement :
Mn Removal After % 95.96 97 51 84.92 82.32 54.95 54 82 29.70 28.36
Filtration
Initial Fe
Concenteation mg/L 1 1 3 3 5 5 10 10
Fe Concentration -
After 30 mins mg/L 0.28 0.3 0.53 0.54 0.82 0.92 17 176
Settlement :
Fe Conc after .
Filtration mg/L 0 0 0 0 0.05 0.04 0.09 0.08
Fe Removal After % 100.00 100.00 100.00 100.00 99.00 99.20 99.10 99.20
Filtration
Final pH - 7.91 7.92 7.87 7.85 7.84 7.83 7.9 7.88
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Table C-4: Manganese removal from artificially prepared, low alkalinity and low pH water by oxidation with KMnQ, in presence of
dissolved iron at condition. (Stoichiometry ratio =1.0)

Unit 1a 1b 22 2b 32 3b 4a ab
Adjusted pHi 771 7.68 7.62 76 7.74 7.70 7.61 7.64

. . mg/L as
Adjusted Alkalinity CaCO, 89 61 101 93 100 08 95 102
Initial Mn me/L 2.01 1.99 1.99 2.01 2.03 2.02 2 2.02
Concentration
Mn After Filtration | mg/L 0.15 0.18 0.37 0.41 11 1.08 1.59 1.62
Mn Removal After % 92.54 90.95 81.41 79.60 4581 46.53 20.50 19.80
Filtration
Initial Fe .
i me/L 1 1 3 3 5 5 10 10
Fe afler 15 mins mg/L. 0.88 0.85 2.69 28 4.49 434 8.04 7.92
mixing
Fe Cong after :
. mg/L 0 0 0.03 0.04 0.16 0.18 0.3 0.37
Fe Removal After % 100.0 100.0 98.88 98.57 96.44 95.85 96.27 95.33 -
Filtration
Final pH 781 7.77 76 772 7.61 7.54 7.38 7.41
Color After 30 Pt-Co 24 15 84 79 115 118 178 160
mins settlement unit
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Table C-5: Simultancous removal of manganese and iron from groundwater by oxidation with KMnQy4 dose at varying stoichiometric
fraction with respect to initial iron and manganese concentrations

Unit 1a 1b 2a 2b 3a 3b da 4b
combined KMnO4 025 0.25 0.5 05 0.75 0.75 1 1
ratio
Initial pH 6.94 6.93 6.91 7 6.91 6.96 6.94 7.04
Initial Mn mg/L 1.99 2.01 1.98 2 2.01 2.03 2.02 1.97
Concentration
Mn Concentration
After 30 min mg/L 1.83 1.82 1.14 1.19 0.31 0.35 0.55 0:58
settlement
Mn Concentration
After Piliration mg/L 172 1.75 0.8 0.78 0.14 0.12 0.33 0.3
Mn Removal After % 13.57 12.94 42 42 4050 84.58 82.76 7277 70.56
30 mins settlement
Mn Removal After % 8.04 9.45 59.60 61.00 93.03 94.09 83.66 8477
Filtration
Initial Fe
Concentration mg/L 5 5 5 5 . 5 5 5 5
Fe Concentration
After 30 mins mg/L 0.88 0.87 0.59 0.62 0.41 0.42 0.25 0.3
Settlement
Fe Concentration

centr: 0

After Filtration mg/L 0 0 0 0 0 0 0
Fe Removal After % 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Filtration
pH Afier Removal 7.45 7.42 7.75 7.71 8.1 8.04 7.9 779
Color After 30 mins | Pt-Co 22 31 61 52 88 93 131 140
settlement unit
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Table C-6: Potassium permanganate oxidation of manganese present in groundwater (containing dissolved iron) with pre- oxidation of
iron by aeration at elevated pH (Stoichiometric ratio of KMnQO4 = 1.0)

Unit 1a 1b 2a 2b 3a 3b 4a 4b
Adjusted pH 8.1 8.06 8.01 8.09 8.08 8.1 8.11 8.08
Initial Mn /L
Concentration mg

1.99 201 1.97 1.99 2.01 1.98 1.98 2.02
Mn Concentration mg/L.
After Filtration 0 0 0 0 0 0 0 0
Mn Removal After o )
Filtration o 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Initial Fe
Concentration. mg/L. 1 1 3 3 5 5 10 10
Fe Concentration
after 15 mins mg/L .
stirring 0.68 0.71 2.02 1.89 3.14 3.18 5.11 5.26
Fe Concentration mg/L
after Filtration 0 0 0 0 0 0 0 0
Fe Removal after %%
Filtration 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
H aft |

pr atter rermova , 7.79 778 7.74 7.71 7.69 77 762 765
Color after removal Pt—Co -

unit 62 58 49 55 70 58 66 72
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Table C-7: Oxidation of manganese by aeration in presence of iron in groundwater in varying concentration

Unit la 1b 2a 2b 3a 3b 42 4b
Initial pH 7.68 7.65 7.71 7.7 7,69 774 7.7 7.72
g‘c‘;‘lix‘;ﬁon mg/L 2.03 2.02 203 2.01 201 2.03 2.02 2.01
Mn Concentration
After 30 min mg/L 178 175 1.74 1.71 1.44 1.39 1.74 1.78
settlement
f&;;‘;ﬁfﬁf‘:on mg/L 1.56 1.58 1.59 1.58 1.62 165 1.66 1.65
%ﬂ rﬁﬁ;“sg;:eﬁgzz % 12.32 13.37 14.29 14.93 28.36 3153 13.86 11.44
glntri‘;gr‘loval Adfter % 23.15 2178 2167 21.39 19.40 18.72 17.82 17.91
Initial Fe
Concentration mg/L 1 ! 3 3 5 5 10 10
Fe Concentration
After 30 mins mg/L 0.17 0.14 0.53 0.54 142 1.39 3.99 428
Settlement
i?gf;ﬁi“;ff;on mg/L 0.08 0.09 0.45 0.41 1.26 1.24 3.56 3.5
gg ii‘:;"s":t]tlf:ﬁz;t % 83.00 86.00 8233 82.00 7160 72.20 60.10 57.20
}Eﬁtﬁﬁi"al Alfter % 92.00 91.00 85.00 86.33 74.80 75.20 64.40 65.00
pH After Removal 7.84 7.81 7.78 7.8 7.74 7.75 7.8 7.82
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APPENDIX “D”

Study on Manganese Removal by Coagulation-Adsorption- Coprecipitation




o

Table D-1: Removal of manganese from groundwater by coagulation-adsorption-coprecipitation using ferrous sulfate [Fe(Il)] as coagulant
with addition of potassium permanganate as oxidant (Stoichiometry ratio for KMnQO, =1.0)

Unit . 1a 1b 2a 2b 3a 3b 4a 4b 5a s5b
Initial pH 755 752 76 | 762 | 761 | 758 | 749 | 754 | 764 | 76
ouwalMn mgL | 201 | 201 | 199 | 198 | 199 | 201 | 198 | 202 | 203 | 2.02
Fe (II) Dose mg/L 25 25 15 15 10 10 5 5 2 2
Mn Concentration
Afer Congulation | meL | 035 0.33 0.47 044 | 077 | 079 | 068 | 067 | 046 | 0.49
fgﬁ;‘:ﬁiﬁjﬁon mg/l | 027 0.28 0.42 0.38 073 | 075 | 063 | 061 | 04 | 043
I(‘:’I;ag;‘;‘i’;’f Afer | o 8259 | 8358 | 7638 | 7778 | 6131 | 60.70 | 65.66 | 66.83 | 7734 | 75.74
I}‘?’ilftrﬁg;o"al After % 8657 | 8607 | 7880 | 8081 | 6332 | 62.69 | 68.18 | 69.80 | 80.30 | 78.71
Fe Concentration g
At Comtaon | mEL | 479 4.96 2.87 271 | 068 | 074 | 039 | 033 | 005 | 008
i}gf;fﬁ?;ff;;o“ mgL | 0.04 0.03 0.04 005 | 003 | 004 | 001 | o© 0 0
pH After Removal 7.77 7.69 778 | 1s | 77 | 77 | 176 | 72 | 173
Color Afler Pt-Co 90 88 84 80 90 79 89 90 85 88
Coagulation unit
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Table D-2: Removal of manganese from groundwater by coagulation-adsorption-coprecipitation using ferrous sulfate [Fe(II)] as
coagulant without addition of potassium permanganate

Unit 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b
Initial pH 7.61 7.65 7.62 763 | 769 | 764 | 77 | 768 | 766 | 7.59
é“;ﬁzéx‘;ﬁon mg | 201 | 201 199 | 198 | 199 | 201 | 198 | 202 | 203 | 202
Fe (IT) Dose mg/L 25 25 15 15 10 10 5 5 2 2
Tgefac:g“utfii‘s;‘ mg/L 1.59 1.58 1.48 1.47 1.41 1.4 | 136 | 135 | 131 | 132
Xti:ef;‘;;f;tiroa;‘on mg/L 1.35 1.36 1.31 1.33 129 | 131 | 124 | 121 | 126 | 1.22
fgﬂfg‘gggﬁaﬁon % 2090 | 2139 | 2563 | 2576 | 29.15 | 3035 | 3131 | 33.17 | 35.47 | 34.65
fg;:;‘ﬂg;ﬁtn % 32.84 | 3234 | 3417 | 3283 | 35.18 | 34.83 | 37.37 | 40.10 | 37.93 | 39.60
i;gfgiz‘g:ll:tf:n mg/L 5.29 516. | 3.32 344 | 168 | 1.61 | 0.77 | 0.73 | 0.32 | 029
i‘;‘;’gﬁfgﬁl‘f’“ mgL | 238 | 251 | 136 | 149 | 084 | 079 | 026 | 028 | 0.15 | 0.13
EZ?;T;;";‘; After) o, | 7884 | 7936 | 77.87 | 77.07 | 83.20 | 83.90 | 84.60 | 85.40 | 84.00 | 8550
pH After Removal 6.68 | 6.69 6.78 6.72 6.9 | 694 | 702 | 7.1 74 | 7.42
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Table D-3: Removal of manganese from groundwater by coagulation-adsorption-coprecipitation using ferric chloride [Fe(IIl)] as
coagulant with addition of potassium permanganate as oxidant (Stoichiometry ratio for KMnO,4 =1.0)

Unit la 1b 2a 2b 3a 3b
Tnitial pH 7.71 7.67 772 7.7 764 | 761
Fe (III) Dose mg/L 10 10 15 15 25 25
g‘;ﬁix&ioﬂ mgL | 199 | 198 | 201 2 198 | 1.97
I‘A/I;t‘e(r:‘(’:’if:g“ﬁ:f:gg mgl | 0.14 0.15 0.1 009 | 007 | 0.08
Xg;‘;?g:&ason mg/L 0.02 0.03 0 0.01 0 0
Mn Removal o
After Cospulation| % 9296 | 9242 | 9502 | 9550 | 96.46 | 95.94
Mn Removal 0
prasading A 98.99 | 9848 | 10000 | 9950 | 100.00 | 100.00
pH after removal 7.83 7.88 7.89 7.9 7.94 7.91
fe‘l’lllzizf[er Pt-Co unit| 92 109 126 131 166 | 155
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Table D-4: Removal of manganese from groundwater by coagulation-adsorption-co precipitation using ferric chloride [Fe(IIT)]
as coagulant without addition of potassium permanganate as oxidant

Unit la 1b 2a 2b 3a 3b
Initial pH 7.64 7.6 7.59 7.6 7.68 | 7.64
Fe (III) Dose mg/L 10 10 15 15 25 25
Ié’;ﬁiiﬁ‘;ﬁon mg/L 2 2.02 2.03 2.02 2.03 2.03
Xg;gf;;j;ﬂgﬁ mgl | 151 1.49 138 137 | 126 | 129
Attt mgL |42 | onar |3 |32 |22 | o1
fg;:ggg;ﬂ ion| % 2450 | 2624 | 3202 | 3218 | 37.93 | 3645
Xg;ji‘fﬁim % 29.00 | 3020 | 3448 | 3465 | 3990 | 41.38
pH after removal 6.86 6.91 6.94 6.92 6.8 6.85
fe?ﬁiiifter Pt-Counit| 23 18 27 30 35 42
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~ Table D-5: Effect of pH on Mn removal by coagulation using ferric chloride [Fe(Ill)] as coagulant

Unit i 2 3 4 5 7
Tnitial pH 7 725 | 77 | 83 9o | 10 3
g‘;ﬁigﬁiﬁon mg/L 15 15 15 15 15 15 15
Fe (T11) Dose me/L 197 | 201 | 198 | 195 | 201 | 203 | 197
fg;%’;";g{:ﬁgﬁ me/L- | 158 | 156 | 141 | 135 | 128 | 046 | 0.02
fg;%?ﬁf:;f;on mg/L 145 | 140 | 126 | 125 | 115 | 031 0.01
Iéd;‘aglel‘;‘i’ggl After | o 19.80 | 2239 | 2879 | 3077 | 3632 | 7734 | 9898
gﬁrﬁg}f"al After | o, 2640 | 3035 | 3636 | 3590 | 4279 | 8473 | 99.49
i%ff?fﬁ?;ffj;"“ mgL | 002 | 004 | 0 0 0 0 0.04
?fltlr{;ri‘;i"amﬁer % 99.87 | 99.73 | 100.00 | 100.00 | 100.00 | 100.00 | 99.73
pH after removal 678 | 691 | 7.02 | 7.67 7.29';"‘- 789 | 936

g
a

169




	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106
	00000107
	00000108
	00000109
	00000110
	00000111
	00000112
	00000113
	00000114
	00000115
	00000116
	00000117
	00000118
	00000119
	00000120
	00000121
	00000122
	00000123
	00000124
	00000125
	00000126
	00000127
	00000128
	00000129
	00000130
	00000131
	00000132
	00000133
	00000134
	00000135
	00000136
	00000137
	00000138
	00000139
	00000140
	00000141
	00000142
	00000143
	00000144
	00000145
	00000146
	00000147
	00000148
	00000149
	00000150
	00000151
	00000152
	00000153
	00000154
	00000155
	00000156
	00000157
	00000158
	00000159
	00000160
	00000161
	00000162
	00000163
	00000164
	00000165
	00000166
	00000167
	00000168
	00000169
	00000170
	00000171
	00000172
	00000173
	00000174
	00000175
	00000176
	00000177
	00000178
	00000179
	00000180
	00000181
	00000182
	00000183
	00000184
	00000185
	00000186
	00000187
	00000188

