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ABSTRACT

Manganese (Mn) and arsenic (As) are common natural groundwater contaminants in
Bangladesh. WHO (2004) recommended health-based drinking water guideline values
of 0.4 mg/l and 0.01 m g/l for Mn and As, respectively. WHO (2011) eliminated the
health-based guideline value for Mn citing that this value (i.e. 0.4 mg/l) is well above
concentrations o f Mn normally found in drinking water. Obviously this logic is not
valid f or B angladesh, since well w ater M n concentrationi n m any regions of
Bangladesh ex ceeds 0.4 mg/l by al arge margin. Bangladesh therefore needs al ow
costand efficient w ater treatment t echnology to remove Mn (as well as As) from
groundwater. Removal o f dissolved Mn by filtration through granular media (sand)
could be an effective treatment m ethod for Mn removal from drinking water. This
research work focused on understanding the mechanism of Mn(II) oxidation/removal
from w ater d uring filtration t hrough granular m edia ( sand), and evaluation of the
effectiveness o f different M n-oxide co ated media ( synthetic/prepared media, “ green
sand”) in removing Mn and As from water.

The ox idation/ removal of Mn(Il) in granular media (sand) was carefully evaluated
through c ontrolled laboratory e xperiments. The removal of M n(Il) during filtration
through a granular media (sand) has been found to involve adsorption of Mn(II) onto
filter media, followed by oxidation of adsorbed Mn(Il) in the presence of bicarbonate,
creating/ regenerating M n-oxide coating, thus increasing Mn removal capacity of the
media with increasing filter run time. The removal/oxidation of Mn(Il) is favored at
higher pH values and I ower flow rates. T hus, removal of M n(II) du ring filtration
through granular m edia ( sand) ¢ ould be a chieved w ithout t he a ddition of a ny
oxidizing a gent [ for ox idation of M n(II) t o M n(IV)], pr ovided t he w ater c ontains
bicarbonate ion.

Laboratory investigations have been carried out to assess removal of As and Mn in
three different types of Mn-oxide coated media: (a) “prepared” Mn-oxide coated filter
media (prepared by p assing M n-bearing w ater through filter c olumns made up of
Sylhet s and), (b) “synthetic” M n-oxide co ated m edia (prepared by treating S ylhet
sand with MnNOs3, H,0;, and NaOH), and (c) co mmercially available M n-bearing
“green sand”. The average Mn content of the “prepared” filter media was about 7,550
mg/kg; average Mn contents of “synthetic” media and “greensand” were 25,250 mg/1
and 14,400 mg/kg, respectively.

The three types of Mn-oxide coated filter media have been found to be very effective
in r emoving di ssolved M n f rom g roundwater ove ra w ide r ange of initial M n
concentration and pH. Results of both column and batch experiments showed that Mn
removal efficiency i ncreases w ith i ncreasing Mn-content o f th e filter me dia. M n
removal ef ficiency al so i ncreases w ith increasing M ni nt he i nfluent w ater a nd
increasing pH (in column experiments). Synthetic Mn-coated media, with the highest
Mn content among the 3 media, performed best in removing Mn at higher flow rates.
However, the other media (“prepared” media and green sand) also performed well at
slower flow rates. A contact time of about 1.5 minutes was found to be sufficient for
almost complete removal of Mn under the experimental conditions employed in this
study.



Removal of arsenic [A s(IIl)] in M n-oxide coated filter media has been found to be
strongly dependent on pH. Removal of As decreased with increasing pH, especially at
pH beyond 7.5 and virtually no As removal took place at pH 9 and beyond. Removal
of As(IIT) by Mn-oxide solids is governed by oxidation of As(III) to As(V) by MnO»,
and subsequent adsorption of As(V) onto MnO, solids; the efficiency of both these
processes a re s ignificantly reduced at h igher p H v alues. In general, A s r emoval
increased w ith i ncreasing Mn-content o f'th e filter me dia. At r elatively lo wer p H
values (less than 7.5), arsenic appears to compete with bicarbonate ions for adsorption
onto Mn- coated media. Presence of phosphate significantly reduced arsenic removal
due to competitive adsorption.

The leaching or release of Mn from different Mn-oxide coated media has been found
to increase with decreasing pH, though the leaching was not found to be significant;
release o f M n w as r elatively h igher f or t he “prepared” an d “s ynthetic” m edia,
compared to greensand. Under anaerobic condition created by oxidation of or ganic
matter (which also reduces pH of water significantly), Mn is leached/released from
Mn-coated m edia; Mn 1 eaching/ r elease from freshly “prepared” M n-oxide co ated
media w as significantly higher compared to the “synthetic” media and green sand.
This suggests that creation of anaerobic condition in a filter bed could result in release
of significant Mn from the media.

il
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CHAPTER 1: INTRODUCTION

1.1 Background

The discovery of w idespread arsenic(As) contamination of g roundwateri n
Bangladeshh asl edt oar e-assessmento fw ater q ualityin general. W hile
bacteriological contamination still represents a major threat to public health, it is now
recognized t hat dr inking w ater m ay a Iso be ¢ ontaminated w ith ¢ hemicals, w hich
either have direct health impacts or indirect impacts by making the water unpalatable

to the consumer.

Two major national level surveys, the National Hydro-geochemical Survey (BGS and
DPHE 2001) and the National Drinking W ater Quality Survey (NDWQS) (BBS and
UNICEF, 2009) , s howed t hati n B angladesh, | arge num bers of w ells e xceed
permissible limits f or ar senic(As), i ron(Fe) an d m anganese(Mn). T his is t rue f or
shallow tubewells, and also to some extent for deep tubewells and ring-wells, which
are common water supply options in As-affected areas of Bangladesh. The National
Hydro-chemical s urvey found t hat a bout 25% of't he w ells e xceeded the na tional
drinking w ater s tandard for As (0.05 mg/l). The survey also found that half of the
3,534 wells surveyed in 61 out of 64 districts exceeded the Bangladesh drinking water
standard (1 mg/1) for iron (Fe), and three quarters exceeded the permissible limit (0.1
mg/1) for Mn; both of these limits are based on aesthetic concerns; above these levels,
people may be unwilling to drink the water. Average Fe concentration in the surveyed
wells has been reported to be 3 m g/l (median 1 mg/l) and average Mn concentration
0.5 mg/l (median 0.3 m g/l) (BGS and WaterAid 2001). Manganese also has adverse
health impacts, and WHO recommended a guideline value of 0.4 mg/l (WHO 2004)
to pr otect a gainst ne urological damage. A bout 4 0% o f wells s ampled in the B GS-
DPHE survey exceeded this limit for Mn as well (Hasan and Ali, 2010). The NDWQS
found that 61 pe rcent of the samples exceeded the Bangladesh standard for Mn (0.1
mg/1), while 35 percent exceeded the WHO guideline value of 0.4 mg/l. In fact, some
samples ex ceed the WHO guideline value of Mn by a factor of ten (BBS-UNICEF,
2009). The NDWQS also found that although 93 percent of deep tubewells meet the



Bangladesh standard for arsenic, only 60 pe rcent meet the Bangladesh standards for

As, Mn and Fe.

It should be noted that the WHO (2011) eliminated the health-based guideline value
for Mn noting “A health-based value of 0.4 mg/l can be derived for manganese based
on the upper range value of manganese intake of 11 mg/day, identified using dietary
surveys, at which there are no observed adverse effects, using an uncertainty factor of
3 to take into consideration the possible increased bioavailability of manganese from
water, allocating 20% of the TDI to drinking-water and assuming the consumption of
2 litres of water per day by a 60 kg adult. However, as this health-based value is well
above ¢ oncentrations of m anganese no rmally found i n dr inking-water, itis n ot
considered necessary to derive a formal guideline value”. It is obvious that this logic
is not valid for the situation in Bangladesh, where a major fraction of wells exceed the
0.4 mg/l limit. Therefore, under the circumstances, it is reasonable to assume that the
WHO (2004) health-based guideline value of 0.4 mg/l still applies in the context of
Bangladesh.

Unlike A s,w hichh asa d istinctr egional d istribution p attern with h ighest
contamination in the south, south-west, and north-eastern regions of Bangladesh, high
concentrations of Mn can be found in most areas, but relatively high concentrations
are s eeni nt he ¢ urrent B rahmaputra a nd Ganges floodplains. T he distribution
generally does not correspond to that of As (BGS and WaterAid 2001), and elevated
Mn is found in both shallow and deep aquifers. In a recent study, groundwater from a
deeper a quifer ( 190-240m) i n M unshiganj di strict ha s be en f ound t o ¢ ontain 1 ow
concentrations of As (< 10 ug/l), but very high (2 to 5 m g/l) concentrations of Mn
(Hug et al., 2011). This means that groundwater with acceptable concentration of As

may not have acceptable concentration of Mn.

The F e pr oblem ha s1 ong be enr ecognized i n B angladesh, a nda number of
technologies were developed for Fe removal at municipal, community and household
levels in the 1980s (Ahmed, 1981; Ahmed and Smith, 1987, Azim, 1991). However,

these ¢ ommunity-level ironr emoval pl ants (IRPs) di d not e njoy w ide publ ic



acceptance a nd w ere m ostly a bandoned s hortly after commissioning, pr imarily

because of certain design problems and difficulties in operation and maintenance.

With the di scovery of widespread A s c ontamination of groundwater in the 1990s,
community and hous ehold-level g roundwater t reatment u nits g enerated r enewed
attention ( Ahmed, 2003) . W henw ateri st reated f or Fer emoval f ollowing
conventional methods (involving ox idation of dissolved ferrous iron into ferric iron
and its subsequent precipitation as ferric hydroxides), some of the As, if present in
water, will also be removed as a result of adsorption onto ferric hydroxide flocs and
co-precipitation. S ince m any A s-affected areas alsos ufferf romh ighF e
concentration, many NGOs are now installing different types of such IRPs for arsenic
removal. However, some recent studies (BRTC-UNICEF, 2006; Hoque, 2006; ITN-
BUET, 2011 ) s howed v ariable p erformance of existing c ommunity A s and A s-Fe
removal plants in removing Fe, As and Mn. Since many arsenic affected areas also
suffer from high Mn concentrations, it is important to understand the mechanisms Mn

and As removal and to develop media/plant for simultaneous removal of Mn and As.

Manganese can be removed using the same processes of oxidation, precipitation and
filtration as in Fe removal (Fair et al., 1968). Conventionally, a strong oxidant such as
chlorine or pot assium permanganate i s us ed f or ox idation of Mn(II) r ather t han
oxygen alone ( Hartmann, 2002) .However, some s tudies ( e.g., ITN-BUET, 2011 )
reported that naturally present DO and other constituents (e.g., bicarbonate) in water
could promote removal of Mn in a filter media (by sorption and oxidation) without the
addition of an oxidant. This phe nomenon ne eds t o be investigated i n more de tail,
through laboratory experiments. Mn(II) oxidation can lead to precipitation of Mn(III,
IV)ox idesw hicha rei nt urn g ood a dsorbents a nd ox idants ( Hem, 1978) .
Microorganisms can catalyze ox idation of both Fe(II) and M n(II) (Mouchet, 1992;
Vandenabeele e ta 1., 1992; T yrrela nd H owsam, 1997; T yrrele ta 1., 1998;

Tekerlekopoulou and V ayenas, 2007), t hough the relative contribution of ¢ hemical
and biological mechanisms to Mn removal remains unclear (Olanczuk-Neyman and
Bray, 2000). A number of studies (Kan et al., 2012; Buamah, 2009; A fsana, 2004)
showed that Mn is removed effectively from groundwater by oxidation and adsorption

processes. M anganese o xide co atings formed on filter media in filtration beds have



been found to act as good adsorbent for Mn and also plays a role in its oxidation (Eley
and N icholson, 1993; T asneem, 2010; ITN-BUET, 2011) . M edia ¢ oated w ith
synthetic M n ox ides ha ve a Iso be en found t 0 ha ve g ood M n r emoval ef ficiency
(Merkle et al., 1997; NMSU, 1999; Dhiman and Chaudhuri, 2007; Maliyekkal et al.,
2009). M anganese oxide coated filter media could therefore b e p otentially used for
Mn removal from groundwater, although no report of its use in Bangladesh could be
gathered. Besides, there is no data on the ability of such media in removing As from
water. M ore r esearch works a re t herefore ne eded f or e valuation of Mnand A s
removal using Mn oxide coated filter media, and to assess potential of such media for

development of effective treatment plants for simultaneous removal of Mn and As.

1.2 Objectives of the Present Work

The m ajor obj ectives of the present work were to ch aracterize t he mechanisms o f
Mn(II) oxidation and removal in filter media and to evaluate the effectiveness of Mn
and As removal in Mn-oxide coated filter media. The specific objectives included: (a)
Evaluation of Mn(II) oxidation mechanism and formation of M n-oxide c oatings on
sand p articlesi naf ilterb ed through w hich Mn-bearing water is p assing; ( b)
Evaluation of t he effectivenesso fd ifferent M n-oxideco atedm edia
(synthetic/prepared m edia, “g reen s and”) inr emoving Mna nd A s from w ater,
including e ffects of various water quality parameters (i.e. initial concentrations, pH,
bicarbonate, phosphate); (¢) Evaluation of the effect of process variables (e.g., depth
of media, flow rate, contact time) and media characteristics on removal of Mn and As;
and (d) Assessment of possible 1eaching of Mn from Mn-rich media under low pH,
and anoxic conditions

1.3 Outline of Methodology

The m ethodologies a dopted to ach ieve t he o bjectives o f't he r esearch w ork are

summarized below:

Mn(II) oxidation and formation of Mn-oxide coating on filter media:

For ev aluating t he chemistry of M n(Il) oxidation and formation of Mn(II) ox ide
coating on filter media, influent water of varying composition (with respect to Mn and
other pa rameters) w ere passed t hrough a green s and f ilter ¢ olumn m aintaining a

specific flow rate and the effluent water was collected and analyzed for residual Mn



and other parameters. The column experiments were carried out to assess the effects
of di ssolved ox ygen ( DO), 1 nitial M n concentration a nd bi carbonate ont he
oxidation/removal of Mn in green sand filter column by varying these parameters in
the in fluent w ater. Based o nt he r esults o ft hese ex periments, additional ¢ olumn
experiments w ere ¢ arried outt o ev aluate t he effect o f'b icarbonate (and pH ) on
oxidation/removal of Mn(II) in a filter media prepared with Sylhet sand. In addition,
batch experiments were also conducted to estimate isotherm constants for describing

adsorption of Mn on Sylhet sand and Mn-oxide coated media.

Preparation of sand with Mn oxide coatings:

Two methods have been used for preparation of sand with Mn oxide coatings. In the
first m ethod, Mn-oxide ¢ oated s and w as pr epared b y pa ssing M n(Il) be aring
groundwater through filter c olumns made o f S ylhet sands of know n size fractions.
Influent w ater with known Mn concentration was passed through the filter columns
and t he residual M n ¢ oncentration was measured at r egular i nterval inorderto
estimate retention of Mn in the media. At the same time, the formation of Mn oxide
coatings on the filter media was observed visually. The quantity of Mn oxide coatings
formed ont he m edia was quantified b y e xtracting th e M n f rom th ¢ me dia w ith
hydroxylamine hydrochloride (selective leaching method, Eley and Nicholson, 1993)
and measuring its concentration. Mn-oxide coated sand prepared by this method has

been referred to as “prepared Mn-coated media”.

Manganese oxide coated sand was also prepared following the methods of Merkle et
al. (1997), using MnNO3 H,0, and NaOH. This Mn-coated sand has been referred to
as “synthetic sand”. In ad dition, co mmercially available M n-rich “ green s and” w as
also pr ocured. T he effectiveness of t hese t hree di fferent M n-coated m edia ( i.e.,
prepared m edia, s ynthetic m edia and green s and) i n removing M nand A s from

groundwater was evaluated in column experiments (described below).

Mn and As removal in Mn-coated filter media:

Removal of Mn and As in three different filter media (i.e., prepared media, synthetic
mediaan d greens and) was evaluatedb yp assing groundwater with know n

concentrations of Mn and A s thorough filter beds set in acrylic glass columns and



measuring t he r esidual co ncentrations. E ffects of water quality parameters s uch as
initial concentrations, pH, bicarbonate and phosphate on removal have been evaluated
by changing these parameters in the influent water.

Assessment o f the ef fect o f's elected process variables ( depth of m edia, flow rate,
contact time) on removal of Mn and As in filter columns was carried out by varying

these parameters/ processes.

Leaching of Mn and As from media:

Possible 1 eaching of M n f rom M n-coated m edia have b een evaluated i n b atch
experiments. L eaching have been evaluated: (1) under low-pH environment, and (ii)

under anoxic condition.

1.4 Organization of the Thesis

This thesis has been presented in five chapters. Chapter 1 describes the background of
the s tudy and t he m ajor obj ectives of't he r esearch w ork. C hapter 2 pr esents a n
overview of Mn and A s chemistry in water, water quality problems associated with
the presence of Mn and As in water including h ealth e ffects, and common methods
and techniques for removal of Mn and As from water. This chapter presents a detail
discussion on pr evious research works conducted on r emoval of soluble Mn and As
by adsorption onto manganese ox ide c oated media. T he results of previous s tudies
have b een analyzedt o1 dentify t he ne eds f or f urther e xperimental works f or

enhancement of knowledge in this area.

Chapter 3 describes the experimental setup (for both batch and column experiments)
and a nalytical m ethods us ed t o ¢ arry out t he | aboratory e xperiments. Chapter 4

presents the resultso fl aboratory experimentscar riedo utt och aracterize
oxidation/removal of Mn in filter media and to evaluate the effectiveness of different
Mn-coated m ediain removing M n and A s f rom g roundwater. Finally ¢ hapter 5

presents the major conclusions of the study and recommendations for future studies.
Appendix A presents data of ex periments carried out for determination of isotherm
constants for Mn adsorption on Mn-coated media. As a part of this study, the As, Mn
and F e r emoval p erformance o f's elected A s a nd F e-As r emoval p lants cu rrently

operating i n di fferent As a ffected a reas of t he c ountry have b een assessed b y



analyzing the raw and treated water, characteristics of the filter media at these plants
and ot her relevant i nformation. A ppendix B presents t he results obtained f ield
investigations and summarizes the major findings drawn from the study. Appendix B
also pr esents, b ased o n laboratory experimental r esults an d t he assessment o f
community groundwater treatment plants, a set of criteria for design of groundwater

treatment plant for simultaneous removal of Fe, As and Mn.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The m ain obj ectives of the research w ork were to ch aracterize the mechanisms of
Mn(II) oxidation and removal in filter media and to evaluate the effectiveness of Mn
and As removal in Mn-oxide coated filter media. This chapter presents an overview of
manganese and ar senic chemistry in w ater, water quality problems as sociated w ith
presence o f manganese and ar senic in w ater including he alth e ffects, and c ommon
methods a nd t echniques f or removal of m anganese and a rsenic from water. T his
chapter presents a detail discussion on previous research work conducted on removal
of soluble manganese by adsorption onto manganese oxide coated media. The factors
which influence manganese oxidation/removal have also been reviewed briefly. The
results of pr evious s tudies have b een analyzed t o i dentify t he ne eds f or f urther

research for enhancement of knowledge in this area.

2.2  Distribution of Mn in Groundwater of Bangladesh

In B angladesh, m anganese is a ¢ ommon n atural ¢ ontaminant o f groundwater. A
number of studies (BGS and DPHE, 2001; Hug et al., 2011) showed that apart from
arsenic ( As), l arge num bers of drinking w ater wells e xceed p ermissible limits for
iron(Fe) and Mn in Bangladesh. This is true for shallow tube wells, and also to some
extent for deep tube wells and ring-wells, which are common water supply options in
As-affected areas. The National Hydro-geochemical Survey (BGS and DPHE, 2001)
found that h alf of the 3,534 wells surveyed in 61 out of 64 districts e xceeded the
Bangladesh drinking water standard (1 mg/l) for Fe, and three quarters exceeded the
permissible limit ( 0.1 mg/l) for Mn. B oth o f't hese 1 imits ar e b ased o n aes thetic
concerns; above these levels, people may be unwilling to drink the water, and turn
instead to a better-tasting, but microbiologically less safe water sources. Some of the
reported Fe and Mn concentrations (BGS and DPHE, 2001) are very high, over ten
times the permissible limit. Iron and manganese concentrations as high as 25 mg/l and

10 mg/l, respectively have been reported. Average Fe concentration in the surveyed



wells has been reported to be 3 m g/l (median 1 mg/l) and average Mn concentration

0.5 mg/l (median 0.3 mg/l) (BGS and Water Aid, 2001).

Figure 2.1 s howst he distribution of M n1i n g roundwater of Bangladesh. High
concentrations are found in most areas, but particular high-manganese areas are seen
in the current Brahmaputra and Ganges floodplains. T he distribution generally does
not c orrespond w ith t hat of arsenic. T his m eans t hat g roundwater w ith a cceptable
concentrations of arsenic may not have acceptable concentrations of manganese. It is
notable t hat groundwater from t he d eep aquifer (>150 m ) contain r elatively 1 ow
concentrations of both arsenic and manganese. Medians of the concentrations in the
shallow and de ep a quifers w ere 0.34 m g/l and 0.03 m g/l respectively (BGS a nd
DPHE, 2001) . T his hi ghlights t he I arge di fference i n ¢ oncentrations be tween the

shallow and deep aquifers.
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Figure 2.1: Distribution of manganese in groundwater of Bangladesh (Source: BGS
and DPHE, 2001)

Figure 2.2 shows distribution of Mn in well water of Bangladesh, based water quality
data obtained from the National Hydro-geochemical Survey (BGS and DPHE, 2001).
It shows that about 27% of the surveyed tube wells have manganese concentrations
within th e Bangladesh d rinking w ater s tandard of 0.1 m g/l. A bout 32% of

groundwater s amples have manganese concentration between 0.1 and 0.4 m g/l, and

about 25% have concentration between 0.4 and 1.0 mg/l. About 17% of samples have
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manganese concentration ex ceeding 1.0 m g/l; only 10 s amples ha ve co ncentration

exceeding 5 mg/I1.
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Figure 2.2: Wells with different ranges of manganese concentrations (Source: Hasan

and Ali, 2010)

WHO (2004) recommends a guideline value of 0.4 mg/l for Mn in drinking water to
protect against neurological damage. However, WHO (2011) eliminated th e h ealth-
based guideline v alue not ingt hat “this he alth-based v aluei s well ab ove
concentrations of M n normally found in drinking-water”. However, this logic is not
valid for Bangladesh, since, about 40% of wells sampled in the BGS-DPHE survey in
Bangladesh exceeded the WHO (2004) recommended health based guideline value of
0.4 mg/l for Mn. As shown in Figure 2.1, the people of central, north and south-east
regions o f B angladesh ise xposedt o g reat he althr isk f or pr esence of hi gh

concentration of Mn (>0.4 mg/l) in groundwater in this regions.

According to BGS and DPHE (2001), nationwide about 32% of wells, which contain
safe level of As (i.e., < 0.05 mg/l) have been found to contain unsafe level of Mn (i.e.,
>0.4 m g/1). T herefore, t his w ould s ignificantly increase t he popul ation exposed to
unsafe w ater, be yondt hate stimated f or arsenica lone. D etection of hi gh
concentrations of Mn in groundwater has introduced a new dimension to the already

difficult safe water supply scenario in Bangladesh. However, Mn issue has attracted
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relatively le ss a ttention s o far in th e water supply sector in B angladesh. Due to
widespread presence of Mn in groundwater in addition to As and Fe, it is important to
raise awareness among the stakeholders about the Mn issue and develop Mn removal

technologies from water.

As noted earlier, the distribution of Mn generally does not correspond to that of As,
which means that groundwater with acceptable concentration of arsenic may not have
acceptable concentration of manganese (BGS and D PHE, 2001). Figure 2.3 shows
distribution of As and Mn in well water. It shows that about 32% of surveyed wells
which are safe with respect to arsenic (i.e., with arsenic less than 0.05 mg/l) are in fact
unsafe with respect with manganese concentration (i.e., with manganese concentration
exceeding 0.4 mg/l). Figure 2.3 shows that about 10% of wells have both arsenic and
manganese concentrations exceeding the Bangladesh standard and WHO health-based
guideline v alue, r espectively. T hus, t here are areas w hich are relatively s afe from
arsenic ¢ ontamination, buta re a tt her isk of ¢ ontamination b y m anganese. F or
example, in Rajshahi division, about 50 % of sampled wells are safe with respect to
arsenic, but ¢ ontaminated w ith m anganese a bout t he W HO he alth-based g uideline

value.

O As<50 (ug/L) & Mn< 0.4 (mg/L)
42.8 | m As<50 (ug/L) & Mn>0.4 (mg/L)
0O As>50 (ug/L) & Mn<0.4 (mg/L)
0O As>50 (ug/L) & Mn>0.4 (mg/L)

32.1

Figure 2.3: Status o f wells with r espect t o arsenic an d m anganese concentrations

(Source: Hasan and Ali, 2010)
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2.3  Health and Undesirable Effects of Manganese and Arsenic

2.3.1 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 f or activation of o thers ( kinases, de carboxylases, et ¢) ( USEPA, 2004). T he
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.

Adverse he alth e ffects c an be ¢ aused b y i nadequate i ntake or ove r e xposure.
Manganese deficiency in humans appears to be rare because manganese is present in
many ¢ ommon f oods. A nimals e xperimentally m aintained on manganese-deficient
diets exhibit impaired growth, skeletal abnormalities, reproductive deficits, ataxia of
the ne wborn, and de fects in lipid and c arbohydrate m etabolism (Keen et al., 1999;

Hurley etal., 1987; U SEPA, 1984) . T he he alth e ffects f rom ove r-exposure of

manganese are d ependent on t he route o f exposure, the ch emical 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). E xposure to toxic levels o f manganese affects
the nervous system, and may cause neurological and behavioral symptoms, including
dementia, anxiety, and a “mask-like” face. These symptoms are generally the result of
very hi gh e xposures vi a 1 nhalation, as might occurin an industrial s etting. High
intakes of m anganese t hrough both inhalational e xposures and drinking w ater have
been s hown t o be t oxic ( Institute of M edicine Food a nd N utrition B oard, 2002) .
Manganese i s b est characterized as an eurotoxin; o ccupational e xposures a re
associated w ith a ch aracteristic s yndrome called m anganism, w hich i nvolves both
psychiatric symptoms and parkinsonian features (Yamada et. al. 1986; Calne et. al.,

1994; Dobson et. al., 2004).

Water with a high concentration of manganese may cause the staining of plumbing
fixtures or laundry. At levels exceeding 0.1 m g/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. Manganese solids may form deposits

within pipes and break off as black particles that give water an unpleasant appearance
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and taste. Manganese causes a m etallic or vinyl type taste in the water. Manganese
will often give an oily appearing, " crusty" sheen to the water surface. (Oil does not

appear "crusty" when disturbed, but "feathers out" like a rainbow).

Hydrogen s ulfide, w hich ¢ auses a ¢ haracteristic "rotten egg" odor,c analsob e
liberated by the same conditions (i.e. low dissolved ox ygen and low pH) that cause
manganese to dissolve in water. Hydrogen sulfide is frequently encountered in water
with ex cessive manganese. Some of the treatment methods used to remove iron and
manganese will also "remove" hydrogen sulfide gas. Presence of manganese in high
concentrations may cause an unpleasant metallic taste to the water (Raveendran et al.,

2001).

The presence of manganese in drinking water may lead to accumulation of deposits in
the distribution system. Even ata concentration of 0.02 m g/l, manganese may form
coating on distribution pipes, which may slough off as a black precipitate. Manganese
supports the growth of manganese bacteria. This non-health related bacteria can clog
strainers, pumps, and valves. Periodic or continuous chlorination is the best means to
control m anganese b acteria. O nce p resent, m anganese b acteria is difficult to purge

from a well.

As noted e arlier, WHO (2004) recommended guideline value o 0.4 m g/l (WHO,
2004) for M nin drinking w ater to p rotect a gainst ne urological da mage; dr inking
water s tandard f rom a esthetic co nsiderations is e ven m ore s tringent, 0.1 m g/1.

Bangladesh standard for manganese in drinking water is also 0.1 mg/I.

2.3.2 Effects of Arsenic

Arsenic o ccurs naturally, being the t wentieth m ost abundant e lement in the earth’s
crust. Humans are exposed to arsenic primarily through air, food, and water. Exposure
through air is ne gligible unl ess the area is h eavily p olluted b y s melters or pow er
plants. E xposure to arsenic through food ingestion is significant. Based on m arket-
basket surveys of the total arsenic content in United States food, the US food and drug
administration h as e stimated th at a dults in gest an a verage of about 53 pg/dayo f

arsenic from the diet”.
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USEPA estimates that only twenty percent of the arsenic in food, or about 10 pg/day,
is inorganic arsenic, w hich is the most toxic form of arsenic (Pontius et al., 1994).
Ingestion of inorganic arsenic in drinking w ater t hus pos sibly be comes t he 1 argest
source o f exposure to t he t oxic an d c arcinogenic ef fects o f arsenic, if the ar senic
concentration in the water is more than 5 pg/l, assuming an adult drinks two liters of
water per day. Three possible types of health effects exist for exposure to arsenic. The
first e ffect i s t oxic e ffects due to short term, a cute e xposure to l arger amounts of
arsenic. T he s econd e ffect i s t oxic e ffects due to 1 ongterm, c hronic exposure t o
smaller amounts o f arsenic. T he third effect is increased risk of cancer due to long
term, ch ronic ex posure t o s maller d oses o far senic. T he ¢ arcinogenic ef fecti s
probably the ¢ ontrolling factor i n d etermining how l ow t o s et t he dr inking w ater
standard for arsenic. Complicating this is the fact that each species of arsenic has a
different toxicity. Studies of organic arsenic excretion suggest that doses of inorganic
arsenic up t o around 200 pg/day are detoxified, but the validity of the studies was

questioned by other scientists (Pontius et al., 1994).

The B angladesh dr inking w ater s tandard f or A si s0.05m g/I, w hile W HO

recommends a guideline value of 0.01 mg/I1.

2.4 Chemistry of Manganese

Manganese i s t he 10 ™ most a bundant e lement i n t he e arth’s crust a nd na turally-
occurring element that can be found ubiquitously in the air, soil, water and is normal
constituent of the human diet. On the average crustal rocks in contain about 0.1% Mn
(Davison, 1991). Manganese occurs n aturally in groundwater and canbe foundin
many t ypes o fr ocks. P ure m anganese d oes n ot o ccur n aturally. T hel evel o f
manganese i n groundwater from n atural | eaching p rocesses ¢ anv ary widely
depending upon the types of rock and minerals present at the water table. Typically,
manganese concentrations from natural processes are low but can range up to 1.5 mg/1
or hi gher. S ources of p ollution rich i n or ganic m atter ( e.g., r unoff f rom I andfills,
compost, br ush or s ilage pi les, or ¢ hemicals such a s gasoline) can addt ot he
background 1 evel b yi ncreasing m anganeser elease f rom s oil o rb edrock i nto

groundwater. In the aquifer, groundwater comes in contact with these solid materials
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dissolving t hem, r eleasing their ¢ onstituents, i ncluding m anganese, t o t he w ater.
Manganese in o bjectionable concentration h as b een d etected in m any w ater supply

sSources.

The r edox ch emistry of m anganese h as importantr oles and imp actsin th e
environment. It is a transition metal which has numerous oxidation states between 0
and + 7. T he m ost c ommonly encountered s tates a re M n(1I), M n(IlI), Mn(IV), and
Mn(VII). The reduced M n (II) is generally found asthe s oluble M n*"cation. T he
highly oxidized Mn(VII) is widely known as permanganate and found in the form of
the soluble MnO* anion. The insoluble oxides of manganese are formed from Mn(1III)
and M n(IV) and are often found as M nOOH(s) and M nO,(s), r espectively. M ixed
oxides also exist in the form of MnOx, where x varies from 1.1 to 1.8 (Morgan and
Stumm, 1964) . M anganese i s di stributed m ainly in m anganese ox ides of w hich
pyrolusite (MnQO,) is the most common. Manganese also occurs as an impurity in iron
oxides, some silicates and carbonates. It occurs more rarely as a major constituent of
rhodocrosite ( MnCO3). T he s tructure a nd ¢ ompositions of m anganese ox ides i s
complex due to variable oxidation states and to their ion-exchange properties. These
properties are important in soils and aquifers as they can play a significant role in
trace-metal adsorption. In sediments, manganese oxides also typically occur as fine-
grained a nd poor ly-crystalline f orms w hich a re e asily di ssolved unde r f avorable

conditions.

Eh-pH diagram for the Mn-O,-H,O system indicates that solubility of Mn is lowered
in w ater w hich i s w ell o xygenated. A st he s ystem becomes m ore ox idizing, t he
aqueous M n(Il) i s ¢ onverted di rectly t o va rious s olid m anganese f orms, M n304
(Hausmannite), M n,O3 (manganite or Feitknechtite) a nd M nO,. B irnessite an d
feitknechtite a re t he m ost c ommonly found s olid forms ( Murray et. al., 1985) .The
direct conversion of Mn(II) to solid oxide forms in water apparently does not occur
without the presence of hydroxide (Hem, 1981; Coughlin and Matsui 1976). In fact
the r ate of ox idation de pends on t he ox ygen ¢ oncentration a nd t he s quare of t he
hydroxide concentration, suggesting that although the oxides are stable, the creation
of the oxides proceeds through a manganese hydroxide intermediate form. Manganese

removal is catalyzed by s olids, i ncluding M n o xides (autocatalysis) (Coughlin and
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Matsui, 1976 ; K essick and M organ, 1975); the presence of s mall amounts of solid

through sludge recycling or due to turbidity may increase the rate of Mn oxidation.

In pH-neutral conditions, the mobility of manganese is determined by ambient redox
conditions. U nder aerobic c onditions t ypical of many s hallow a quifers and s urface
waters, manganese is stable in its oxidized form, MnO, which is hi ghly insoluble.
Hence, concentrations of manganese in aerobic water are usually low and commonly
below analytical detection limits. Under anaerobic conditions, manganese is reduced
to the more soluble form, Mn(II), which is released from minerals. Mn*" is the soluble
form in most waters. As a result, much higher manganese concentrations can be found
in anaerobic groundwater. As dissolved oxygen concentrations in groundwater tend to
decrease w ith w ell de pth, a naerobic ¢ onditions a nd he nce hi gh manganese
concentrations tend to occur more commonly in deep wells. Under strongly reducing
conditions in the presence of dissolved sulfide, manganese can be immobilized by the
formation of 1 nsoluble m anganese s ulfide ( MnS), a Ithough t his i s us ually onl y
important a t hi gh pH (>8). A s a naerobic c onditions oc cur c ommonly in a quifers,
problems with iron and manganese in groundwater are relatively widespread, though

the concentrations attained vary widely (USEPA, 2004).

Manganese i s di ssolved i n a noxic and acid water. H omogeneous pr ecipitation of
Mn(II) as an oxide phase does not occur below pH 8, but Mn(II) oxidation does occur
in the presence of different mineral surface and /or via bacterial process between pH 6

and 8. It is also known that bacteria mediate oxidation of dissolved manganese.

Manganese p roblems a re mo st lik ely to d evelop in w ater f rom w ells w ith h igh
carbonate and low oxygen. 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, di shes a nd ut ensils. A s s hown in Figure 2.4, t he amount of m anganese
dissolved in water often follows a trend of low to high back to low again as depth of

the well increase (Seelig et. al., 1992).
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Figure 2.4: Dissolve manganese concentration w ith va riation i n de pth of w ell

(Source: Seelig et al., 1992).

The m obilization of manganesei si ncreasedi nor ganic-rich w aterst hrough
complexation with organic acids (humic or fulvic acids). Such conditions occur for
example in peaty soil waters and upland lakes associated with them. They also occur
in some strongly reducing aquifers. Waters with high concentrations of organic acids
typically have a b rown coloration and may develop a surface froth. Some forms of
bacteria gain energy by oxidation of soluble Mn in water and can produce notable
surface slimes w here concentrations o f manganese are high. Bacteria can accel erate

the oxidation process and may also exacerbate staining problems.

2.5 Chemistry of Arsenic

2.5.1 Properties of Arsenic

Arsenic is a chemical element in the nitrogen family (group VA of the periodic table),
existing in both grey and yellow crystalline forms. A lthough some forms of arsenic
are metal-like, it is best classified as metalloid and non-metal. It can be manufactured
in three allotropic forms, the yellow (a) form, the black (B) form and the steel grey (y)
form. These have different physical properties. The cubic o- formism adeby
condensing the vapor at very low temperatures; it is metastable, is soluble in CS, and
consists of tetrahedral As4 units. The black B- poiymorph is iso-structural with black
phosphorous (1II), and is also metastable. Both ofthese forms revert to the stable y
form, grey or metallic, rhombohedral arsenic, on heating or exposure to light. Gray or

metallic arsenic, which is more stable and more common than the softer yellow form,
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is ve ry brittle, t arnishes in air and s ublimes w hen he ated at 610 °C, i .e., it pa sses
directly into vapor form without melting and reverts to the crystalline solid without
liquefying upon cooling the vapor.

2.5.2 Acid-Base Reaction

Apart from t he el ementary arsenic w ith o xidation s tate 0, ar senic i s s table in t he
oxidation states of +5, +3, and -3 (see Table 2.1), but generally found in water only in
the trivalent and pentavalent states. The oxides of both As (III) and As(V) are soluble
in w ater. T he d issolution imp lies d irect reaction w ith w ater, h ydration, w here th e
oxides be have 1 ike non -metals an d ex hibit aci dic ch aracter. A rsenic (III) f orms
arsenious al so cal led ar sonic aci d. A rsenic ( V) forms t he ar senic aci d, al so cal led
arsinic acid. The two acids dissociate to form respectively arsenite and arsenate ions
as shown in the following reactions.

Arsenious Acid Dissociation:

H3AsO3 =H"+ H,AsO5 ; pKa=9.22 (2.1)

H,AsO;"  =H'+ HAsOs* ;pKa=12.13 (2.2)

HAsO;*  =H™+ AsO3™ ; pKa=13.40 (2.3)
Arsenic Acid Dissociation:

H3AsO4 = H'+ H,AsO,  ;pKa=2.2 (2.4)

H,AsO4 = H'+ HAsO,*" ;pKa=7.08 (2.5)

HAsO4* = H'+ AsO4” ; pKa=11.5 (2.6)
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Table 2.1: Arsenic species and their environmental significance in water

Environmental significance/

Compounds Example Dominant pH region

Arsine As™ Minor importance
Oxidation state: -3 [Most toxic As species]
Elemental Arsenic As Minor importance
Oxidation state: 0 [Least toxic As species]
Trivalent Arsenic As(IIl) Dominant under anaerobic condition
Oxidation state: +3 [10 times more toxic than As(V)]

H;AsO;3 pH=0-9

H,AsO;" pH=10-12
Arsenite, Inorganic HAsO;” pH=13

AsO3> pH=14

Important

Methylated As(I1I)
MMAs(III) CH;As(II1)0,™ L
DMAs(III) (CHy),As(IO!-  Minor importance
TMA(III) (CHa)As(IIl) [Less toxic than inorganic As(III)]
Organo-As(III)
Pentavalent Arsenic Dominant under aerobic condition
Oxidation state: +5 [10 times less toxic than As(III)]

H;AsO, pH=0-2

H,AsO," pH=3-6
Arsenate, Inorganic ~ HAsO4> pH=7-11

AsO,” pH=12-14

Important

Methylated As(V)
MMAs(V) CH;As(V)0;> L
DMAs(V) (CH),As(V)0,-  Minor importance
TMAS(V) (CH3);AS(V)O [Less toxic than inorganic As(V)]

Organo-As(V)

Figure 2.5 s hows the predominance diagram of arsenic species as a function of pH.

From Fig. 2.5 it is seen that arsenic acid is stronger than arsenious acid. Within the pH

range of natural waters (particularly groundwater), where pH is usually between 6 to

9, the trivalent inorganic arsenic is found as non-dissociated arsenious acid (H3AsO3);

while the pentavalent arsenic is primarily found as the ionized dihydrogen arsenate

(H,As04) and m ono-hydrogen a rsenate ( HAsO4%). T he relatively m ore mo bile

monomethylated and dimethylated forms are observed in ocean and lake waters, but

seldom in gr oundwater. As m ost t reatment p rocesses are m ore cap able to remove



21

ions, th e tr ivalent a rsenic is mo re d ifficult to r emove f rom th e w ater th ant he

pentavalent (Kartinen and Martin, 1995).
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Figure 2.5: Predominance diagram of As(III) and As(V) species as a function of pH
(Montgomery, 1985)
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2.5.3 Redox Reaction

Arsenicisar edox s ensitive element. A rsenate [As(V)] an d a rsenite [ As(Ill)] ar e
common oxidation states of arsenic in water. The mobility of arsenic is controlled, in
large part, by the oxidation-reduction (redox) transformations. The valence in which
arsenic e xists is related to both pH and the redox po tentials, EA4. The hypothetical
electron a ctivity a te quilibrium, pFE,1 sus edi nterchangeably with Eh. T hese
parameters are related by pE = (F/2.3 RT) Eh, where T is the absolute temperature and
F &R are the Faraday and G as c onstants, respectively. Thus at25°C, 2.3 RT/F =
0.059 V and pE = Eh/0.059. The equation linking arsenic speciation to pH and pE are
readily available, but Eh versus pH diagrams (Fig. 2.6), are the most concise way of
presenting this information. Figure 2.6 represents e quilibrium c onditions of arsenic
under various r edox potentials. W ell-aerated s urface w aters w ould tend to i nduce
high Eh values, therefore, any arsenic present should be in the arsenate [ As(V)] form.
Mildly r educing c onditions, such as can be found in g roundwater, s hould pr oduce
arsenite [ As(II)]. By determining the pH and E/ of water, it is possible to determine

which species of arsenic will be prevalent.
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Figure 2.6: The Eh-pH diagram for As at 25°C and 1 atm with total arsenic 10> M

and total sulfur 10~ M. S olid s pecies ar e en closed i n p arenthesis i n ¢ ross-hatched

area, which indicates solubility less than 10°° M (Montgomery, 1985)



23

As stated earlier, arsenate is dominant in oxygenated water, while arsenite is dominant
in non -oxygenated water. A Ithough thermodynamics can p rovide a n accu rate
prediction of possible changes in a given non-equilibrium c onditions, they give no
insight to the rate at which those changes will occur. While As(IIl) and As(V) acid-
base reactions can be assumed to occur instantaneously, c hanges be tween oxidation
states r equire in determinate time p eriods in n atural w aters. F or in stance, th e
conversion of As(IIl) to As(V) in oxygenated water is thermodynamically favored, yet
the transformation takes days, weeks or months depending on the specific conditions.
The r eduction o f As(V) to A s(Il) is similarly kinetically constrained. This is the
reason w hy a rsenic ( V) c an be found in s ome a noxic w aters ( Dahi, 1997). T his
process 1 s how ever also know nt o be f acilitated t hrough c atalysis a nd bacterial

mediation.

In strongly acidic or alkaline solutions, the presence of copper salts, carbon, certain
catalysts and higher t emperatures can increase t he ar senic o xidation r ate ( Ferguson
and D avis, 1972) . C atalytic ox idation of As canb e ach ieved by powered a ctive
carbon a nd di ssolved ox ygen i n s tirred r eactions. T he r ate of ox idation ¢ an be

described by the first-order equation.

The effective removal of arsenic from water often requires the complete oxidation of
As(III), especially if the drinking water standard is low. There are various means of
oxidation available, but in drinking water treatment there are important considerations
such as the limite d list o f s afe ¢ hemicals, th e r esiduals o f o xidants, o xidation b y-
products a nd t he ox idation of ot her i norganic a nd or ganic compounds. Int he
oxidation pr ocesses w ith dos ing of ¢ hemicals, effective ox idants are free c hlorine,
hypochlorite, 0z one, pe rmanganate, and h ydrogen peroxide/Fe*” (Fenton’s r eagent),
but not t he ¢ hloramines ( Frank a nd C lifford, 1 986). T hese ox idants ¢ an di rectly
transform A s(IIl) to A s(V) in the absence o f ox ygen. C hlorine is widely us ed for
oxidation purpose, but may lead to chlorinated by-products, namely trihalomethenes
(THMs), from reactions with natural or ganic matter. O zone, widely used in surface
water treatment for oxidation and disinfection, is quite effective but is not feasible for
a specific application with As(III) oxidation. The most feasible oxidants are potassium

permanganate an d F enton’s r eagent ( H,O»/Fe*"). Permanganate o xidizes A s(III),
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ferrous and manganese ions specifically and quickly. Chlorine and permanganate are
able to oxidize As(Ill) to As(V) within a very short time, e.g., half an hour or even
few minutes (Dahi, 1997). Arsenious acid oxidations by most common oxidants are

shown in the following reactions (Dahi, 1997):

H3AsO;3 + % O, = H,AsO, +2H" (2.7)
H3AsOj; + HCIO = H,AsO4 +2H +CI (2.8)
H3;AsO;+2/3 MnO, = H ,AsO4+2/3MnO, +1/3H"+1/3H, O

(2.9)

2.5.4 Adsorption-Desorption

Adsorption-desorption r eactions a re ve ry i mportant i n de termining t he m obility of
arsenic in nature as well as its removal in many treatment s ystems. A ttachment o f
arsenic to an iron oxide surface is an example of an adsorption reaction. The reverse
of this r eaction, arsenic be coming de tached from such a surface is an example of
desorption. B oth arsenate and arsenite adsorb to surfaces of a wide range of solids
including iron, aluminum and manganese oxides (e.g., iron ox yhydroxides), and clay

minerals.

The strong adsorption characteristics of arsenic has been utilized in its removal from
water b y coagulation u sing al um, | ime o r f erric s alts, w here ar senic is r emoved
primarily b y a dsorption on to s olid f locs ( e.g., a luminum h ydroxide or f erric
hydroxide) and s ubsequent pr ecipitation. A rsenate is much more strongly adsorbed
and r emoved t han arsenite. F erric s alts ha ve b een found t o b e m ore e ffective i n
removing arsenic than alum on a weight basis and effective over a wider pH range.
The strong adsorption o f arsenic onto h ydrous iron, aluminum and other solids has
also be en utilized in removing arsenic using a wide range of solid s orption m edia.
These include activated alumina, iron coated sand, granular ferric hydroxide, and a
wide r ange of ot her m aterials. B esides arsenic, a num ber o f ot her i ons presentin
natural w ater ( e.g., pho sphate, s ilicate, s ulfate) a Iso ha ve s trong a ffinity f or s olid
surfaces a nd pr esence of hi gh ¢ oncentrations of't hese i ons can r educe removal

efficiency of arsenic in adsorption-based treatment systems.

Adsorption-desorption o f arsenic onto iron ox ide surfaces are i mportant c ontrolling

reactions in the subsurface because iron oxides are widespread in the hydro-geologic
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environment as coatings on other solids, and because arsenate adsorbs strongly to iron
oxide s urfaces in acidic an d n ear-neutral pH conditions. D esorption of arsenate is
favored ath igher ( i.e., al kaline) p Hv alues. The p Hd ependence o far senate
adsorption-desorption appears to be related to the change in net charge on iron-oxide
surface w ith pH . T he ne t ¢ harge on 1 ron ox ide s urface ¢ hanges from pos itive t o
negative as pH increases above the “zero-point-of-charge” (pH at which net surface
charge is zero). The “zero-point-of-charge” is about 7.7 for goethite (crystalline iron
oxide) and about 8.0 f or ferrihydrite (amorphous iron oxide). Thus as pH increases
above about 8, the net negative surface charge on iron oxides can repel the negatively
charged i ons s uch as arsenate. C ompared t o ar senate, arsenitei sl ess s trongly
adsorbed by iron oxides. Arsenate and arsenite adsorption-desorption reactions onto

other common surfaces are less well characterized.

In Bangladesh arsenic-rich iron ox yhydroxides present in aquifer materials appear to
be t he primary source of arsenicin groundwater. Inthe s ubsurface e nvironment,
adsorption-desorption of arsenic onto iron oxyhydroxides is an important mechanism
controlling its mobility. As noted e arlier, pr esence of ligands, w hich may compete
with arsenic for adsorption sites on iron ox yhydroxides, e.g., phosphate, silicate and
sulfate can also influence the mobility of arsenic in the subsurface, if present in large
enough concentrations. B esides ox yanions of molybdenum, selenium and vanadium

can also compete with arsenic for adsorption sites.

As a result of pH dependence of arsenic adsorption, changes in groundwater pH can
promote adsorption or desorption of arsenic. Similarly, redox reactions can c ontrol
aqueous a rsenic concentration b y t heir effect o n ar senic s peciation and h ence o n
adsorption-desorption r eactions. F or example r eduction of arsenate t o a rsenite c an
promote arsenic mobility because arsenite is less strongly adsorbed than arsenate. It

should be noted that in nature bacteria often mediate oxidation-reduction reactions.

Finally, structural changes in solid phases at the atomic level can also affect arsenic
adsorption-desorption ( USGS, 1999) . F ore xample, ¢ onversion of a morphous
ferrihydrite to c rystalline g oethite ma y o ccur g radually o ver time ( Dzombak a nd

Morel, 1990) and this can be accompanied by a decrease in adsorption site density.
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This reduction in site density may result in desorption of adsorbed arsenic. Structural

changes in other solid phases may also affect arsenic mobility (USGS, 1999).

2.5.5 Precipitation and Dissolution Reactions

Precipitation-dissolution reactions are important mechanisms controlling mobility of
arsenic in the subsurface. Arsenic contained within solid phases, either as a primary
structural component of arsenic bearing minerals (e.g., arsenopyrite) or an impurity in
any of a variety of solid phases (e.g., pyrite), is released to groundwater when these
solid pha ses di ssolve. S imilarly, arsenic is r emoved from groundwater w hen s olid
phases co ntaining ar senic p recipitate from aqueous p hase. As an ex ample, b ecause
arsenic often co-precipitates with iron oxide, iron oxides may act as an arsenic source
(case of dissolution) or a sink (case of precipitation) for groundwater (USGS, 1999).
Besides, solid phase dissolution will contribute not only arsenic contained within that
phase, but also a ny arsenic a dsorbed t o t he s olid-phase s urface. In Bangladesh,
reductive dissolution iron ox yhydroxides and consequent release of adsorbed arsenic

could be an important mechanism of arsenic mobilization in the subsurface.

The interplay of redox reactions and solid phase precipitation and dissolution may be
particularly important with regard to aqueous arsenic and solid-phase iron oxides and
sulfide minerals (USGS, 1999). High c oncentrations of arsenic often are associated
with iron oxides and sulfide minerals. Iron oxides frequently dissolve under reducing
conditions ( e.g., 1 nt he pr esence of or ganic matter), but of ten pr ecipitate unde r
oxidizing ¢ onditions. S ulfide m inerals generally a re uns table und er ox idizing
conditions, but m ay pr ecipitate unde r reducing c¢ onditions ( e.g., p recipitation of
As,Ss. Thus, as a result of redox sensitive nature of iron oxides and sulfide minerals,
transfer of large amounts of arsenic between these solid phases and neighboring water
may result f rom r edox-facilitated p recipitation a nd d issolution r eactions ( USGS,

1999).

Precipitation of arsenic has been utilized in the removal of arsenic from water. The
insolubility o fcer tain inorganic ar senic(V) c ompoundsi s the ba sis of m any
hydrometallurgical arsenic r emoval pr ocesses ( Robins e ta 1.,2001 ). T he m ost

common methods of removing arsenic from aqueous systems are by precipitation as
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arsenic(IIl) s ulfide, ¢ alcium ar senate, o r f erric ar senate. O ther s olids o f'1 nterest
include f errousa rsenate|[ Fes(AsO4)2.xH,0], cal cium-arsenate-phosphate

[Ca19(AsO4,PO4)6(OH),], and ferric sulfide [Fe,S,].

2.6 Common Treatment Options for Removal of Mn from Water

There are a number of removal technologies used to remove manganese from water.
The most common removal technologies are chemical ox idation, s equestration, and
adsorption. A dsorption using ox ide c oated media 1s discussed in more detail in the
following section. The soluble manganese can be removed by the physical process of
aeration. Both groundwater and surface water can be aerated using various techniques
during treatment. H owever, the rate o f r eaction b etween m anganese and o xygen is
slow and a retention tank with s everal hours of detention time is recommended to
allow adequate conversion (Wong, 1984). Alkaline pH (> 9.0) is generally required to
oxidize t he s oluble m anganese in t his way within t he dur ation of w ater t reatment
(Morgan and S tumm, 1964). Filtration is then applied for the removal of the solid
manganese o xide p articles. A eration is not often used for large plants or for water

with high levels of manganese.

Manganese r emoval h as be en accomplished b y t he a ddition of va rious t ypes o f
chemical oxidants, including free chlorine, chlorine dioxide, potassium permanganate
and oz one. K nocke et al. ( 1987) r evealed t hat al kaline conditions (pH>8 )are
required for adequate manganese removal by chlorine addition. Low temperatures (<
5°C) were also shown to hinder the process. Since traditional coagulation-flocculation
treatment benefits from acidic pH conditions, the only use of chlorine as an oxidant
for m anganese r emoval i s not r ecommended. Chlorine is t he oxi dant preferred t o
enhance removal via oxide coated media by regenerating the media while oxidizing

the soluble Mn.

Knocke et al. (1987) used chlorine dioxide (ClO,) for removal of Mn from water. The
theoretical stoichiometric amount of chlorine dioxide needed for manganese oxidation
is 2.45 m g/mg M n”". Laboratory t esting s howed t hat t wice t he t heoretical a mount
could be required for effective soluble manganese removal (Knocke et al., 1987). The

concentration o f o rganic m aterial i n t he w ater s ignificantly affects t he d osage o
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chlorine dioxide required. At low total or ganic carbon (TOC) concentrations (< 2.5
mg/1), chlorine dioxide dose between 1.0—1.5 mg/l was effective across a large range
of pH values. However, water with higher organic demands (8-10 mg/l TOC) required
doses of over 3 mg/l of ClO, for similar removal. Due to health concerns of chlorite
and ch lorate p resence i n drinking w ater, m ost r egulatory agencies do not pe rmit
dosage of chlorine dioxide outside the range of 0.5-2.0 mg/l. Hence, chlorine dioxide
is an effective oxidant for manganese removal but should be used in conjunction with
another ox idant w hen hi gh ¢ oncentrations o f o rganic ma terial a nd/or high in itial

soluble manganese levels are present.

Soluble m anganese ox idation ha s be en p erformed ¢ onventionally b y p otassium
permanganate (KMnOy). Also affected by organic concentrations, the permanganate
dosage increases to much higher than the theoretical stoichiometric amount when the
TOC levels increase above 3 mg/l (Knocke et al., 1987). The chemical cost per unit of
potassium permanganate is higher than the cost per unit required for oxidation by free

chlorine (Knocke et al., 1987).

A s trong a nd r apid-acting ox idant O zone ( O3) h asb ecome aw idely accepted
disinfectant i n w ater t reatment s ince i t do not pr oduce di sinfection b y-products,
except when bromide is present in the water. Reckhow et al. (1991) conducted a study
to d etermine t he s toichiometry an d k inetic r ates o f t he o xidation r eaction b etween
ozone and manganese under both low and moderate organic concentration conditions.
The study found that the reaction rate increased with increasing pH; further, at a pH of
8.0 the required dose was practically equal to the theoretical stoichiometry. However,
with the addition of organics, between 2-5 times the stoichiometric dose was required
to o xidize t he m anganese. B icarbonate was added t o m inimize t he f ormation o f
unproductive radicals and hence, reduce the dose of ozone required. Therefore, Ozone
use is more often recommended for oxidizing manganese in water with low organic

concentration.

Most of t he r emoval methods di scussed a bove ¢ hemically or ph ysically ox idize
manganese to its solid form. These oxide particles are then required to be physical

removed. This is often accomplished by traditional treatment methods consisting o f
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coagulation, flocculation, clarification, and filtration to remove the oxides along with
other w ater 1 mpurities. H owever, ox idized m anganese of ten f orms pa rticles in t he
colloidal range which are not efficiently removed when applied directly to filtration
media (Knocke et al., 1988). Therefore, research on m embrane filtration as a viable
method f or r emoving oxidized m anganese pa rticulate ha s a 1so be en ¢ onducted

(Suzuki et al., 1998; Rahman et al., 2000).

Sequestration of manganese is another limited used method of controlling manganese
oxidation. T he addition of pol yphosphates or a c ombination of sodium silicate and
chlorine has been shown to sequester the inorganic with various de grees of success.

However, limited research has been found in developing this treatment method.

2.7  Adsorption and Oxidation of Mn onto Filter Media

The focus of this research is the adsorption of soluble m anganese onto m anganese
oxide coated sand. The coating of manganese oxide adsorbs soluble manganese from
water and, in the presence of an oxidant, these adsorbed Mn(II) are oxidized to solid
Mn(IV) to create more available sites (Merkle et al., 1997). Various oxidizing agents
can be used to change the oxidation state of Mn so that it can be removed from water.
Table 2.2 shows the M n ox idation reactions for oxidants typically used in drinking
water treatment, listing ideal or theoretical stoichiometric ratio of oxidant to Mn for

each reaction.

Table 2.2: Theoretical reaction stoichiometry for Mn(II)

Stoichiometric ratio,

Oxidant Reaction .
mg oxidant : mg Mn metal
0, Mn*" + % O, + H,0 => MnO»(s) + 2H" 0.29:1
HOCI Mn*" + HOCI + H,0 => MnO,(s) + CI'+ 3H" 130:1
MnO, 3Mn*" + 2 KMnO, + 2H,0 => 5 MnO,(s) +2K +4H" 1.92:1
05(aq.) Mn*" + O3 + H,O => MnO,(s) + O, + 2H" 0.88:1
ClO, Mn*" 42Cl0, + 2H,0 => MnO,(s) + 2CI0, + 4H" 245:1

Source: Adapted from Sommerfeld (1999)

The technology of manganese removal through sorption and oxidation on manganese
greensand h as b een ap plied f or d ecades, p rimarily i n t reating groundwater with

elevated soluble manganese levels. Manganese oxide coatings formed on media acts
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as g ood a dsorbents for Mn and also playa roleinitsoxidation by autocatalysis
(Kessick and Morgan, 1975; Eley et. al., 1993; AWWA, 1994; Merkle, et. al., 1997b;
Zuravnsky, 2006; Subramaniam, 2010; Tasneem, 2010). Oxide-coated media (OCM)
perform adu al f unctionint he Mnr emoval process, p ermitting t wo m odes of

operation f or s oluble Mn”>" removal ( Merkleet al ., 1997b). Inth e in termittent
regeneration (IR) mode, the filter media bed absorbs Mn”" in the absence of a strong
oxidant. Sorption capacity is periodically regenerated by application of oxidant (e.g.,
chlorine, pot assium pe rmanganate). Int he ¢ ontinuous r egeneration ( CR) m ode,
oxidant is continuously supplied to oxidize the sorbed Mn®" to insoluble MnOx(s) on
the c oated m edia surface, c ontinuously regenerating s orption cap acity and catalytic
function. There ar e a number o fp arameters t hat af fect t he m anganese r emoval
performance of oxide coated media (OCM). Researchers have noted the significance
of the type of oxidant applied, the pH of water applied to the bed, and the capacity of

the media as related to the available surface sites on the oxide coating.

Knocke eta 1. (1988) analyzedt heus e of f ourdi fferent ox idants to pr omote
manganese removal across the O CM filter bed. O xidants were ap plied to the w ater
prior to pa ssaget hrough t he f ilter be d. S trong ox idants s uch a s pe rmanganate,
chlorine dioxide, and ozone oxidized the s oluble manganese almost immediately in
the bulk solution. On the other hand, the addition of free chlorine prior to the filtration
through OCM filter bed did not oxidize the manganese in the bulk solution. Instead,
the majority of the manganese reaching the filter bed was in the soluble form. In this
case, t he r emoval m echanism w as de termined t o be di rect s orption of s oluble
manganese ont o t he media s urface. T he c hlorine r esidual pr ovided t he ne cessary
oxidant to r egenerate t he active ad sorbent s ites on t he m edia. T he cap acity o fthe
media in combination with the regenerative properties of the free chlorine caused the
necessary m anganese r emoval at bot h 1 ow a nd hi gh 1 oading r ate conditions. T he
results indicated that the presence of free chlorine at a concentration of >1-2 mg/l was
sufficient f or r apid s oluble m anganese r emoval ( Knockeet al ., 1988). T he s tudy
revealed that continuous removal of manganese can occur with the application of free
chlorine, w hile without f ree ¢ hlorine, t he capacity oft he m ediai s eventually

exhausted. Zuravnsky (2006) found a free chlorine concentration of greater than 1.0
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mg/l was r equired for effective s oluble M n r emoval; f urthermore, i ncreased f ree
chlorine concentrations generally improved the soluble Mn removal profile.

Knocke et al. (1991) used shallow bed depths (5-6 in) and high influent manganese
concentrations (1.0 mg/l) to promote rapid exhaustion of the available sorption sites to
evaluate the effects of the absence of chlorine on manganese removal. There was no
evidence of auto oxidation found and no active sites were being regenerated without
the pr esence of a no xidant. T hem ediaw as f oundt os tart be ing e xhausted
(breakthrough point) after passing of 25 liter water without the presence of HOCI at
pH=7.8.

A number of studies have shown significant e ffects related to the pH of the applied
water on ox ide-coated filter media performance (Knocke et al., 1988; Knocke et al.,
1990; Zuravnsky, 2006). In the absence of free chlorine, the effect of pH on the media
capacity was o bserved and,t he d etrimental e ffects o fa cidicp Ho n the m edia
manganese adsorption c apacity and the be nefits of alkaline c onditions for ef fective
removal have been found. A slightly alkaline bulk solution pH (7.0-8.0) provided a
greater percentage of soluble M n removal across the contactor d epth than a mildly
acidic pH ( 6.3-6.7) ( Zuravnsky, 2006 ). Research ha s be en ¢ onducted t o find t he
relationship b etween r emoval ef ficiency an d t he am ount o f ex tractable m anganese
oxide present on t he media (Bouchard, 2005). The capacity of the media to remove
manganese w as found toi ncrease as t he extractable m anganese o xide am ount
increased. In research, t he co rrelation b etween extractable co ating an d manganese

adsorption capacity has been evaluated more directly by Bouchard (2005).

Since the process of adsorption and oxidation adds layers of manganese oxide to the
filter media grains, research was conducted to determine the effect of oxide coatings
on the physical properties of the media. No significant changes in the physical size or
density of the media (Knocke et al., 1990) were found, and therefore, no significant

changes in the hydraulic properties in the media bed should be expected.

Zuravnsky (2006) investigated the effect of initial soluble Mn concentrations on t he
removal e fficiency o f O CM. Increasing t he i nitial s oluble M n ¢ oncentration w as

found to have a slightly positive e ffect on t he s oluble M n removal profile. Thisis
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because an increased soluble Mn concentration in solution provides a slightly larger
driving force between bulk solution concentration and concentration at the surface of
the media. The accumulation of Mn oxide coating is often found to be concentrated in
the uppe r por tions of the filter be d. T his phe nomenon ha s be en obs erved in bot h
operating utilities ( Bouchard, 2005; ITN-BUET, 2011 ) and pi lot-scale ex periments
(Hargette and Knocke, 2001).

Factors affecting Manganese oxidation

The oxidation and control of Mn reaction is complicated by factors that range from
misunderstanding of r eaction ¢ hemistry t o t he r elatively s low ki netics a nd t he
numerous oxidation states (Montgomery, 1985). In general, the removal of Fe and Mn
is greatly influenced b y s ome e nvironmental p arameters, s uch as p H, t emperature,

alkalinity, etc.

Effect of pH

Reactionr ateo fM n(Il) ha ss econd or derr elationshipw ithh ydroxyli on
concentration. Reaction of Mn(Il) with O, is at least 10° times slower than that occurs
for F e(Il) ox idation at circum-neutral pH ( Martin, 2003). O nly for pH >8 dos e the

reaction rate become appreciable.

According to Marble et al. (1999), overall mass transfer of Mn (II) from solution to
active sites at the surface decreases as pH decreases because of competition with H',
However, s trong ox idizing a gentl ike pe rmanganate or chlorine di oxide ¢ an
effectively oxidize manganese at a pH range from 5 to 10 (Samblebe, 2003). But for
slow ox idizing a gents | ike ¢ hlorine, itis ne cessary to raise the pH above 8.5 f or

effective oxidation reaction of manganese (Samblebe, 2003).

Effect of temperature

Temperature ch ange ca n af fectt he o xidationr eactionr ate o fm anganese. A s
ionization ¢ onstant of water i s de pendent on t emperature va riation, w hich in t urn
effects hydroxyl ion concentration of water. From oxidation kinetics it can be found
thatata given pH value, the rate increases about 10 f old fora 15° C increase in

temperature ( Stumme ta l., 1961) . A num ber of r esearch review i ndicates t hat
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oxidation rate gets slower with decrease in temperature (Benschoten and Lin, 1992).
Asrt eported b y M ontgomery (1985), oxidation of m anganese b y pe rmanganate

solution needs a contact time of 5 mins at 20°C and a contact time of 10 mins at 1°C.

Effect of alkalinity

Stumm a nd M organ ( 1981) s tated th at s orption ¢ apacities o f M n(Il) increase at
slightly alkaline solutions as low alkaline waters tend to dissolve minerals and metals.
As indicated b y G raveland a nd H eertjes ( 1975) i n hi s m anganese ox idation r ate
equation, manganese o xidation rate is directly d ependent on bi carbonate a lkalinity.
There is lack of clear information about the mechanism of direct effect of alkalinity

on manganese removal.

Effect of organic matter

Mn (II) is capable of forming complexes with organic matter and as such, is resistant
to ox idation. T he r elative s trength of s uch c omplexes ha s a s tability ¢ onstant of
approximately 10* (Theis and Singer, 1974). A gain, presence of oxidizeable organics
or inorganics in the water reduces the oxidation effectiveness of the oxidizing agent
(e.g., chlorine, p ermanganate etc.) used to remove m anganese from w ater b ecause

some of the applied dose will consumed in the oxidation of organics and inorganic.

Presence of dissolved oxygen

The r ate of m anganese ox idation i s of t he first or der with r espect to th e p artial
pressure of oxygen, pO, (Stumm and Morgan, 1981). Itis also observed that above
about 30% of saturation value of dissolve oxygen, there is no significant dependence
on concentration of dissolve oxygen. Below this value the net rate of Mn (II) removal
was ap proximately first-order with respect to DO concentration and an approximate

linear dependence at lower DO values (Marble et al., 1999).

Mn (I1) concentration in solution

As de scribedin M arbleet al. (1999),thenet rate o f M n(Il) r emoval is d irectly
proportional t o M n(II) and th ata s imple fi rst-order d ependence on Mn(Il)isa
reasonable a ssumption. And 1t w as m ore di fficult t o r emove M n when th e in itial

concentration was low, regardless of the oxidant used.
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Effect of presence of metal ions
Unlike Fe(II), metal ions like copper and complex formers do not appear to have any

marked effect upon reaction rate of manganese (Stumm and Morgan, 1981).

Presence of oxide surfaces

The rate of Mn(Il) oxidation by O, is catalyzed by metal oxide surfaces (>S). These
surfaces a ret erminated b y h ydroxyl groups ( >SOH), w hich bi nd M n(Il) as
(>SO)>Mn. T he i nner-sphere s urface ¢ omplexes pr omote r apid oxidation. T he
catalysis oc curs both on foreign surfaces, e. g., Mn(Il) on FeOOH and also for the
special case of autocatalysis, e.g., Mn(Il) on M nOOH producing additional MnOOH
(Martin, 2003).

Again in autocatalytic reaction, heterogeneous oxidation occurs when the product of
the oxidation further accelerates the reaction rate. The rate laws o f autocatalysis are
less pr ecise t han t hose of he terogeneous r eactions on f oreign m ineral s urfaces.
Detailed de scriptions f or t he a utocatalysis pa thways a re hi ndered bothb yt he
complexities of s eparating hom ogeneous f rom he terogeneous p athways and b y
limitations i n ch aracterizing t he i ncreasing m ineral s urface area andt he al tering

mineral phases during reaction (Martin, 2003).

2.8 Common Treatment Options for Removal of As from Water

Several m ethods h ave b een i nvestigated f or r emoval o f ar senic, i ncluding r everse
osmosis, u ltrafiltration, e lectro-dialysis, i on e xchange, a dsorption, a nd ¢ hemical
precipitation or adsorption by metal h ydroxides (Huang and V ane, 198 9). Because
conventional treatment steps are already in place at many utilities, capital ex penses
canb em inimizedi f arsenicc anb er emoved u sing ex isting p rocesses. T he
optimization of these conventional treatments has been studied by many sources. The
most common treatment options include: (a) Iron coagulation; (b) Alum coagulation;
(c) Softening; (d) Activated alumina filtration; and (e) Adsorptive filtration through a

range of adsorbents.
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2.9 Summary

Analysis of Mn concentration in well water suggests that significant numbers of wells
all o ver B angladesh ex ceed p ermissible | imit for M n. There a re ar eas t hat are
suffering from both A's and M n problems, while at the s ame time t here ar e ar eas
where one of these two contaminants is the major groundwater quality problem. Some
of the iron and m anganese c oncentrations r eported i n t he na tional h ydro-chemical
survey (BGS and DPHE, 2001) are very high, over ten times the permissible limits.
Iron and manganese concentrations as high as 25 mg/l and 10 mg/l, respectively have
been reported. Average iron concentration has been reported to be 3.0 m g/l (median
1.0 mg/l) and average manganese concentration 0.5 mg/l (median 0.3 mg/l) (BGS and

WaterAid, 2001).

In the hous ehold and community As and F e-As removal s ystems that are currently
being u sed 1 n d ifferent ar eas o f B angladesh, no s pecific m easures are t aken f or
removal of Mn and available data suggest that Mn removal in these removal systems

are not satisfactory.

While Mn adsorption and formation of Mn oxide coatings on filter media are thought
to be r esponsible f or r emoval of M n, t here i s 1 imited da ta on f actors a ffecting
formation of such coatings on filter media and ability of these coatings in removing

Mn and As from groundwater.

Among several Mn removal technologies, adsorption and oxidation of Mn on f ilter
media has been found to be very e ffective. Several studies have been p erformed to
investigate the simultaneous adsorptive removal of Mn and regeneration of the Mn
oxide c oating onto filter me dia b y u sing s trong o xidizing a gent. H owever, s ome
recent s tudies s uggest that na turally pr esent DO a nd ot her ¢ onstituents ( e.g.,
bicarbonate) in water could promote removal of Mn in a filter media (by sorption and
oxidation) w ithout the a ddition of a n o xidant. T his phe nomenon needst o be

investigated in more detail, through laboratory experiments.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

In this study, oxidation of Mn(Il) and formation of Mn oxide coatings on filter media
was evaluated in an effort to better understand the processes of oxidation and removal
of dissolved M n(Il) in filter media. T he e ffectiveness of di fferent M n-oxide co ated
media (synthetic/prepared media, “green sand”) in removing Mn and As from water
was also evaluated under di fferent conditions. T he M n-oxide co ated media used in
this study included “prepared” and “synthetic media”, prepared in the laboratory and
commercially av ailable “green s and”. Bench-scale ex periments w ere c arried out to
evaluate t he pr ocess of M n(II) ox idation a nd r emoval of M nin filter me dia, and
assess the efficiency of different Mn-coated media in removing Mn from groundwater
under di fferent ¢ onditions. This ¢ hapter de scribes t he m ethodology f ollowed f or

carrying out the laboratory studies.

3.2 Mn(11) Oxidation and Formation of Mn-oxide Coating on Filter Media

3.2.1 Effect of Dissolved Oxygen (DO) and Bicarbonate

Column experiments were carried out to assess the effects of dissolved oxygen (DO),
bicarbonate and initial M n concentration on t he oxidation/removal of Mn in “green
sand” filter column at a pH of around 7. The objective of the experiment was to assess
whether dissolved ox ygen present in water could promote ox idation/removal of Mn

(in the absence of any added oxidizing agent) in a filter media.

For evaluating the mechanism of Mn oxidation/removal in M n coated filter me dia,
influent water of varying composition (with respect to Mn and other parameters) were
passed through a “green sand” filter column maintaining a specific flow rate and the
effluent water was collected and analyzed for residual Mn. Filter beds were prepared
with green sand using glass burette (50 m1) with a cross sectional area of 1 cm?. The
Fineness M odulus (FM) and unit weight of the green sand used as filter media were
determined a s4.6a nd2.33 g /cm’(measured f rom ap parents pecific g ravity),

respectively. Fractional pore volume (porosity) of green sand was measured as 0.44.
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The initial average Mn-content of the “green sand” was determined after selectively
leaching Mn from the sand media using hydroxylamine hydrochloride, following the
method reported in Eley and Nicholson (1993), and was found to be about 14,400 mg
Mn/kg green s and. Total d epth o f filter me dia in th e filter c olumn w as 50 ¢ m,
consisting of top 48 cm green sand and bottom 2 ¢ m gravel (to avoid clogging of

burette outlet by finer particle).

The ex perimental s et u p co nsisted o f a b ucket an d an acrylic glass column ( x-
sectional area of 26.4 cm” and depth 45 cm) for holding raw water, green sand filter
beds in glass bur ette, a pum p, c ollector buc kets and flow c ontrol ( manual va lve)
arrangements (see Figure 3.1). Raw influent water was first stored in a bucket and
thereafter, it w as pum ped from the bucket to the acrylic glass column. A constant
head of t he i nfluent w ater ha d t o be m aintained i n t he a crylic glass ¢ olumn ( to
maintain a fixed e ffluent flow rate of 6 ml/min.cm?), which w as a ccomplished by
providing an outlet point near the top (8 cm from top) of the acrylic glass column to
flow out the excess influent water back to the raw w ater buc ket. Influent water in
acrylic glass column was allowed to flow by a pipe through the green sand column in
glass burette with a constant flow rate. Effluent water was then collected in a collector
bucket. It should be noted that the surface of the influent water stored in the bucket

and acrylic glass column was in contact with atmosphere during experiment.

Column experiments were carried out to assess the effects of dissolved oxygen (DO)
and bicarbonate on the removal of Mn in “green sand” filter column. Three types of

influent water containing Mn(II) were passed through the filter column:

(1) Influent water containing 0.01 M KCI (electrolyte), varying Mn concentration,
and varying DO (dissolved oxygen);

(2) Influent water containing 0.01 M KCI (electrolyte), varying Mn concentration;
and

(3) Influent water containing 0.01 M KCI (electrolyte), varyingMn concentration,

and varying bicarbonate concentration.
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For ¢ olumn e xperiments, deionized w ater ¢ ontaining 0.01 M K CI w as pr epared,
which w as s piked w ith M n(II) a nd b icarbonate s tock s olutions t o a ttain de sired
concentrations of M n and bicarbonate ¢ oncentration. M n(II) s tock s olution w as
prepared b y dissolving m anganese s alt M nCl,.4H,0 in d istilled w ater; w hile
bicarbonate stock solution was being prepared using sodium bicarbonate (NaHCO3).
Addition of bicarbonate increased pH of influent water above 8.0 which was adjusted
to about 7.0 b y adding dilute nitric acid. Influent M n(I) c oncentration was varied
from 7.21 mg/l to 10.24 mg/l; while bicarbonate concentration was varied from about

200 mg/1 to 443 mg/1, which was estimated from measured alkalinity and pH.

To as sess t he ef fect o fD O, ex periments were carried out us ing i nfluent water
prepared from deionized water containing 0.01 M K Cl and desired concentration of
Mn. Argon gas was passed through this solution to drive off DO, and with continuous
passage of argon, a DO level of about 2.0 mg/l could be maintained throughout the
column e xperiment; the DO level could not be reduced below this value under the

experimental conditions used in this study.

Influent w ater w as p assed t hrough t he p repared “green s and” column a nd s urface
overflow rate or flow rate (ml/min divided by x-area) was kept fixed at approximately
6 ml/min .cm’. pH was found to increase with filter run time for the influent w ater
containing bicarbonate. Hence, pH was adjusted (nearly 7) by applying dilute nitric
acid to the raw influent water (when required during the experiment); however, it did
not decrease the applied bicarbonate concentration significantly (up to 5%). E ffluent
water sample was collected to determine M n concentration; DO and pH o f influent
water were measured at di fferent filter run times (up to 350 m inutes). New ‘“green

sand” media was used for each individual column experiment.
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Figure 3.1: Experimental set up for assessment of Mn oxidation and removal in a

“green sand” column.

3.2.2 Effect of Bicarbonate: Verifying the hypothesis for Mn(l1) oxidation

Experiments carried out in “green sand” columns (described in Section 3.2.1) in this
study provided e vidence for significant role of bicarbonate in ox idation/removal of
Mn in Mn coated filter media. In order to verify the “hypothesis” [regarding role of
bicarbonate on oxidation of Mn(II)], additional experiments were therefore carried out
to evaluate the effect of bicarbonate (and also pH) on oxidation/removal of Mn. For
evaluating the effects of bicarbonate (HCO3") and pH on oxidation/removal of Mn in
filter media, experiments were carried out in filter columns prepared with Sylhet sand
in acrylic glass columns with a cross sectional area of 28.2 cm?; depth of filter media
was 4 0 cm (see Fig. 3.2). The S ylhet s and us ed a s m edia ¢ onsisted of t wo s ize
fractions; s ize fraction passing #20 s ieve and r etaining on #30 s ieve, and fraction
passing #30 sieve and retaining on #40 sieve in the ratio of 1:2. The fineness modulus
(FM) and unit weight of the Sylhet sand size fractions used as filter media have been

found to be 2.33 and 1.31 g/cm’, respectively. It may be mentioned that FM and unit
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weight o fun -sieved S ylhet s and ha ve be en found t o be 2.66a nd 1. 33 g /em’,
respectively. Initial M n-content of t he s elected s ize f ractions of S ylhet s and,
determined after s elective le aching w ith h ydroxylamine h ydrochloride ( Eley and
Nicholson, 1993), was found to be 5 mg Mn/ kg; Mn-content of un-sieved Sylhet sand
was found to be about 7 mg Mn/kg.

Figure 3.2: Experimental set up for assessment of effect o f bicarbonate and pH on

Mn oxidation and removal in a “Sylhet sand” column.

The experimental set ups consisted of Sylhet sand filter beds in acrylic glass column,
a pump, buckets with tap for holding raw w ater, collector buckets and flow control
(constant hydraulic head) arrangements (see Figure 3.2). Four types of influent water

containing 2.5 mg/l Mn(II) and 0.01 M KCI were passed through the filter column:

(1) Influent water containing no bicarbonate and pH 7.0+ 0.2.
(2) Influent water containing about 208.6 mg/l bicarbonate and pH 7.0+ 0.2
(3) Influent water containing no bicarbonate and pH 8.0+ 0.2 and

(4) Influent water containing about 245.2 mg/1 bicarbonate and pH 8.0+ 0.2
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Influent water was passed through the filter columns maintaining a flow rate of 1.0
ml/min/cm?, and r esidual m anganese co ncentration w as m easured a t d ifferent time
intervals; ¢ orresponding f ilterr unt ime w as a Iso r ecorded. Atth e s ame time ,
manganese coating formed on the media was observed visually; Mn coating could be

identified by the formation of dark colored coatings on the sand grains.

For these experiment deionized w ater c ontaining 0.01 M K Cl was prepared, w hich
was spiked with Mn(Il) and bicarbonate or only M n(II). M n(II) stock s olution was
prepared by dissolving manganese salt MnCl,.4H,0 in deionized water with HNO3
(5ml HNO 3 per liter); while bicarbonate stock solution was prepared using s odium
bicarbonate (NaHCO3) and deionized water. The pH of influent water was adjusted to

about 7.0 or 8.0 by adding dilute nitric acid (HNO3) or NaOH.

Efforts w ere made to ch aracterize the m anganese pr ecipitates/ ox ide phases on t he
filter me dia b y X -ray Diffraction ( XRD) and structural id entification. T he X RD
analysis was out at the Bangladesh Atomic Energy Commission (BAEC).

3.3  Removal of Mn and As from Groundwater using Mn-oxide Coated Filter
Media

3.3.1 Preparation of Manganese Oxide Coated Sand

3.3.1.1 “Synthetic” Mn-oxide Coated media

Synthetic Mn-oxide coated sand was prepared following the methods of Merkle et al.
(1997), using Mn(NO3),.4H,0 and NaOH. The Sylhet sand used for preparation of
Mn-oxide coated media consisted of two size fractions; size fraction passing #20 sieve
and retaining on #30 sieve, and fraction passing #30 sieve and retaining on #40 sieve,
mixed in the ratio of 1:2. The Fineness Modulus (FM) and unit weight of these mixed

size fractions have been found to be 2.33 and 1.31 g/cm’, respectively.

For preparation of Mn-Oxide coated media, 100 gm of the selected sand was taken in
a glasstray. Then1 00 m1of M n(NOs3),.4H,O ( Loba, India) s olution, w ith M n
concentration of 10.5 g/l, was added to the tray and mixed thoroughly with the sand.
Then 0.1N NaOH solution and 1:1 30% H,O, solution were added to the tray until

the pH of the mixture was increased to about 9.0. During this process, the contents of
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the tray were thoroughly mixed with glass rod. As the pH of the solution gradually
decreased, 0.1N N aOH solution was added to the mixture two to three times, once
every two hours, to raise the pH to about 9.0. The tray with its contents was then kept
open to air. During the next two days 0.1N NaOH was added to the tray once every
day to raise the pH to about 9.0. The above process (starting from the addition of 100
ml Mn(NOj3),.4H,O solution to the tray to pH adjustment by addition of 0.1N NaOH

once a day) was then repeated twice.

Figure 3.3: Synthetic Mn-oxide coated media in a glass tray

The sand in the tray was then kept open to the air for drying for about a month; the
contents o f the tray were s tirred with a g lass rod o ccasionally. T he sand w as then
washed, first two to three time with groundwater adjusted to pH 9.0, then a few times
with groundwater, and finally a few times with deionized water. The Mn-oxide coated
sand was then air dried. The Mn content of the prepared sand was then determined
after s elective I eaching w ith h ydroxylamine h ydrochloride ( Eley a nd N icholson,
1993),and w as f ound t o be a bout 25,250 m gM n/kg . Figure 3. 3 s howst he

“synthetic” Mn-coated sand media in a glass tray.

3.3.1.2 “Prepared” Mn-oxide Coated media
Assessment of selected community Fe-As removal plants (carried out as a part of this
study; see Appendix B for details) revealed that Mn-oxide coating could form on filter

(sand) media during passage of groundwater c ontaining M n. Efforts were therefore
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made to prepare Mn-oxide coated sand in the laboratory by allowing Mn(II) bearing
groundwater to flow through filter c olumns made o f S ylhet sand. Filter beds were
prepared with locally available “Sylhet sand”in glass burettes (column height 43 cm)
with a cross sectional area of 1 cm?. The specifications of Sylhet sand used as media

are the same as those used for column experiments described in Section 3.2.2.

The experimental set ups consisted of sand filter beds in burettes, buckets with tap for
holding raw water, collector b uckets and flow control ( manual) ar rangements ( see
Figure 3 .4). Concentrated HCl (37%) w as first diluted with deionized water (at the
ratio of 1:5 by volume) and then used for washing one set of sand bed column in order

to assess the effect of pre-washing on formation of manganese oxide coating.

Figure 3.4: Experimental set up for preparation of Mn-oxide coated sand (referred to

here as “prepared” Mn-oxide coated media)

Influent water with known concentrations of manganese was passed through the filter
columns a nd r esidual manganese concentration w as m easured at d ifferent t ime
intervals. Manganese concentration in the influent water was varied from 0.5 mg/I1 to

5.0 mg/l, and flow rate was fixed at 1 ml/min/cm’. Groundwater, ¢ ollected from a
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deep tubewell pump station at BUET with manganese concentration of around 0.022
mg/l, was spiked with Mn(Il) stock solution to prepare influent water with di fferent
concentrations of Mn. Manganese concentration in the influent water was fixed at 0.5,
1.0, 2.5 and 5.0 mg/l. No effort was made to adjust the pH of the influent water; pH of
influent water was close to the pH of natural groundwater, 7+ 0.1. Table 3.1 provides

a detailed characterization of groundwater used in the experiments.

Table 3.1: Characteristics of groundwater used in laboratory experiments

Parameter Unit Concentration
pH -- 7+0.1
Alkalinity as CaCO3 mg/1 216

Carbon dioxide mg/1 71

DO mg/1 3.32 at 28°C
Hardness as CaCO; mg/1 256

Chloride (CI') mg/1 55

Iron (Fe) mg/1 0.01
Manganese (Mn) mg/1 0.022

Arsenic (As) mg/1 <0.001

The ¢ olumn e xperiments w ere continued forupt o220 hour s, untilth e M n
concentration in the effluent water became negligible. At the same time, manganese
oxide coating formed on the media was observed visually; as noted earlier Mn-oxide
coating c ould b e identified by the formation of dark colored c oatings on the s and
grains (see Fig. 3.5). After the completion of experiment, Mn contents of the media
were d etermined b y s electively | eaching M n from t he m edia u sing h ydroxylamine
hydrochloride. The av erage Mn c ontent of the m edia (i.e., sand) expressed as m g
Mn/kg sand varied from about 149 mg Mn/kg sand (for the column with initial Mn =
0.5 mg/l) to 1384 mg Mn/kg sand (for the column with initial Mn = 5.0 mg/l). This
Mn-oxide coated sand obtained by passing Mn bearing influent water through Sylhet

sand filter column has been referred to as “prepared Mn-coated media”.
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Figure 3.5: M anganese oxide c oating formed on s and particles turning them dark

(right column); left column showing initial condition of column

3.3.2 Removal of Mn and As in Mn-oxide Coated Media
3.3.2.1 Mn Removal in Filter Columns

Removal of bot hM nand A s int hree d ifferent M n-oxide co ated m edia ( i.e.,
“prepared” media, s ynthetic m edia, and “green s and”) w as ev aluated b y passing
groundwater with known concentrations of Mn and/or As thorough a filter bed made
of these media (in acrylic glass columns) and measuring the residual concentrations
(after 90, 120 a nd 150 m inutes of filter r untime). The filter b eds weres etin
transparent a crylic glass f ilter columnw ith x-sectional ar eao f2 8.2 cm *(for
“prepared” media and “synthetic” media) or 26.5 cm?(for “ green sand”), fitted with
flow control arrangements. Figure 3.6 shows the experimental set up for assessment
of the performance of different Mn-oxide coated media in removing Mn and As from

groundwater.

For t he “p repared M n-oxide co ated m edia”, t he to tal d epth o f filter m edia in the
columnw as 40 ¢ m;t he “ prepared m edia” consisted of t het op S5to6c¢c m
(approximately) of the column, while Sylhet sand consisted of the rest of the column.

The Sylhet sand used as media consisted of two size fractions; size fraction passing
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#20 sieve and retaining on #30 sieve, and fraction passing #30 sieve and retaining on
#40 sieve in the ratio of 1:2. The initial average M n-content of the “prepared M n-
oxide coated media” was estimated to be about 1480 mg Mn/kg of media. However,
Mn-content of the top portion (about top 1 cm) of the media was much higher, about
7550 mg Mn/kg of media. As noted earlier, average Mn-content of the selected Sylhet

sand fractions was 5 mg Mn/ kg sand.

Figure 3.6: Experimental set up for assessing performance o f different Mn-coated
media in removing Mn and A s from groundwater; from left to right: (a) “prepared”
Mn-oxide coated media; (b) Green Sand (20 cm; Column 2); (c) Synthetic Mn-coated

sand media

For the “synthetic Mn-oxide coated media”, total depth of media in the filter column
was 40 cm; top 6 cm (approximately) consisting of the “synthetic media” and bottom
30 cm consisting of S ylhet s and (of s ame s pecification as noted above). A s noted

above, the Mn-content of the “synthetic media” was 25,250 mg Mn/kg of media.
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For “green sand”, the total d epth o f filter me dia in the filter c olumns was 40 cm,
consisting of “green sand” and Sylhet sand (of same specification noted above). The
F.M. of “green sand” and Sylhet sand used as filter media have been found to be 4.60
and 2.33, respectively. The depths of “green sand” and Sylhet sand media were varied
as follows: (1) Column 1: top 10 ¢ m “green sand”, bottom 30 ¢ m Sylhet sand; (ii)
Column 2: top 20 cm “green sand”, bottom 20 cm Sylhet sand; (iii) Column 3: top 30
cm “green sand”, bottom 10 ¢ m Sylhet sand. T he initial average M n-content of the

“green sand” was found to be about 14,400 mg Mn/kg Green Sand.

For assessment of removal efficiency, manganese concentration in the influent water
(prepared as described earlier in Section 3.3.1.2) was varied from 0.5 t o 10.0 mg/I;
while arsenic concentration was varied from 100 to 1,000 pg/l. No effort was made to
adjust the pH of the influent water; pH of influent water was close to the pH of natural
groundwater, 7+ 0.1. However, during the e xperiment the pH of the influent w ater
gradually i ncreased t o a bout 7.55 duet o g radual r elease/escape of C O, from
groundwater (used for preparing the influent w ater). Apart from initial Mn and A's
concentrations, effects of a number of water quality parameters and process variables
on removal w as e valuated. The surface ove rflow rate t hrough the filter media was
varied from 0.5 to 8.0 ml/min/cm” (i.e., flow rate through the filter column was varied

from 14.1 ml/min to 225.6 ml/min) to assess its impact on removal of Mn.

Removal of A's (by adsorption) is known to be influenced by p H and presence of
competing anions ( e.g., phos phate). Int his s tudy, e ffect of pH , phos phate a nd
bicarbonate (alkalinity) on removal of As was therefore evaluated by varying these
parameters in the influent water. In these experiments, flow rate was maintained at 1
ml/cm?/min, alkalinity of influent water was varied from 50 to 410 mg/l (as CaCOy3),
and phosphate concentration was varied from 1 to 10 m g/l. For varying alkalinity in
the influent water, natural groundwater with an alkalinity of 216 mg/I (as CaCOs3) was
either diluted with deionized water, or amended with NaHCO3; solution to increase or
decrease alkalinity of influent water. Both pH and alkalinity o f in fluent w ater was
measured. However, addition of NaHCOj3 caused an increase in the pH of influent

water.
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3.3.2.2 Batch Experiments

Batch experiments were conducted to estimate the isotherm constants for describing
adsorption of Mn on Mn-oxide coated media (“prepared media”, “s ynthetic media”
and green sand) and Sylhet sand. Freundlich isotherm constants (K, n) were calculated
using data from batch experiments in which Mn uptake of different adsorbent at pH of
7.240.1 and temperature of 26.6 — 27.4°C was measured. Several airtight containers
(50 m1) containing groundwater w ith di fferent i nitial M n ¢ oncentrations ( 3.40-12.9
mg/l) w ere prepared; to each container a d ifferent m ass (0.2-6.0 gm) o f adsorbent
(i.e., Mn-oxide coated media or Sylhet sand) was added. The suspensions were then
continuously rotated (for up to 52 hours) using a tilted rotator (shown in Figure 3.7),
allowed to e quilibrate a nd f iltered w ith f ilter p aper (0.20 um). F or e ach s et of

experiment, three tests were conducted with equilibration time of 48, 50 and 52 hours.
Atthe end o fspecific equilibration time, ¢ oncentration of M n in the filtrate was
measured. The Mn uptake capacity (¢g) was calculated as shown in Equation 3.1. The
results (data tabulated in Appendix A) were used to determine Freundlich isotherm
constants for the different adsorbents. The equation for a linear trend line fitted to this
plot is analogous to the linearized form of the Freundlich isotherm equation (Equation
3.2), w hich allows t he values of K and n to b e de termined. Freundlich Isotherm
constants w ere v erified b y p lotting th e is otherm r elationship a long w ith th e

experimental data.

4 (Ci—Ccf)
= — (3.1)

In(q) = In(K )+ (1/n) In(Cyr) (3.2)

where:
C; = Initial soluble Mn concentration (mg/l)
C= Final soluble Mn concentration (mg/1)
M = Mass of media (green sand) in column (gm)
g = Mn uptake capacity of media (mg Mn/gm media)

V= Volume of solution in reservoir (1)
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Figure 3.7: Tilted rotator used for batch experiment to determine Mn uptake capacity

of green sand media

3.4 Batch Experiments to Estimate Leaching of Mn from Mn-oxide coated
Media

3.4.1 Effects of pH

A 50 ml a irtight polypropylene t ube ( headspace-free)was filled w ith gr oundwater,
collected from a deep tubewell pump station at BUET with manganese concentration
of around 0.022 m g/l. Characteristics of g roundwater us ed i n t he e xperiments is
presented in Table 3.1. Initial DO, pH and temperature of the water were 5.06, 6.88
and 27.2°C, respectively. 0.5 g of greensand (with 14,400 mg/kg of Mn), or 0.2 g of
“prepared” Mn coated sand (with 11,200 mg/kg of Mn),or 0.2 g of “synthetic” Mn
coated sand (with 25,250 mg/kg of Mn) were added to the tubes, and the solutions
were mix ed several times by manual shaking. In these experiment, pH were varied
from about 4.0 to 10.0 by addition of acid or base, in order to assess leaching/release
of Mn from Mn-oxide coated sand at different pH conditions. After 24 hours pH was
measured, and the suspension was filtered through a 0.2 um disk filter and analyzed

for Mn content.

3.4.2 Effects of Anoxic Condition
A 50 ml a irtight polypropylene tube was filled with groundwater collected from a
deep tubewell pum p s tation at BUET. T he groundwater w as s piked with 1 g/l of
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glucose (C¢H206) and seeded with aerated domestic s ewage. The mixture w as
aerated by air diffuser and TC count of the solution was found to be 4*10°cfu/100 ml
of water. Initial DO, pH and temperature of the solution are 6.65, 7.53 a nd 26.5°C,
respectively. Fixed amounts of different types of Mn-oxide coated sand were added to
these tubes; 1.0 g of greensand (14,400 mg/kg of Mn), or 0.5 g of prepared Mn coated
sand (11,200 mg/kg of Mn), or 0.5 g of synthetic Mn coated sand (25,250 mg/kg of
Mn) were added and the solutions were mixed several times by manual shaking. One
set of experiment was performed without addition of Mn coated sand. After 120 hours
of equilibration time, pH and DO were measured. The suspension was filtered through

a 0.2um disk filter and analyzed for Mn content.

3.5  Reagents and Analytical Methods

All chemicals used in this work were of r eagent grade. M n(Il) s tock s olution w as
prepared by dissolving its manganese salt MnCl,.4H,0 in distilled water. Fe(II) stock
solution was prepared by dissolving ferrous sulphate (FeSO4.7H,0) in distilled water.
As(III) stock solution was prepared by dissolving arsenic trioxide (As;O3) in distilled
water containing s odium h ydroxide ( NaOH). B icarbonate and phos phate s tock
solutions were prepared us ing s odium bi carbonate ( NaHCO3) a nd di -sodium

hydrogen phosphate (Na;HPOy), respectively.

Groundwater used in all batch experiments was collected from a deep tubewell pump
at B UET. T he groundwater s amples were analyzed p eriodically ford etailed
characterization during the ¢ ourse of t he s tudy. The p H o fw ater s amples w as
measured us ing a pH meter (WTW, M odel: 82362, G ermany). D O w as m easured
using of DO m eter ( WTW, M odel: 823 18). S amples co llected f or s oluble M n
concentration d etermination w ere acidified with the addition of 32.5 % concentrated
nitric a cid f or s ample pr eservation. Manganese an d i ron co ncentrations were
measured using F lame-AAS (Shimadzu, Model: AA-6800), while A s c oncentration
was measured using GF-AAS (Shimadzu, Model: AA-7000). All other water quality
parameters were measured following the Standard Method (AWWA, APHA).
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

The overall objectives of this work were to characterize the mechanisms o f M n(Il)
oxidation and removal in filter media and to evaluate the effectiveness of Mn and As
removal i n M n-oxide c oated f ilter media. The s pecific obj ectives i ncluded: ( a)
Evaluation of Mn(II) oxidation and formation of Mn-oxide coatings on sand particles
in a filter b ed t hrough which M n-bearing w ater is p assing; (b) Evaluation of t he
effectiveness o f different M n-oxide co ated media ( synthetic/prepared media, “ green
sand”) in removing Mn and As from water, including effects of various water quality
parameters (i.e. initial concentrations, pH, bicarbonate, phosphate); (c) Evaluation of
the ef fect o f process v ariables ( e.g., de pth o f media, flow rate, contact time) and
media characteristics on removal of Mn and As; (d) Assessment of possible leaching

of Mn from Mn-rich media under low pH, and anoxic conditions.

This chapter presents the results of laboratory investigations carried out in the present
study. It presents an assessment of the process of Mn(II) oxidation and formation of
Mn-oxide coating on f ilter m edia. T his c hapter also presents an assessment o f t he
efficiency o f different Mn-oxide c oated filter media in removing Mn and A s from

groundwater. Possible leaching of Mn from Mn-oxide coated media is also discussed.

4.2 Mn(11) Oxidation and Formation of Mn-oxide Coating on Filter Media

4.2.1 Effect of Dissolved Oxygen (DO) and Bicarbonate

Several studies (Merkle et al., 1997; Zuravnsky, 2006; Subramaniam, 2010; Bierlein,
2012) have b een p erformed on M n removal by filtration t hrough M n-oxide co ated
media w here s trong ox idizing a gents ( e.g., K MnOy4, H OCl) ha vebe enus ed t o
regenerate t he M n-oxide ¢ oating b y ox idizing t he a dsorbed M n. H owever, results
obtained in this study (presented below) show that formations of M n-oxide co ating
(indicating t he ox idation of a dsorbed Mn) o n f ilter me dia are p ossible w ithout
addition of any oxidizing agent. For evaluating the mechanism of Mn oxidation and

removal in Mn-oxide coated filter media, column experiments have been carried out
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in this study, specifically focusing on the effects of DO and bicarbonate (HCO3") on
Mn removal. The DO could potentially server as an oxidizing agent for Mn oxidation;
from stoichiometric consideration, 0.29 m g/l of O, is required to oxidize 1 m g/l of
Mn. Bicarbonate has b een reported to catalyze M n oxidation (Kozlov et. al., 2004 ;
Tang et. al., 2009). Filter c olumns prepared with green s and w ere us ed for these

column experiments.

Effect of Dissolved Oxygen (DO):

Figure 4.1 and Figure 4.2 show the removal of Mn in green sand filter column under
similar conditions, with the exception of DO concentration in influent water. T hese
two sets of experiments were carried out to assess the effect of DO on removal of Mn
in t he filter m edia. T he figures a Iso s how ¢ oncentrations of M n, D O and pH of
influent w ater as a function of filter run time. Figure 4.1 shows that e ffluent M n
concentration increased gradually from nearly 4% (i.e., about 0.44 mg/l at 60 minutes
of filter run time) to nearly 35% of influent Mn concentration (i.e., about 3.82 mg/l at
200 minutes of filter run time), indicating significant decrease in removal efficiency
and pos sibly 1 ndicating a n a pproach t oward the br eakthrough point ( i.e., w here
influent and effluent Mn concentration would be the same). The influent pH, DO and

Mn concentration remained more or less unchanged throughout the experiment.

Figure 4.2 shows results of column experiments under similar conditions, except at a
higher D O concentration of t hei nfluent w ater. Fig.4.2 shows effluent M n
concentration i ncreased g radually f rom ne arly 13% (i.e.,about 1.33 m g/lat10

minutes of filter run time) to nearly 71% of influent Mn concentration (i.e., about 7.24
mg/l at 3 50 min utes o f filter run time ). Figure 4.2 shows a trend of M n removal
similar to those observed in Fig. 4.1; Mn removal efficiency decreases with increasing
filter run time, and the system appears to approach a breakthrough point. The influent
pH, DO and Mn concentration did not change significantly during the course of the
experiment. Thus, DO does not appear to have a significant influence on removal of

Mn in the filter media.
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Figure 4.1: Effluent M n ¢ oncentration as a function of filter run time in ¢ olumn

experiment car ried o ut with r educed D O ( ~2mg/l) [ influent w ater pr epared w ith

deionized water containing 0.01 M KCl and 10.9 mg/l Mn(II); hydraulic loading rate,

HLR= 6 ml/min.cm®, Temp=28 °C]
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Figure 4.2: Effluent M n ¢ oncentration as a function of filter run time in ¢ olumn

experiment ¢ arried out with hi gher D O ( ~8 m g/l) [ influent w ater pr epared w ith

deionized water containing 0.01 M KCl and 10.2 mg/l Mn(II); hydraulic loading rate,

HLR= 6 ml/min.cm?, Temp=28 °C]
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Both Fig. 4.1 and Fig. 4.2 show that the system approaches the breakthrough point as
filter run time increases. T his indicates that the removal of Mn is characterized by
adsorption, and the removal capacity decreases as the adsorption sites on the media
are ex hausted with increasing filter run time. These figures also indicate absence of
regeneration of Mn-oxide coating on t he filter media (e.g., by oxidation of adsorbed
Mn on filter media); such regeneration would increase Mn removal by continuously
creating n ew ad sorption s ites, w hich is not apparent from the e xperimental r esults.
Thus, it appears that DO alone cannot regenerate the media by oxidizing Mn(II) under

experimental condition applied in this study.

Effect of Bicarbonate:

As discussed in Chapter 2, bicarbonate can play a role in catalyzing the oxidation of
Mn. Bicarbonate could also promote formation of MnCOj3(s) solids within the filter
media, which would also promote removal of Mn by precipitation (and possibly by
creating additional adsorption sites). In order to evaluate these possible mechanisms,
column e xperiments w ere ¢ onducted unde r ¢ onditions s imilar t o t hose di scussed
above, but w ith a ddition of bicarbonate i n the i nfluent water. F igure 4.3 shows
removal of Mn in the green sand filter column as a function of filter run time in the
presence of 200 m g/l bicarbonate. It shows that effluent Mn concentration gradually
increased up to 38% of influent Mn concentration (after 120 minutes o f filter run
time), but thereafter it did not increase further during the remaining filter run time (up
to 300 m inutes), s howing pos sible s tabilization of e ffluent M n ¢ oncentration

(equilibrium condition).
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Figure 4.3: Effluent Mn concentration as a function of filter run time in the presence
of bicarbonate i n i nfluent w ater [ influent w ater pr epared w ith de ionized w ater
containing 0.01 M KCI, 10.4 mg/l Mn(II), and 200 mg/l bicarbonate; hydraulic flow
rate, HLR=6 ml/min.cmz, Temp=28 °C, influent water DO ~8.0 mg/1]

Comparing the results o f tw o similar e xperiments p resented in Figure 4.2 (without
bicarbonate in influent water) and Figure 4.3 (with bicarbonate in influent water), it is
obvious that M n removal efficiency is increased in the presence of bicarbonate and
the system does not approach the breakthrough point. There are two possible reasons
for this phenomenon:

(1) Possible surface mediated o xidation ( at the surfaces o f M n-oxide c oated
filter media) of adsorbed Mn by DO in the presence of bicarbonate, which
produces insoluble Mn-oxide and regenerates the exhausted media.

(2) Possible formation of insoluble MnCOs(s) in the presence of bicarbonate
which increases removal efficiency by removing Mn within the filter media

by precipitation.
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To i nvestigate t he dom inant m echanism a mong t hese t wo pos sible mechanisms,
efforts were madet o1 nvoke f undamental concept of s olid pr ecipitation a nd
dissolution. Equation 4.1 and Equation 4.2 show formation/dissolution of MnCOj3(s)
and the mass law e xpression for formation/dissolution of M nCOs;(s). E quation 4.2
shows that at equilibrium, the product of the molar concentrations of Mn ™ and CO3”
?jons will always be equal to the solubility product, K,p. If precipitation of MnCO3(s)
is the dominant m echanism in presence o f bicarbonate, then the change in aqueous
concentration of any one of the ions (Mn™ and CO3?) would cause change in the

concentration of the other ion accordingly so that the value of K, remains constant.

MnCOs (s) <> Mn*? + CO5 ™ 4.1
K, = [Mn"?] [CO37] = [Mn"?] [a,C7] (4.2)

where:
[Mn ] = molar concentration of Mn*? ion in equilibrium
[COg'z] = molar concentration of CO3 ion in equilibrium
K, = solubility product
a.; = distribution coefficient, is a function of pH only
Cr = Total concentration of dissolved inorganic carbon=[H,CO3] + [HCO;3] +
[CO57]

According to Equation 4.2, if bicarbonate concentration is increased at a particular pH
(i.e., by c hanging t he t otal ¢ oncentration of inorganic c arbon, Cr, in w ater), m ore
CO5* will be available in solution, and a lower concentration of Mn*" would cause

precipitation of MnCOj;(s).

To in vestigate th is, tw 0 s ets o f e xperiments w ere conducted; one with i ncreased
bicarbonate c oncentration ( 442.9 m g/l) and the other w ith de creased i nfluent M n
concentration (7.21 mg/l), keeping the other water quality and operational parameters

(e.g., flow rate) unchanged.
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Figure 4.4 shows e ffluent M n concentration as a function of filter run time for the
column e xperiment w ith an increased bicarbonate ¢ oncentration of 442.9 m g/l and
initial M n(IT) concentration of 10.8 m g/I. T herefore, F ig. 4.3 and Fig. 4.4 show
removal of M n unde r s imilar ¢ onditions, ex cept f or t he d ifference i n b icarbonate
concentration. Figure 4.4 shows that effluent M n concentration increases gradually
from nearly 1.5 mg/l (at 70 minutes of filter run time) to nearly 4 mg/1 (at 220 minutes
of filter run time), where it gets stable and does not increase further during the rest of
the f ilter r un time (up to 320 m inutes), i ndicating a n equilibrium ¢ ondition. I f
MnCOs(s) precipitation was the dominant mechanism then according to Equation 4.2,
effluent Mn concentration would have been lower in this experiment than that of the
experiment corresponding to Figure 4.3, since higher bicarbonate concentration (and

hence Cr) had been used in this experiment.

Figure 4.5 shows r esults o fa si milar ex periment w here M n(II) and bicarbonate
concentration in the i nfluent water were 7.2 m g/l and 200 m g/, respectively. A s
shown in Figure 4.5, e ffluent Mn concentration increases up to 1 m g/l (at filter run
time of 100 minutes) and thereafter, and does not increase further during the rest of
filter run time (up to 280 minutes), indicating an equilibrium condition. If MnCOj3(s)
precipitation was the do minant m echanism then according to E quation 4.2, e ffluent
Mn concentration at e quilibrium would have been similar to that of the experiment
corresponding t o F igure 4.3, s incei nbot ho ft hese experiments bicarbonate
concentration (and hence, Cr) was similar. On the other hand, this experimental result
agrees well with the concept of surface mediated oxidation of adsorbed Mn by DO in
the p resence o f bicarbonate, s ince unde r continuous r egeneration and a dsorption,
equilibrium ¢ oncentration of a dsorbate (i.e., M n) is p roportional to its initial

concentration.
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Figure 4.4: Effluent Mn removal as a function of filter run time in the presence of
bicarbonate in influent water [influent water prepared with deionized water containing
0.01 M KCI, 10.8 m g/l M n(Il), and 442.9 m g/l b icarbonate; h ydraulic flow r ate,
HLR= 6 ml/min.cm?, Temp=28 °C, influent water DO~8.0 mg/I]
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Figure 4.5: Effluent Mn concentration as a function of filter run time in the presence
of b icarbonate i n i nfluent w ater [influent w ater pr epared w ith de ionized w ater
containing 0.01 M KCl, 7.2 mg/l Mn(Il), and 200 m g/l bicarbonate; h ydraulic flow
rate, HLR=6 ml/min.cm2, Temp=28 °C, influent water DO+~8.0 mg/I]
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Analysis of the results s hown in Figures 4.3 t hrough Figure 4.5 suggest t hatthe
possible dominant mechanism for the removal of Mn(II) is continuous regeneration of
Mn-oxide coated media (caused by the surface mediated oxidation of adsorbed Mn by
DO in the presence of bicarbonate), rather than MnCO3(s) precipitation. This result is
supported by the findings of a previous study (Kozlov et. al., 2004; Tang et. al., 2009)
which shows that Mn(II) oxidation is favored in the presence of bicarbonate in water.
Tang et.al. (2009) investigated the effect of bicarbonate on the binding and oxidation
of divalent manganese in bacterial reaction centers and revealed that bicarbonate is
able to facilitate the binding and oxidation of the manganese (II) ion between pH 6
and 8 1 n c enter w here the t ight bi nding i n t heir a bsence ¢ ould not ot herwise be

established.

Thus, the dominant mechanism of Mn removal in granular filter media (sand) appears
to be adsorption of dissolved Mn(II) onto the filter media, followed by oxidation of
Mn(II) to Mn(IV) by dissolved oxygen (DO) in the presence of bicarbonate ion. This
process appears to create and regenerate t he M n-oxide c oating on t he filter m edia
(sand) and regenerates/ increases adsorption capacity of the media. It should be noted
that the XRD analysis, carried out as a part of this study, did not provide any useful

information regarding the mineral phases of Mn formed on the filter media.

4.2.2 Effect of Bicarbonate: Verifying the hypothesis for Mn(l1) oxidation

Experiments carried out in “green sand” columns (described in Section 4.2.1) suggest
that bicarbonate plays an important r ole in ox idation/removal of M n in Mn-coated
filter media. In order to confirm the “hypothesis” [ regarding role of bicarbonate on
oxidation of Mn(II)], additional experiments were therefore carried out to evaluate the
effect o f b icarbonate ( and also pH ) on ox idation/removal of M n (‘as described i n
Section 3.2.1) . Int hese e xperiments, M n(Il) be aring w ater, w ithor w ithout
bicarbonate, was passed through a filter column made of Sylhet sand, and residual Mn

concentrations were measured.

Figure 4.6 s hows r esidual M n c oncentration a s a function of filter r unt ime f or
experiments c arried o ut w ith in itial M n ¢ oncentration o 2.5 mg/l; thepHo fthe

influent water was maintained at 7.0+ 0.2. It shows that Mn removal by fresh filter
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media prepared with Sylhet sand (with very little initial Mn content) was insignificant
for in fluent w ater w ithout bicarbonate. On t he ot her ha nd, a ppreciable M n w as
removed from the water with bicarbonate c oncentration of about 209 m g/l; the Mn
removal ap pears t o i ncrease with filter run time. T his possibly s uggests a p rocess
involving adsorption of Mn(II) onto filter media, followed by oxidation of Mn(II) in
the presence of bicarbonate, creating/regenerating M n-oxide coating, thus increasing
Mn removal capacity of the media. Figure 4.6 provides strong evidence of the effect

of bicarbonate on the oxidation and removal of Mn in filter media.
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Figure 4.6: Effluent Mn concentration as a function of filter run time in the presence
and in the absence of bicarbonate in influent water having a pH of 7.0+ 0.2[influent
water prepared with deionized water containing 0.01 M KCl, 2.5 mg/l Mn(Il); flow

rate= 1 ml/min.cm?]

Figure 4.7 s hows r esidual M n ¢ oncentration a s a f unction of filter r un t ime f or
experiments c arried o ut w ith in itial M n ¢ oncentration o 2.5 mg/l; thepHo fthe
influent w ater w as m aintained at 8.0+ 0.2. 1 t shows thatat pH 8§, a ppreciable M n
removal (by the filter media) is achieved by the Sylhet sand filter media, even in the
absence o fb icarbonate. H owever, M n removal i s e nhanced s ignificantly i nt he
presence of bicarbonate (present at about 245 mg/l). The figure also shows that Mn
removal increases s harply with f ilter r un ti me, e speciallyin th e presence o f

bicarbonate; Mn removal increased from ne gligible amount at 50 hours of filter run
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time to about complete removal at 300 hours of filter run time. The data presented in
Figure 4.7 also provide strong evidence of the significant effect of bicarbonate on the
oxidation and removal of Mn in filter media. At the same time, Figure 4.6 and Figure
4.7 show significant effect of pH on the oxidation/removal of Mn in filter media, with
higher pH favoring Mn oxidation/removal. While the effect of pH on Mn oxidation is
well documented, the data presented in Figures 4.6 and 4.7 clearly demonstrate the

role of bicarbonate and pH in the oxidation/removal of Mn in filter media.

It should be noted that flow rate is likely to have an impact on Mn removal by the
filter media; lower flow rate would favor higher removal of Mn by allowing greater
contact time between Mn bearing water and filter media. However, data presented in
Figures 4.6 and 4.7 for experiments carried out with fixed flow rate clearly show that
Mn o xidation/removal is s ignificantly e nhanced i nt he pr esence of b icarbonate,

particularly at relatively higher pH values.

@ HCO3=0 mg/| as CaCO3 HCO3=250 mg/I as CaCO3

3 4 Initial M Concentration 2.5 mgA

Residual Mn ppm

0 50 100 150 200 250 300

Time (Hr)

Figure 4.7: Effluent Mn concentration as a function of filter run time in the presence
and in the absence of bicarbonate in influent water having a pH of 8.0+ 0.2 [influent
water prepared with deionized water containing 0.01 M KCI, 2.5 m g/l Mn(Il); flow

rate = | ml/min.cm?]
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4.3  Manganese and Arsenic Removal in Mn-oxide Coated Media
4.3.1 Mn and As Removal in “Prepared Mn-oxide Coated Media”

The removal of M n and As in filter c olumns made o f “prepared M n-oxide co ated
media” was ev aluated under a wide range o f conditions. T his S ection presents t he
results of laboratory experiments carried out to assess the effectiveness of Mn and As

removal by the “prepared Mn-oxide coated media”.

4.3.1.1 Manganese removal

Effect of flow rate/ contact time

In order to assess the e ffect of flow rate through M n-oxide co ated filter media (or
empty bed contact time with the me dia) on M n removal, flow rate o f the in fluent
water having an i nitial M n ¢ oncentration of 2 m g/l w as v aried from 0.5t o 8.0
ml/min/cm”. Mn concentration in the e ffluent water was measured a fter 90, 120 and
150 minutes. The average Mn-content of the prepared Mn-oxide coated media used
in this e xperiment was a bout 1,480 m g M n/kg. H owever, Mn-content of t he t op
portion (about top 1 cm) of the filter media was much higher, about 7,550 mg Mn/ kg
of media. The initial pH of the influent water was 7.0+0.1, which increased gradually

up to 7.55+0.1 at the end of 150 minutes of filter run time.

Another set of experiments was carried out under the similar conditions, except that:
(a) the pH o fthe influent w ater was kept fixed at 7.0+0.1 (with addition of dilute
acid/base, as required); (b) Mn concentration of influent water was 4 mg/l; and (c) the
average Mn content of the media was about 1800 mg/kg, and Mn content of top 1 cm
was about 11,200 m g/l. As before, the Mn concentration in the ef fluent w ater w as
measured after 90, 120 and 150 minutes. In both sets of experiment, the effluent Mn

concentration did not vary significantly with filter run time (from 90 to 150 minutes).

Figure 4.8.1 and 4.8.2 s how average Mn removal in the “prepared Mn-oxide coated
media” as a function of flow rate (Fig. 4.8.1) and contact time (Fig. 4.8.2). It shows
that f low r ate o r ¢ ontact time h as a s ignificant imp act o n M n r emoval; r emoval
increased as flow rate decreased or contact time increased. Figure 4.8.1 and 4.8.2 also

show that M n-content o f media also has an impact on M n r emoval, w ith r emoval
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efficiency increasing with increasing M n-content of filter media. For the first set of
experiments (initial Mn of 2 m g/l and M n c ontent top l ayer of 7550 mg/kg), M n
removal was only about 10% at a flow rate of 8.0 ml/min/cm? (i.e., contact time of
about 11 s econds withtop 6 cm of m edia, c onsidering a por osity of 0.25); w hile
removal approached 100% at flow rates less than or equal to about 1 ml/min/cm” (i.e.,
contact time of about 1.5 minutes with top 6 cm of media). As described below, 100%
removal o f Mn was achieved at a flow rate of 1 ml/min/cm? (i.., c ontact time of

about 2.5 minutes) for initial Mn concentrations of up to 5 mg/1.
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Figure 4.8.1: Average Mn removal in prepared Mn-oxide coated media as a function

of flow rate
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Figure 4.8.2: Average Mn removal in prepared Mn-oxide coated media as a function

of contact time
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Effect of initial Mn concentration

In or der t o0 a ssess t he e ffect of initial M n ¢ oncentration on M n r emoval, i nfluent
groundwater with manganese (II) concentrations of 0.50, 1.0, 2.0, 3.0, 4.0, 5.0 and 10
mg/l was passed through t he prepared M n-coated media at a f low rate o fabout 1
ml/min/cmz, and residual M n ¢ oncentrations w ere m easured after 90, 12 0 and 150
minutes. The initial pH of the influent water was 7.0+£0.1, which increased gradually
up to 7.55+0.1 at the end of 150 minutes of filter run time. In all cases (i.e., initial Mn
concentration varying from 0.022 m g/l to 10.0 mg/l), almost 100% removal of Mn
was ach ieved; filter run time ( varying from 90 to 150 m inutes) di d not have any

impact on Mn removal.

These results suggest that the prepared Mn-oxide coated sand media would be able to
remove Mn having a wide range of initial concentrations from groundwater to levels
satisfying the national standard and WHO guideline value. Tasneem (2010) reported
almost complete removal of Mn for different initial Mn concentration, even for short
filter run times (about 10 minutes), and that the efficiency of these media in removing

Mn improved with time.

Effect of Phosphate

In order to assess the effect of phosphate on removal of Mn (initial concentration 2
mg/l), phosphate c oncentration of influent w ater was varied from 0 to 1 0 mg/l. No
effort was made to adjust pH, and the pH of influent water varied out about 7 to 7.5
during t he c ourse of the e xperiment ( 150 m inutes). Removal of M n did not vary
significantly with filter run time (which varied from 90 to 150 m inutes). Figure 4.9
shows average removal of Mn in two different Mn-oxide coated sand filter columns
as a f unction of phos phate ¢ oncentration. Figure 4.9 showst hat M n removal
efficiency increased with increasing Mn content of the filter media. However, effect
of phos phate on M n removal w as not s ignificant. F or filter me dia w ith r elatively
lower Mn content, Mn removal was about 100% at a phos phate c oncentration of 1
mg/l, while removal came down to about 91% at a phos phate c oncentration of 10

mg/l.
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Figure 4.9: Average removal of Mn as a function of phosphate concentration

4.3.1.2 Arsenic removal

Effect of pH

The removal of As in the prepared M n-oxide coated media has been found to be a
strong function of pH. Figure 4.10 shows removal of As(III) (initial concentration 300
pg/l) from groundwater in the prepared Mn-oxide coated media as a function of pH. It
shows that As removal decreases from close to 80% at pH of about 7 to almost nil at a
pH of 9.0. The strong e ffect of pH on r emoval of As in Mn-oxide coated mediais
supported by Zhang et al. (2011), who showed that pH has a strong influence both on
oxidation of As(IIT) to As(V) and adsorption of As. Zhang et al. (2011) reports that
removal of As by Mn-oxide (MnQO,) is governed by oxidation of As(IIl) to As(V) by
MnO; [Mn(IV) + A s(III) = M n(Il) + A s(V)], and subsequent adsorption of A s(V)
onto MnO; solids. However, at pH above 6 ox idation of As(IIl) to As(V) was found
to de crease s ignificantly. T he pH was found t o ha ve m ore dr amatic i nfluence on
adsorption of As(V); adsorption of As(V) was found to decrease from about 80% at
pH 4 to about 10% at pH 8.0 (Zhang et al., 2011).

It should be noted that the initial alkalinity of influent water was 332 mg/1 (as CaCOj3)
atpH of a bout7.6 7.S ince alkalinity ( orb icarbonatei on) alsoaf fects
removal/adsorption or As (as discussed below), it is difficult to differentiate the effect

of pH and alkalinity on As(IIl) removal from these experimental results.
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Figure 4.10: Removal of As(IIT) in Mn-oxide coated media as a function of pH

Effect of Alkalinity

As discussed in Chapter 3, in order to assess the effect of alkalinity on removal of As
in Mn-oxide coated media, alkalinity of influent water was varied from 0 to 410 mg/I
(as CaCO3). For this purpose, groundwater with an alkalinity of 216 mg/l (as CaCO3)
was e ither d iluted w ith d eionized w ater, o r amended w ith N aHCO3 solution. A
solution of 0.01 M K Clw aspr eparedt or epresenta s olution w ith a lkalinity
approaching zero. Table 4.1 s hows the average pH values of influent water samples
with di fferent ¢ oncentrations of a lkalinity. A 11 solutions w ere s piked t o A s s tock
solution to achieve a final As concentration of 300 pg/l.

Table 4.1: Initial pH values of i nfluent w ater w ith di fferent ¢ oncentrations of

alkalinity
SI. No. Alkalinity (mg/l as CaCO3) pH value (range)
of influent water
1 ~0 6.21
2 50 6.67
3 93 7.01
4 133 7.16
5 175 7.35
6 254 7.48
7 332 7.67
8 410 7.88
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Figure 4.11.1 shows average (up to 150 minutes filter run time) removal of As (initial
concentration 300 pg/l) i nt he pr epared M n-coated s and m edia as a function of
alkalinity of influent water; the pH of water corresponding to each data point should
be read from Table 4.1. The significantly lower removal of As at alkalinity values
from 254t 0410 m g/l(as C aCO3) could be partly attributed t o hi gh pH va lue of
influent water (as explained above; see Fig. 4.10). For alkalinity varying from about 0
to 93 mg/l, Fig. 4.11.1 shows average As removal is in the range of about 90% over a
pH range of 6.21 to 7.01. O n the other hand, Fig. 4.13.1 shows average As removal
(initial concentration 300 pg/l) in the range of 60% in the presence of 216 m g/l (as
CaCOs) alkalinity over a pH range of 7 to 7.55. Although it is difficult to differentiate
the e ffects of pH a nd a lkalinity on A s r emoval ( by M n-oxide co ated m edia),
comparison of Fig. 4.11.1 and 4.13.1 suggest that As removal could be reduced in the
presence of higher alkalinity. Since bicarbonate (HCO3") is the d ominant species in
the neutral and slightly alkaline pH range; the reduction in As removal could be due

to competition with bicarbonate ions for adsorption sites on Mn-oxide coated media.
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Figure 4.11.1: Removal of A s (initial c oncentration 300 pg/l) in M n-oxide coated

media as a function of alkalinity (Table 4.1 shows pH value for each data point)

Fig. 4.11 .2 showsr emoval (upt o 150 m inutes f ilter r un t ime) of As ( initial
concentration 300 pg/l) as a function of alkalinity of influent water, in the presence of

2 mg/l Mn. These results are similar to those carried out in the absence of Mn (Fig.
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4.11.1). Presence of Mn appears to have little or no effect on the removal of As. Thus,
the poor pe rformance o f the M n-oxide ¢ oated m edia in r emoving A s from na tural

groundwater is related to pH and possible competitive adsorption of bicarbonate ions.
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Figure 4.11.2: Removal of A s (initial c oncentration 300 ug/l) in M n-oxide coated

media as a function of alkalinity, in the presence of 2 mg/l Mn.

Effect of Phosphate

Figure 4.12 shows average removal (up to 150 minutes filter run time) of arsenic as a
function phosphate concentration. As noted earlier, pH of the influent water sample
varied from about 7 to 7.55 during the course of the experiment (up to 150 minutes).
However, As concentration of effluent samples collected at 90, 120 and 150 minutes
did not vary significantly, indicating that pH (varying from 7 to 7.55) did not have a
significant i nfluence on A s removal. Figure 4 .12 shows very s ignificant e ffect of
phosphate on removal of As in the M n-oxide c oated media. A rsenic removal came
down from over 75 % in t he a bsence of phos phate t o about 2.3% at a phos phate

concentration of 10 mg/I due to competitive adsorption.
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Figure 4.12: Average removal of As as a function of phosphate concentration

4.3.1.3 Simultaneous removal of Mn and As

Two sets of experiments were carried out to assess the simultaneous removal of Mn
and A sint he pr epared M n-oxide ¢ oated s and m edia. In one experiment, A s
concentration in the influent water was fixed at 300 pg/l, while Mn concentration was
varied from 1 to 10 m g/I; in another experiment Mn concentration of influent water
was fixed at 2 mg/l, while As concentration was varied from 100 to 1000 pg/l.
Removal was determined by measuring As and Mn concentration in the effluent water
after 90, 120 and 150 minutes. While no efforts were made to adjust pH, the pH of the
influent water gradually increased from about 7.0 at the beginning of the experiment
to about 7.55 at the end of the experiment (i.e. after 150 minutes of filter run time).
However, no significant differences were observed in effluent As or Mn concentration
during t he c ourse of these e xperiments, and t he data presented in Fig. 4.13.1 and
4.13.2 represent av erage o ft hree m easurements t aken d uring t he co urse o f't he

experiments.

In all experiments, almost 100% removal of M n was achieved, irrespective of the
concentration of As in the influent water. Thus, it appears that the presence of arsenic
(up to 1000 pg/l) does not affect Mn removal. Based on results of similar
experiments, Tasneem (2010) also reported that Mn removal was largely unaffected in

the presence of As.
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Figure 4.13.1 shows average removal (up to 150-minute filter run time) of As, present
at an initial concentration of 300 pg/l, as a function of Mn concentration i n t he
influent w ater int he pH r ange 7.0 -7.55. Its hows t hat unde r t he e xperimental
conditions (i.e. pH 7.0 to 7.55), average As removal varied from about 63% (in the
presence of 1 mg/l Mn) to 72% (in the presence of 10 m g/l Mn). From these results,
removal of As appear to increase to some extent in the presence of Mn. Based on
results of s imilar e xperiments, T asneem ( 2010) a Iso r eported t hat A s r emoval
increased to some ex tent in the presence of Mn. As reported by Zhang (2011), this
could be due to enhanced ox idation of A s(III) to A s(V) in the presence of hi gher

concentration of Mn(II) in solution.
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Figure 4.13.1: Average removal of As (initial concentration = 300 pg/l) as a function
of Mn concentration in the influent water (alkalinity = 216 mg/l as CaCOs)

Figure 4.13.2 shows average removal of arsenic (up to 150-minute filter run time) as a
function of initial A's concentration in the influent water, in the presence of 2 m g/l
Mn. Under the experimental conditions (i.e. pH 7.0 to 7.55), average As removal in
the Mn-oxide coated media varied from about 56% (initial concentration 100 pg/1) to
about 70% (initial c oncentration 1,000 pg/l); removal efficiency appear to increase

slightly with increasing initial As concentration.
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Figure 4.13.2: Average removal of Arsenic as a function of initial As concentration

in the presence of 2 mg/l Mn (alkalinity = 216 mg/l as CaCO3)

4.3.2 Mn and As Removal in “Synthetic Mn-oxide Coated Media”

4.3.2.1 Manganese removal

Effect of flow rate/ contact time

In order to assess the effect of flow rate on Mn removal, flow rate of the i nfluent
water ha ving an i nitial M n ¢ oncentration of 2 m g/l w as varied from 0.5t o 8.0
ml/min/cm?. M anganese co ncentration in the ef fluent w ater w as m easured after 90,
120 and 150 m inutes. As be fore, no e ffort was made to adjust pH of the influent
water; the initial pH of the influent water was 7.0+0.1, which increased gradually up
to about 7.5+0.1 at the end of 150 minutes of filter run time. The Mn content of the
synthetic Mn-oxide coated media at the beginning of the experiments was found to be

about 25,250 mg Mn/ kg.

Manganese removal in the media did not vary significantly with filter run time (which
varied from 90 to 150 minutes, during this period pH also varied from about 7 to 7.5).
Figure 4 .14.1 and 4.14.2 show average M n removal in synthetic Mn-oxide coated
media as a function o f flow r ate and contact time (i.e., e mpty b ed contact t ime,
EBCT). It s hows th at flow r ate o r ¢ ontact tim e h as a s ignificant imp acton M n
removal; removal increased as flow rate d ecreased or contact time increased. At a
flow rate of 8.0 ml/min/cm? (i.e., contact time of about 11 seconds), Mn removal was

about 30%; while removal approached 100% at flow rates below about 1 ml/min/cm’
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(i.e., contact time of about 1.5 m inutes). U nder t he s ame e xperimental conditions,
removal of Mn in the “prepared Mn-oxide coated media” (with Mn content of 7,550
mg/kg) was relatively lower (see Fig. 4.8); i.e., the synthetic Mn-oxide coated media
with higher Mn content (25,250 mg/kg) is more efficient in removing Mn than the
prepared Mn-oxide coated media. About 100% removal of Mn was achieved at a flow
rate o f 1 ml/min /em?® (i.e., ¢ ontact t ime of a bout 1.5 m inutes) f ori nitial M n

concentrations of up to 5 mg/1.
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Figure 4.14.1: Mn removal in Mn-coated synthetic media as a function of flow rate

100 - A A A

S A
= 80
= A
[
S 60 -
<
>
£
5 407 A
& A
<
g 20 -
>
<

0 T T T T T T 1

0 0.5 1 1.5 2 2.5 3 3.5
Contact time (minute)

Figure 4.14.2: Mn removal in M n-coated s ynthetic media as a f unction o f co ntact

time
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Effect of initial Mn concentration

In orderto as sess t he ef fect o finitial M n concentration on M n r emoval, i nfluent
groundwater w ith M anganese (II) c oncentrations varying from 0.022 mg/l ( natural
groundwater) to 10.0 mg/l were passed through the M n-coated s ynthetic media at a
flow rate of about 1 ml/min/cmz, and residual Mn concentrations were measured after
90, 120 a nd 150 m inutes. During the e xperiment (i.e. 150 m inutes), the pH of the
influent w ater gradually i ncreased f rom a bout 7t o 7.5; how ever filter r un time

(varying from 90 to 150 minutes) did not have any impact on Mn removal. In all cases
(i.e., initial Mn concentration varying from 0.022 to 5.0 mg/l), about 100% removal of
Mn was ach ieved. These r esults s uggest t hat t he s ynthetic M n-oxide coated s and
media would be able to remove Mn having a wide range of initial concentration from

groundwater to levels satisfying the national standard and WHO guideline value.

Effect of Phosphate

In order to assess the effect o f phosphate on removal of Mn (initial concentration 2
mg/1), phosphate concentration of influent water was varied from 1to 10 mg/l. No
effort was made to adjust pH, and the pH of influent water varied out about 7 to 7.5
during t he ¢ ourse of t he e xperiment ( 150 m inutes). Figure 4 .15 shows av erage
removal of M n in the synthetic M n-coated s and media as a function of phos phate
concentration. It shows that almost 100% Mn was removed in the media, irrespective

of the concentration of phosphate.

® o
s 3
>
>
>
>
>
>

[oN
S
I

[\
(=)
I

Average removal of Mn (%)
S
S

o

0 2 4 6 8 10 12
Phosphate concentration ppm

Figure 4.15: Average removal of Mn as a function of phosphate concentration
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4.3.2.2 Arsenic Removal

Effect of Phosphate

Figure 4.16 shows average removal (up to 150-minute filter run time) of arsenic as a
function phosphate concentration. As noted earlier, pH of the influent water sample
varied from about 7 to 7.5 dur ing the course of the experiment (up to 150 m inutes).
However, As concentration of effluent samples collected at 90, 120 and 150 minutes
did not vary significantly, indicating that pH (varying from 7 to 7.55) did not have a
significant in fluence on A s removal. Figure 4. 16 shows ve ry s ignificant e ffect of
phosphate on removal of As in the synthetic Mn-coated sand media. Arsenic removal
came down from about 60% in the absence of phosphate to about 0% at a phosphate

concentration exceeding 7.5 mg/l due to competitive adsorption.
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Figure 4.16: Average removal of As (in the presence of 2 mg/l Mn) as a function of

phosphate concentration; pH increased from 7.0 to 7.5 during the experiment

4.3.2.3 Simultaneous removal of Mn and As

As before, two sets of experiments were carried out to assess simultaneous removal of
Mn and A s inthe s ynthetic M n-coated s and m edia. In one setof experiment, A's
concentration in the influent water was fixed at 300 pg/l, while Mn concentration was
varied from 0 to 10 mg/l; in another set of experiment Mn concentration of influent
water was fixed at 2 mg/l, while As concentration was varied from 100 to 1,000 pg/l.

Removal was determined by measuring As and Mn concentration in the effluent water



75

after 90, 120 and 150 minutes. No effort was made to adjust pH of influent water; the
pH of influent water gradually increased from about 7 to 7.5 during the course of the

experiment.

Removal of Mn was not found to vary significantly with filter run time (which varied
from 90 t 0 150 m inutes). In both experiments, 100% removal of Mn was achieved,
irrespective o f the c oncentration of A s in the influent water. T hus, it appears t hat
presence of arsenic (up to 1,000 pg/1) in the influent water does not affect Mn removal
in either the synthetic Mn-oxide coated media, as was observed for the prepared Mn-

oxide coated media.

On the other hand, like the “prepared Mn-oxide s and c oated media”, the s ynthetic
Mn-oxide coated m edia w as not found to be very effective inremoving A s from
influent groundwater. Figure 4.17 shows average removal of As, present at an initial
concentration of 300 pg/l, as a function of Mn concentration in the influent water up
to 150-minute filter run time. It shows that under the experimental conditions, average

As removal varied from about 51% (in the absence of Mn) to 72%.
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Figure 4.17: Average removal of As (initial concentration = 300 pg/1) as a function of

Mn concentration in the influent water

Figure 4.18 shows removal of Arsenic (up to 150 minute filter run time) as a function

of initial As concentration in the influent water, in the presence of 2 mg/l Mn. Under
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the e xperimental c onditions, average A s removal in the s ynthetic M n-coated m edia
varied from about 51% to about 57%; removal efficiency appear to increase slightly
with in creasing in itial As c oncentration. As explained ear lier, pH ha sa s trong
influence on r emoval of Mn in M n-oxide co ated media. However, since pH v aried
over a relatively narrow range (7 to 7.5) in these experiments (Fig. 4.17-4.18), pH is

unlikely to have any significant effect on these results.
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Figure 4.18: Average removal of As as a function of initial As concentration in the

presence of 2 mg/l Mn

4.3.3 Mn and As Removal in “Green Sand”

4.3.3.1 Manganese removal

Effect of flow rate/ Contact time

In order to assess the effect of flow rate (or contact time) on Mn removal, flow rate of
the influent water having an initial Mn concentration of 4 mg/l was varied from 1.0 to
8.0 ml/min/cm” through e ach of the three columns (Column 1: top 10 ¢ m “ green
sand”, C olumn 2: top 20 cm “green s and”, C olumn 3: top 30 ¢ m “ green s and”).
Manganese concentration in the e ffluent w ater was measured a fter 90, 120 a nd 150
minutes. No effort was made to adjust pH of the influent water; the initial pH of the
influent water was about 7.0+0.1, which increased gradually up t o about 7.5+0.1 at
the end of 150 m inutes of filter run time. The initial Mn content of green sand was

14,400 mg/kg.
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It was found that Mn removal did not vary significantly with filter run time (which
varied from 90 t o 150 minutes, during this period pH varied from about 7t o0 7.5).
Figure 4.19.1 and 4.19.2 show that average Mn removal in three different green sand

columns as a function o f flow rate and c ontact time (i.e., e mpty be d c ontact time,

EBCT).

A Top 30 cm Green sand B Top 20 cm Green sand
100 4 [
]
80 1
S
c o
2 60 ‘
o
g o
g
% 40 4 °® ‘
% A
o
2 20 4 ® ]
o
0
0 1 2 3 4 5 6 7 8 9
Flow rate ml/cm2/min

Figure 4.19.1: Mn removal in green sand as a function of flow rate
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Figure 4.19.2: Mn removal in green sand as a function of contact time

Figure 4.19.1 and 4.19.2 clearly show that removal of Mn depends on both flow rate

and depth of “green sand” (that is, depends on contact time between water and “green
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sand”). R emoval increased as flow rate decreased or depth of green sand increased
(i.e., as contact time increased). The column with 10 ¢ m of “green sand” at the top
could r emove onl y about 70% of M n (initial c oncentration 4.0 m g/l) evenatthe
slowest f low r ate employed (about 1 ml/c m*/min; o r ¢ ontact time o fa bout 3.0

minutes, considering a porosity of 0.30), while removal was about 10% at the highest
flow rate employed (about 8 ml/cm*/min; or contact time of about 22.5 seconds). On
the ot her hand, close to 100% removal w as a chieved i n m edia w ith “ green s and”

depths of 20 cm and 30 cm at a flow rate of 1 ml/cm*/min.

Effect of initial Mn concentration

In or der t o0 a ssess t he e ffect of initial M n ¢ oncentration on M n r emoval, i nfluent
groundwater w ith m anganese ( II) co ncentrations va rying from 0.022t 0 10.0 m g/
were passed through the 20 cm green sand column at a flow rate of 1 ml/min/cm? and
residual Mn concentrations were measured after 90, 120 and 150 minutes. During the
experiment (i.e. 150 minutes), the pH of the influent water gradually increased from
about 7t 0 7.5; how ever M n r emoval di d not vary w ith filter run. Almost 100%
removal of Mn was achieved for initial Mn concentration varying from 0.022 mg/1 to
10.0 mg/l. These results suggest that green sand would be able to remove Mn having a
wide range of initial concentration from groundwater to levels satisfying the national

standard and WHO guideline value.

Effect of Phosphate

To as sess the effect o f phosphate on r emoval of M n (initial c oncentration 2 mg/l),
phosphate concentration of influent water was varied from 1 to 10 mg/l. No effort was
made to adjust pH, and the pH of influent water varied out about 7 to 7.5 during the
course of the experiment (150 minutes). Figure 4.20 shows average removal of Mn in
the 20 cm green sand column as a function of phosphate concentration. It shows that
close 100% M n w as removed i n g reen s and, i rrespective of t he ¢ oncentration of

phosphate.
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Figure 4.20: Average removal of Mn as a function of phosphate concentration

4.3.3.2 Arsenic Removal

Effect of Phosphate

Figure 4.21 shows average removal (up to 150-minutes filter run time) of arsenic as a
function phosphate concentration. The pH of the influent water varied from about 7 to
7.5 dur ingt he c ourse of t hee xperiment ( upt o 150 minutes). H owever, A s
concentration of effluent samples collected at 90, 120 a nd 150 minutes did not vary
significantly, indicating that pH (varying from 7 to 7.55) did not have a significant

influence on As removal.
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Figure 4.21: Average removal of As as a function of phosphate concentration
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Figure 4.21 shows significant effect of phosphate on removal of As in the green sand
media. A rsenic r emoval ¢ ame dow n from a bout 48% inthe presence of 1 m g/l
phosphate t 0 a bout 2.5 % at a phos phate c oncentration e xceeding 10 mg/l dueto

competitive adsorption.

4.3.3.3 Simultaneous removal of Mn and As

As before, two sets of experiments were carried out to assess simultaneous removal of
Mn and As in a 20 cm green sand column. In one set of experiments, As concentration
in the influent water was fixed at 300 pg/l, while Mn concentration was varied from 0
to 10 mg/l; in another set Mn c oncentration of influent w ater was fixed at 2 m g/l,
while As concentration was varied from 100 to 1,000 pg/l. Removal was determined
by measuring As and M n concentration in the effluent water after 90, 120 and 150
minutes. No effort was made to adjust pH of influent water; the pH of influent water
gradually increased from about 7 to 7.6 during the course of the experiment. Removal
of Mn was not found to significant with filter run time (which varied from 90 to 150

minutes).
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Figure 4.22.1: Removal of Mn in green sand as a function initial Mn concentration
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Figure 4.22.2: Removal of Mn (initial concentration2 m g/l)in green s and as a

function initial As concentration

Figure 4.22.1 shows average removal of Mn as a function of initial Mn concentration
in the presence of 300 g/l As. It shows slightly higher removal efficiency of Mn with
increasing initial Mn concentration. Figure 4.22.2 shows removal of Mn, present at an
initial concentration of 2 mg/l, as a function of As concentration in influent water. It

shows very little effect of As on Mn removal efficiency.

Similar to “prepared” and “synthetic” M n-oxide coated media, green sand was not
found to be very effective in removing As from influent groundwater; however the 20
cm green sand column was somewhat more effective in removing As compared to the
prepared M n-oxide co ated media and the s ynthetic M n-oxide coated media. Figure
4.23 shows average removal of As (up to 150-minute filter run time), present at an
initial concentration of 300 ug/l, as a function of M n c oncentration in the i nfluent
water. It shows that under the e xperimental conditions, average As removal varied
from about 63 % to about 84% . Figure 4.24 shows removal of arsenic (up to 150-
minute filter run time) as a function of initial As concentration in the influent water, in
the presence of 2 mg/l Mn. Under the experimental conditions, average As removal in
20 cm green sand column varied from about 53 % to about 82 %; removal efficiency
appear to increase slightly with increasing initial As concentration. pH could have a

strong influence on r emoval of M n in M n-oxide co ated m edia; h owever, since p H
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varied over a relatively narrow range (7 to 7.6) in these experiments (Fig. 4.23-4.24),

pH is unlikely to have any significant effect on these results.
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Figure 4.23: Average removal of As (initial concentration = 300 ug/l) in green sand

as a function of Mn concentration in the influent water
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Figure 4.24: Average removal of arsenic as a function of initial As concentration in

the  presence of 2 mg/l Mn; pH varied from 7 to 7.6 during the experiments
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4.3.4 Isotherm Constants for Mn-oxide Coated Media

Freundlich adsorption isotherm constants (i.e., K and n) were estimated using results
of batch experiments (discussed in Section 3.3.2.2) where Mn uptake capacity of three
Mn-oxide ¢ oated m edia a nd S ylhets and was measured at pHo f7 .2+0.1 a nd
temperature of of 26.6 — 27.4°C. The data from the batch experiments are presented in
Appendix A. Figures 4.25 through 4.28 show log-log plots (quantity of Mn adsorbed
versus concentration of Mn in water) of data obtained from batch experiments with
three M n-oxide coated media and S ylhet sand. The estimated K and n values (i.e.,
Freundlich adsorption isotherm constants) for the adsorbents are summarized in Table
4.2. F igure 4.29 s hows a pl ot of i sotherm constant K versus Mn -content of t he
adsorbent. It shows that K increases with increasing Mn-content of the media; in other

words, adsorption capacity increases with increasing Mn-content of the filter media.
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Figure 4.25: Log-log plot for estimation of Freundlich adsorption isotherm constants

for “green sand”.
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Figure 4.26: Log-log plot for estimation of Freundlich adsorption isotherm constants

for “synthetic Mn-oxide coated media”.
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Figure 4.27: Log-log plot for estimation of Freundlich adsorption isotherm constants

for “prepared Mn-oxide coated media”.
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Figure 4.28: Log-log plot for estimation of Freundlich adsorption isotherm constants

for “Sylhet sand”.

Table 4.2: Freundlich adsorption isotherm constants K and »n for different types of

sand estimated from data of batch adsorption experiments

Freundlich isotherm  Green Sand Synthetic Mn- Prepared Mn- Sylhet Sand
constant oxide coated sand oxide coated sand
K (mol/kg)/(mol/m3) 0.0495 0.2788 0.0606 0.0058
n [dimensionless] 2.358 1.245 2.183 0.979
0.35
0.3 - 2_
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Figure 4.29: Relationship between Freundlich adsorption isotherm constants K and

Mn-content in adsorbent
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Figure 4.30 shows calculated removal of M n on di fferent M n-oxide c oated m edia,
based on t he Freundlich adsorption isotherm c onstants e stimated in this study. The
experimental data points have also been shown in the figure. It shows that “synthetic”
Mn-oxide coated media with very high Mn-content (25,250 mg/kg) has significantly

higher adsorption capacity, compared to the other two Mn-oxide coated media.
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o 004 -
< 0.035 - y =0.278x%03
5 0.03 R?=0.980
£ 0.025 - y = 0.060x0458
2 002 - R?=0.989
g 0.015 - y = 0.049x0-424
©
0.01 - R2=0.979
§ y = 0.005x1021
5 0005 7 R?=0.995
£ 0 - Seee——e s , L .

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Final Mn Conc, c(mol/m3)

Figure 4.30: Calculated removal of Mn in different Mn-oxide coated media based on

estimated Freundlich adsorption isotherm constants

4.4  Leaching of Mn from Mn-coated Media

Experimental r esults pr esented a bove s how t hat under f avorable ¢ onditions ( e.g.,
higher alkalinity, above neutral pH) dissolved Mn present in water may accumulate in
the filter media during passage of water through it. As explained above, Mn retention
in th e filter me dia r esults from a dsorption o f Mn(Il) and s ubsequent oxidation of
Mn(II) by DO in the presence o f bicarbonate ions. T hus, filter me dia e mployed to
remove Mn from water would continue to accumulate Mn. Since dissolution of Mn-
oxide is pH dependent and Mn is redox sensitive, changes in pH and redox condition
within the filter media could potentially promote release of M n from the hi gh-Mn
filter media. In order to assess the possibility of leaching of Mn from the Mn-oxide
rich filter media, batch experiments were carried out to evaluate leaching of Mn under
low pH and r educing ¢ onditions. T his S ection presents t he r esults of t hese ba tch

experiments.
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4.4.1 Effects of pH of Mn Leaching

A 50 ml airtight polypropylene tube (headspace-free) was filled with gr oundwater,
collected from a deep tubewell pump station at BUET with Manganese concentration
ofa round 0.022 m g/l. D etailed ¢ haracterization of g roundwaterus edi nt he
experiments was describe earlier in Table 3.1. Initial DO, pH and temperature of the
water w ere 5.06, 6.88 a nd 27.2°C, respectively. 0.5 g of greensand ( with 14,400
mg/kg of Mn), 0.2 g of prepared Mn coated sand (with 11,200 mg/kg of Mn); or 0.2 g
of synthetic Mn coated sand (with 25,250 mg/kg of Mn) were added to the tubes, and
the s olutions w ere mix ed s everal time s by manual s haking. The pH values of the
solutions in the tubes were adjusted between pH 4 t o pH 10 b y addition of acid or
base. After 24 hour s o fe quilibration t ime, the final pH w as m easured, a nd t he
solutions w ere filtered t hrougha 0.2 pum disk filter and the filtrate samples were

analyzed for Mn concentration.

Table 4.3 shows e stimated | eaching of M n from t hree di fferent M n-oxide co ated
media at different pH values. It shows that leaching or release of Mn from di fferent
Mn-oxide coated media, though not significant, increases with decreasing pH. Release
of Mn was relatively higher for the “prepared” and “s ynthetic” media, compared to

green sand.

Table 4.3: Estimated leaching o f M n from M n-oxide co ated media at different pH
values

Synthetic Mn coated sand (0.2g): Initial Mn: 5.05 mg

. uantit
Target pH Initial pH Final pH Mn(‘mg/l) - (n?g) of h}/;n % Leaching
Filtrate
Leached
4.00 3.96 4.56 0.62 0.0310 0.614
5.00 5.00 5.34 0.36 0.0180 0.356
6.00 6.04 6.17 0.12 0.0060 0.119
7.00 7.05 7.05 0.05 0.0025 0.030
8.00 8.00 7.90 0.02 0.0010 0.020
9.00 9.02 8.47 0.01 0.0005 0.010
10.00 10.03 9.97 0.00 0.0000 -

6.88 6.88 7.01 0.04 0.0020 0.040
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Prepared Mn coated sand (0.2g): Initial Mn: 2.24 mg Mn

. uantit
Target pH Initial pH Final pH Mn .(mg/l) n (rgg) of 1\}/1n % leaching
Filtrate
Leached
4.00 3.96 4.32 0.26 0.013 0.580
5.00 5.00 5.24 0.12 0.006 0.268
6.00 6.04 6.03 0.06 0.003 0.134
7.00 7.05 7.05 0.02 0.001 0.045
8.00 8.00 8.01 0.02 0.001 0.045
9.00 9.02 8.58 0.01 0.0005 0.022
10.00 10.03 10.07 0.01 0.0005 0.022
7.37 7.37 7.72 0.02 0.001 0.045
Greensand (0.5g): Initial Mn: 7.2 mg Mn
. uantit
Target pH Initial pH Final pH Mn ( mg/l) in (n?g) of h}/;n % leaching
Filtrate
Leached
4.00 3.96 4.37 0.22 0.011 0.153
5.00 5.00 5.40 0.04 0.002 0.028
6.00 6.04 6.22 0.04 0.002 0.028
7.00 7.05 7.09 0.02 0.001 0.014
8.00 8.00 7.92 0.04 0.002 0.028
9.00 9.02 8.54 0.05 0.0025 0.035
10.00 10.03 9.95 0.00 00 -
6.88 6.88 7.00 0.02 0.001 0.014

4.4.2 Leaching of Mn under Anoxic Conditions

A 50 ml a irtight polypropylene tube ( headspace-free) w as filled w ith gr oundwater
collected from a deep tubewell pump station at BUET. The groundwater was spiked
with 1 g/l of glucose (C¢H20¢) and seeded with aerated d omestic swage to induce
anoxic condition (due to oxidation of glucose by bacteria). The mixture was aerated
by air diffuser. Initial DO, pH and temperature of the solution are 6.65, 7.53 a nd
26.5°C, respectively; after 24 hour, DO came down to 0.83 m g/l and after 48 hours,
DO came down to less than 0.1 m g/l. Fixed amounts of different types of Mn-oxide
coated sand were added to these tubes; 1.0 g of greensand (14,400 mg/kg of Mn), 0.5
g of prepared Mn coated sand (11,200 mg/kg of Mn), or 0.5 g of synthetic Mn coated
sand ( 25,250 m g/kg of Mn) were added and the solutions were mixed several times
by manual s haking. One set of experiment w as performed without addition of Mn

coated sand. A fter 120 h ours of equilibration time, pH and DO were measured. The
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suspension was filtered through a 0.2 pum disk filter and the filtrate was analyzed for

Mn content.

Table 4.4 shows leaching or release of Mn from different types of Mn-oxide coated
media under anoxic condition. It shows that oxidation of organic matter by bacteria
results in lowering of pH quite significantly (which is also likely to promote release of
Mn). Table 4 .4 shows that M n | eaching/ release from freshly “p repared” M n-oxide
coated me dia is s ignificantly higher c ompared to th e ““synthetic” me dia an d green
sand (see Fig. 4.31). Anoxic condition resulted in release of up to 18% of Mn-content
of this media. This suggests that creation o f anoxic condition in a filter bed could

result in release of significant Mn from the media.

Table 4.4: Estimated le aching o fM n from M n-oxide co ated m edia under a noxic
condition

Synthetic Mn coated sand (0.5g): Initial Mn: 12.625 mg Mn

S1. Initial pH Final pH Quantity % Average
No. 1\1/111nF1(1rtI; ig (mg) of Mn Leaching %
Leached Leaching
1 7.53 5.50 2.31 0.1155 0.915
2 7.53 4.95 2.62 0.1310 1.038 0.97
3 7.53 5.16 2.39 0.1195 0.947
Prepared Mn coated sand (0.5g): Initial Mn: 5.6 mg Mn
SL. Initial pH Final pH Quantity % Average
No. lflnFl(lI; ii) (mg) of Mn Leaching %
Leached Leaching
1 7.25 5.18 19.46 0.973 17.375
2 7.25 5.52 15.96 0.798 14.250 16.6
3 7.25 4.96 20.27 1.014 18.107
Green Sand (1.0 g): Initial Mn: 14.4 mg Mn
SI. Initial pH Final pH Quantity % Average
No. lt/rllnFl(ll‘z ii) (mg) of Mn Leaching %
Leached Leaching
1 7.53 5.48 0.73 0.0356 0.247
2 7.53 5.23 0.88 0.0440 0.306 0.30

3 7.53 5.03 1.0 0.0500 0.347
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Mn-oxide coated media
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

51 Introduction

In t his s tudy, 1 aboratory investigations ha ve b een c arried out t o characterize t he
mechanisms o f M n(II) oxidation a nd r emoval i n filter m edia a nd t o e valuate t he
effectiveness of Mn and As removal in Mn-oxide coated filter media. Removal of Mn
and A s in filter c olumns made up of : (a) “prepared” M n-oxide c oated” media, (b)
“synthetic” M n-oxide ¢ oated m edia, and ( ¢) c ommercially available Mn-bearing
“green sand” was evaluated. In addition, possible leaching of Mn from Mn-rich media
under low pH, and anoxic conditions has also been assessed. This chapter presents the
findings of the work, particularly with regard to mechanism of Mn(II) oxidation and
removal in filter media, and ability of different M n-oxide coated media in removing
As and Mn from water. This chapter also presents some recommendations for future

study.

5.2 Conclusions

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

(1) The removal of M n(Il) during filtration t hrough a granular m edia (sand)

involves adsorption of Mn(II) onto filter m edia, followed by ox idation of

Mn(II) i n t he pr esence of b icarbonate, creating/ r egenerating M n-oxide

coating,t husi ncreasingM nr emoval cap acityo ft hem edia;th e

removal/oxidation of Mn(Il) is favored at higher pH values and lower flow

rates. Thus, removal of M n(II) during f iltration t hrough granular m edia

(sand) could be achieved without the addition o f any ox idizing a gent [ for

oxidation of Mn(II) to Mn(IV)], provided the water contains bicarbonate ion.

(2) Mn-oxide co ated f ilter media ar e v ery effective in r emoving d issolved
Mn(II) from groundwater over a wide range of initial Mn concentration and
pH. Mn removal efficiency increases with increasing Mn-content of the filter

media, increasing Mn in the influent water and increasing pH.
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(4)

)

(6)

(7
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Synthetic M n-coated m edia w ith M n c ontent of a bout 25,250 m g/kg, t he
highest Mn content among the 3 media, performed best in removing Mn at
higher flow rates. H owever, at s lower flow rates, ot her m edia ( “prepared
Mn-oxide coated media” and “green sand”) also performed well. A contact
time of about 1.5 m inutes was found to be sufficient for almost c omplete

removal of Mn under the experimental conditions employed in this work.

Removal of arsenic [As(III)] in Mn-oxide coated filter media has been found
to be strongly dependent on pH . Removal of As decreased with increasing
pH, especially at pH beyond 7.5 and virtually no As removal takes place at
pH 9 and beyond. Arsenic removal increased with increasing Mn-content of

the filter media.

At relatively lower pH values (less than 7.5), Arsenic [As(III)] appears to
compete with bicarbonate ions for adsorption onto Mn-oxide coated media.
Presence of phos phate s ignificantly reduced a rsenicr emovaldu et o

competitive adsorption.

The I eaching o rr elease o f M n f rom d ifferent M n-oxide co ated m edia,
though not significant, i ncreases w ith de creasing pH . R elease of M n w as
relatively h igher f or t he “p repared” an d “s ynthetic” m edia, compared to

green sand.

Under anaerobic ¢ ondition c reated b y ox idation of or ganic m atter (which
also reduces pH o f water significantly), Mn is I eached/released from M n-
oxide coated media; Mn leaching/ release from freshly “prepared” Mn-oxide
coated media is significantly higher compared to the “synthetic” media and
green sand. T his s uggests that c reation of anoxic condition in a filter bed

could result in release of Mn from the media.
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5.3 Recommendations for Further Studies

As a continuation of the present work, research works should be carried out in the

following areas in the future:

(1) Physicochemical changes in the Mn-coated sand media with filter run time,
and its possible implication on Mn removal.

(2) Effect of process variables (e.g., backwashing, size and depth of media) on
Mn/As removal and stability of Mn-coated media.

(3) Characterization of M n s olids formed on t he sand m edia (e.g., m ineral
phases of Manganese oxide).

(4) Development of design criteria for simultaneous removal of Fe, As and Mn

in household and community level removal plants.
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Data from Batch Experiments Carried out to Estimate Freundlich Adsorption
Constants for different Adsorbents

Table Al:B atch experiment d ata f or d etermination o f Mn u ptake capacity o f
greensand at pH=7.2+0.1 and temperature of 28°C (data shows the average data of 48,

50 and 52 hours of treatment)

Initial Mn  Green Sample  Final Final Mn mg Mn mol Mn

concentration sand volume Mn conc conc, adsorbed/gm  adsorbed/kg
(mg/l) (gm) (ml) (mg/l) mol/m3 green sand green sand
3.39 1.0 50 0.06 0.00110091 0.1665 0.00305504
3.39 0.7 50 0.2 0.00366972 0.2279 0.00418165
3.29 0.4 50 0.52 0.00954128 0.34625 0.00635321
12.91 1.0 50 1.24 0.02275229 0.5835 0.01070642
5.52 0.4 50 1.25 0.02293578 0.53375 0.00979357
12.03 1.0 50 1.4 0.02568807 0.5315 0.00975229
12.91 0.5 50 3.6 0.06605504 0.925 0.01697247

Table A2: B atch experiment d ata f or d etermination o f Mn u ptake capacity o
synthetic Mn coated sand at pH=7.1+0.1 and temperature of 26.6 to 28°C

Initial Mn  Synthetic Sample  Final Mn Final Mn mol Mn
concentration sand volume conc conc, adsorbed/kg
(mg/1) (gm) (ml) (mg/l) mol/m3 green sand
1.5 0.5 50 0.16 0.002912374  0.002439113
1.5 0.3 50 0.29 0.005278678  0.003670805
1.5 0.2 50 0.41 0.007462958  0.004960137
3 0.5 50 0.32 0.005824748  0.004878226
3 0.3 50 0.61 0.011103426  0.007250598
3 0.2 50 0.88 0.016018057  0.009647239
5 0.5 50 0.54 0.009829262  0.008118242
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Table A3: B atch experiment d ata f or d etermination o f Mn u ptake capacity o
prepared Mn coated sand at pH=7.1+0.1 and temperature of 26.6 to 28°C

Initial Mn  Prepared Sample  Final Mn Final Mn mol Mn
concentration sand volume conc conc, adsorbed/kg
(mg/1) (gm) (ml) (mg/1) mol/m3 green sand
1.5 0.5 50 0.07 0.001274164  0.002602934
1.5 0.3 50 0.14 0.002548327  0.004125863
1.5 0.2 50 0.31 0.005642725  0.005415195
3 0.5 50 0.22 0.004004514  0.00506025
3 0.3 50 0.48 0.008737122  0.007644982
3 0.2 50 0.95 0.01729222  0.009328698
5 0.5 50 0.66 0.012013543  0.007899814

Table A4: Batch ex periment data for d etermination of Mn uptake capacity o f fresh

Sylhet sand at pH=7.1£0.1 and temperature of 26.6 to 28°C

Initial Mn Fresh Sample  Final Mn Final Mn mol Mn
concentration sand volume conc conc, adsorbed/kg
(mg/1) (gm) (ml) (mg/1) mol/m3 green sand

1.57 3 50 1.18 0.021478758  0.000118315
1.57 2 50 1.29 0.023481015  0.000127416
1.57 1 50 1.42 0.025847319  0.000136518

3 6 50 1.85 0.033674324  0.000174439

3 3 50 2.28 0.041501329  0.000218428

3 2 50 2.47 0.044959773  0.000241181

3 1 50 2.72 0.049510357  0.000254833
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Appendix B

B1. Performance of Selected Community Fe-As Removal Plants

As a partofthis study, performance o f's elected co mmunity I evel w ater t reatment
plants designed for removal of As, Fe and Mn was assessed. In this study, 7 existing
community groundwater pl ants ha ve be en e valuated, all of which us e filter m edia
(sand, br ick ¢ hips, a nd ¢ oal) f orr emoving t hese ¢ onstituents. A mongt he 7

community treatment plants, 5 were located in Manikganj and 2 in Sirajganj. The aim
of this exercise was to get insights about removal of Mn in adsorptive filtration based

removal systems under actual field conditions.

Figure B1: Three-chamber SEDA IRP in Manikganj

The ¢ ommunity tr eatment p lants ( SEDA-IRPs) 1 ocated i n Manikganj ha ve be en
designed for removal of both arsenic and iron. These five plants, all c onnected to
shallow tubewells, are of two types. Three plants (plant No. M1, M4 and M5) consist
of three chambers — aeration chamber, filtration chamber and storage chamber (see

Figure B1). T he up -flow filtration ¢ hamber h as x -sectional ar ea o f 8 500 cm > and



104

depth 45 cm. The filter material in the filtration chamber consists of sand, brick chips

and coal (exact composition and depth of filter material unknown).

The ot her t wo plants ( plant N o. M 2 and M 3) c onsist of two c hambers — aeration
chamber and filtration c hamber. H ere the filtration c hamber is used for storage of
water. The up-flow aeration chamber has x-sectional area of 4500 cm?” and depth 35
cm (see Figure B2). The same filter materials, e. g., sand, brick chips and coal have
been used in these two plants; however, as before, the exact composition and depth of

filter material are unknown.

Figure B2: Two-chamber SEDA IRP in Manikganj

The tw o ¢ ommunity tr eatment p lants ( [ITN-BUET M SF) i n S irajganj h ave b een
designed as Fe-As-Mn removal plants (see Figure B3). Both plants consist of three
chambers. Plant No. 1 i n Sirajganj consists of an aeration chamber (connected to a
shallow tubewell), an up-flow filtration chamber (x-sectional area 22,300 cm?”), and a
down-flow filtration chamber (x-sectional area 5600 cm?). The depth of the filtration

chambersis3 0 cman d b rick ch ips h ave b een u sed as filter m aterial ( gradation

unknown).
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Plant No. 2 i n Sirajganj also consists of an aeration chamber, an up -flow filtration
chamber ( x-sectional area 14,000 cm?), anda down-flow filtration ¢ hamber ( 7000
cm?). The depth of the filtration chambers is 30 cm and brick chips have been used as

filter material (gradation unknown).

Table B 1 shows the time of installation of the 7 community groundwater tr eatment
plant as sessed in this study. For assessment o f performance, raw and treated water
samples w ere co llected from these 7 treatment plants d uring February to O ctober
2010; T able 3.3 shows the s ampling d ates. From th e M anikganj tr eatment p lants,
water s amples w ere co llected 7 times, roughly once a m onth. From the S irajganj,
water s amples w ere collected 6 t imes, also r oughly onc e a month. F rom S irajganj
treatment plants, water samples were also collected from the up-flow and down-flow
filtration chambers. The water samples were analyzed for a wide range of parameters,

including pH, CO,, As, Mn, Fe, phosphate and alkalinity.

Figure B3: ITN-BUET multistage filtration unit in Sirajgan;j
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Table B1: Installation and sampling dates for the 7 treatment plants assessed in this

study
Location Plant Installation Date Sample Collection
Identification Dates
No.

Manikganj SEDA M1 05/11/2007 10/02/2010

Manikganj SEDA M2 05/01/2004 09/03/2010

Manikganj SEDA M3 10/02/2009 16/04/2010

Manikganj SEDA M4 10/04/2001 13/05/2010

Manikganj SEDA M5 10/01/2010 08/06/2010
08/07/2010
06/10/2010

Sirajganj ITN-BUET S1 03/06/2008 26/02/2010

Sirajganj ITN-BUET S2 28/04/2009 04/04/2010
06/05/2010
04/06/2010
09/07/2010
05/10/2010

Apart f rom w ater s amples, s olid ( i.e., filter m edia) w ere a Iso ¢ ollected f rom th e
filtration units of the Manikganj treatment units (SEDA-IRPs) during second and last
sampling. Solid (i.e., filter media) samples were also collected from the top of the up-
flow and down-flow filter chambers of the Sirajganj filter units (ITN-BUET M SFs)
during first sampling. The M n c ontents of these solid media w ere de termined a fter

extraction with hydroxylamine hydrochloride.

Apart from these measurements, information were gathered on different operation and
maintenance issues, e.g., use of the treatment plants, flow rate through the plants, and
washing/ ba ck-washing p ractices. This information a long w ith t he t est r esults of
collected water and solid samples were analyzed for assessing the performance of the

community groundwater treatment units.

Performance of SEDA Treatment Plants in Manikganj

Performance of five different SEDA Plants of two different designs was evaluated in

this s tudy. For t his p urpose, r aw and t reated water s amples w ere collected at 7
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different time s from these five plants. The major findings from the analysis of te st

results and other information gathered from the field are summarized below.

Iron Removal:

Concentration of Iron (Fe)in raw water for all the five plants was r elatively hi gh,
varying from about 7 to 13 mg/l. All five plants have been found to be very efficient
in removing Fe from groundwater. A eration followed by up-flow filtration has been
found to be effective in removing Fe from groundwater. It should be noted that pH of
raw water at the five plants varied over a narrow range of 6.95 to 7.16; alkalinity also

varied over a relatively narrow range of 320 to 384 mg/I1.

Arsenic Removal:

The m echanism of A rsenic r emoval i nt he S EDA pl ants i s a dsorptionont o F ¢
hydroxide f locs a nd c o-precipitation w ith F e h ydroxides. E xcept f or S EDA M 5,
arsenic concentration in the raw water of for the 4 SEDA plants varied from about 60
to over 120 pg/l. Since raw water Fe concentration for these 4 plants was relatively
high, in all cases As was removed to levels below the Bangladesh standard of 50 pg/l.
However, removal efficiency varied to some extent among these 4 plants, possibly
due to the degree of aeration achieved. Although significant As was removed in the
SEDA MS plant, because of high initial concentration of As (over 600 pg/l), treated
water did not satisfy the Bangladesh drinking water standard of 50 pg/l. Thus, raw
water Iron (Fe) concentration and the e ffectiveness o f the aeration chamber are the

principal factors determining As removal in the SEDA treatment plants.

Manganese Removal:

Table B 2 shows M n co ncentration in the raw and treated w ater s amples co llected
fromt hef ive S EDA pl antsdur ingt he 7 s ampling ¢ ampaigns. M anganese
concentration in raw water samples varied from 0.157 to 1.163 mg/l. Table B2 shows
that Mn removal varied not only from plant to plant, but it also varied with time for a
particular plant. For example, SEDA M1 plant showed very good Mn removal during
the first 6 s amplings, but showed very poor performance during the last sampling in
October 2010. Manganese removal in SEDA M2 plant varied significantly over the 7
sampling periods. Mn removal was poor for the recently installed (2009) SEDA M3
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plant. Performance of SEDA MS5 plant (installed in 2010) varied significantly over the
assessment period. SEDA M4 plant (installed in 2001) showed good Mn removal up
to March 2010, but Mn removal performance deteriorated to some extent during April
to O ctober 2010. F igure B4.1 and B 4.2 show Mn r emoval pe rformance of the 5
SEDA plants during ond sampling (9 March 2010) and 7t sampling (6 October 2010);

it also shows the Mn contents of the filter media collected from the plants.

Table B2: Mn concentration (mg/l) in raw and treated water samples of SEDA plants

ID R/T Sampling Date
10/02/2010 09/03/2010 16/04/2010 13/05/2010 08/06/2010 08/07/2010 06/10/2010
Ml R 0.157 0.213 0.213 0.213 0.213 0.213 0.313
T 0.004 0.005 0.080 0.003 <0.001 <0.001 0.222
M2 R 0.716 0.579 0.579 0.579 0.579 0.579 0.668
T 0.235 0.116 0.077 0.141 <0.001 -- 0.290
M3 R 1.163 0.974 0.974 0.974 0.974 0.974 1.112
T 0.914 0.648 0.439 0.182 0.630 0.850 0.721
M4 R 0.329 0.409 0.409 0.409 0.409 0.409 0.580
T 0.038 0.042 0.175 0.186 0.116 0.179 0.128
M5 R 0.339 0.344 0.344 0.344 0.344 0.344 0.402
T 0.146 0.193 0.084 0.027 0.168 0.005 0.144

1000
900
800
700
600
500
400
300
200
100

0 SEDA M1 SEDA M2 SEDA M3 SEDA M4 SEDA M5
BMn con. ug/l 213 579 974 409 344
MRemoval of Mn % 98 80 33 90 44
B Mn cont. of sand mg/kg 116 55 12 280 7

Figure B4.1:Mn removal performance of SEDA plants on 9 March 2010 (2™
sampling)
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1000
900
800
700
600
500
400
300
200
100

11z

0 SEDAMI1 | SEDAM2 | SEDAM3 | SEDAM4 | SEDA M5
BMn con. ug/l 313 668 1112 580 402
M Remval of Mn % 29 57 35 78 64
0 Mn cont. of sand mg/kg 135 72 21 210 66

Figure B4.2:Mn removal performance of SEDA plants on 6 October 2010 (7"
sampling)

Basedo nt her aw an d t reated w ater q uality, Mn c ontent of f ilter s olids a nd
information gathered from the field on operation and maintenance of the plants, the
following issues have been identified for the variable performance of the SEDA plants

in removing Mn from groundwater.

(a) Manganese co ntent o f't he filter m ediais an i mportant p arameter f or M n
removal; i ncreasing M n-content of f ilter m edia i mproved M nr emoval
efficiency. The Mn-content of the media, however, depend on M n content of

the raw water, filter run time/ contact time, and filter media washing practices.

Figure B5 shows Mn removal in the SEDA plants as a function of Mn-content
of filter media. It shows that in general, Mn removal is positively correlated

with the Mn content of the filter media.
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Figure B5: Mn removal performance of SEDA plants as a function of Mn-content of
media
(b) Mn content of the filter media in the SEDA plants appear to depend mainly on

filter run time and media washing practices (not so much on M n content of
raw water). The highest Mn content was found in the filter media of M4 plant,
which is operational since 2001. On the other hand, Mn content was relatively
lower for the M3 (installed in 2009) and M5 (installed in 2010) plants, which
have been installed recently. Thus, it is apparent it ta kes a long time for the

formation on Mn-coating on filter media under field conditions.

It was gathered from the field that the filter media of M2 and M3 plants are
washed frequently, approximately once every 15 days. This washing practice
probably also contributed to the relatively low Mn content of media of these
two plants. One the other hand, the media of the M5 plant were not washed
during t he a ssessment pe riod, a nd M n c ontent of t he m edia i ncreased

relatively quickly from 7 mg/kg in March to 66 mg/kg in October.

Formation of Mn coating is likely to be affected significantly by the flow rate
of water. However, it was not possible to determine flow rate of water through
the media in the SEDA plants; flow rate in the plants varied with use of the
plants. Therefore, it was not possible to quantitatively assess the effect of flow

rate with Mn content of media of the SEDA plants.
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(c) Filter media washing appear to significantly affect Mn removal p erformance.
For example, the M 1 plant performed well in removing Mn during the first 6
samplings, but pe rformance de teriorated during the 7™ sampling in O ctober
2010. It was revealed during field visit that the media of the M 1 plant was
washed sometime in S eptember 2010. T he poor performance of the plant in
October ap pearst o b e related t o t he washing of t he filter m edia. T hisis
because o f't he fact t hat d uring w ashing, t he e ntire mediai s p lacedona
polythene sheet and washed with tubewell water, and then placed back into the
filtration chamber. This practice removes/disturbs the Mn-rich top media layer
that plays the major role in removing Mn. The washing practice also has the

potential to remove some of the Mn coatings from the media.

The relatively poor performance of M2 and M3 plants and relatively low Mn-
content of the media in M2 plant (compared to M 1, which has been installed
later) co uldal sob e relatedt ot he frequentw ashingo ft hem edia
(approximately t wice a m onth) of t heset wo uni ts. T he r elatively poor
performance of M4 plant during April to October 2010 could also be related to
the washing of the media of this plant in early April 2010.

Performance of ITN-BUET MSF Treatment Plants in Sirajganj

Performance of two ITN-BUET MSF Plants (identified as S1 and S2) was assessed in
this s tudy. Fort his p urpose, r aw and t reated water s amples w ere collected at 6
different times from these plants. The major findings from the analysis of test results

and other information gathered from the field are summarized below.

Iron Removal:

Average concentrations of Iron (Fe) in raw water of S1 and S2 were about 13.2 mg/l
and 34.2 m g/1, respectively. A verage p H v alueso fthe p lantswere 6 .8 and 6 .5,
respectively; while average alkalinity was about 140 for both plants. Both plants have
been found to be very efficient in removing Fe from groundwater. Most of iron (Fe)
was removed in t he a eration ¢ hamber and up -flow filter ch amber. T hus, aer ation
followed by up -flow filtration has been found to be e ffective in removing Fe from

groundwater.
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Arsenic Removal:

The average As concentrations in raw water of S1 and S2 plants have been found to
be about 92 and 35 [SEDAgskatsvily rechapismmed for
of arsenic removal in the BUET-ITN plants is adsorption onto Fe hydroxide flocs and
co-precipitation with Fe hydroxides. Both plants have been found to be very efficient
in removing As from groundwater. Arsenic concentration in raw water was relatively
low, and in most cases A s concentration came down to be low the WHO guideline
value of 10 []g/1. Similar to Fe, mostof As was removed in the aeration chamber and
up-flow filter chamber. Thus, raw water Iron (Fe) concentration and the effectiveness
of the aeration chamber are the principal factors determining As removal in the ITN-

BUET treatment plants.

Manganese Removal:

Table B3 shows Mn concentration in the raw water, after up-flow filter (limited data)
and after down-flow filter (i.e., treated water) of the two ITN-BUET plants during the
6 sampling campaigns. Average Mn concentrations of raw water in S1 and S2 were
about 0.58 and 1.477 m g/l, respectively. In plant S1, significant removal of Mn was
found during 5 out of 6 sampling campaigns. Available data (see Table B3) suggest
that in most cases most of Mn was removal in the up-flow filtration chamber. In plant
S2, overall M n removal p erformance w as very poor during the first t wo s ampling
campaigns; how ever, M n removal was found to be very good during the last four
samplings. Available data show poor Mn removal in the up-flow filtration chamber;
the dow n-flow ch amber w as f ound t o b e m ore ef fective i n removing Mn fro m
groundwater. Figure B6 shows Mn removal performance of the two ITN-BUET plants
(ST and S2) on 26 F ebruary 2010; it also shows the Mn contents of the up-flow and

down-flow filter media collected from the plants.
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Table B3: Mn concentration (mg/1) in raw and treated water samples of ITN-BUET

plants
Plant Sample Sampling Date
ID ID 26/02/10  04/04/10  06/05/10  04/06/10  09/07/10  05/10/10
Raw 0.672 0.570 0.566 0.552 0.492 0.649
S1  After 0.222 -- 0.120 <0.001 0.088 0.075
UF
After 0.036 0.046 0.120 <0.001 <0.001 <0.001
DF
Raw 1.646 1.526 1.411 1.537 1.476 1.609
S2  After 1.303 -- 0.609 1.461 0.526 0.278
UF
After 1.048 1.011 0.041 <0.001 <0.001 <0.001
DF
800
700
600 -
500
400 -
300
200 -
100 A
O i
S2 UF
@Mn con. ug/l 672 222 1646
O Mn % Removal 67 74 21 20
BMn mg/kg of solid 31 8 2 17

Figure B6: Mn removal performance of ITN-BUET plants on 26 February 2010

(1" sampling)

Basedont her aw a ndt reated w ater qua lity, M n ¢ ontent of f ilter s olids a nd

information gathered from the field on operation and maintenance of the plants, the

following issues have been identified for the variable performance of the ITN-BUET

plants in removing M n from groundwater. T hese findings are s omewhat similar to

those found for the SEDA plants.

e Manganese co ntent o f't he filter m ediais an i mportant p arameter f or M n

removal; i ncreasing M n-content of f ilter m edia i mproved M nr emoval
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efficiency. H owever, flow rate was also found to be very importantin Mn
removal; as found in laboratory experiments, higher flow rates resulted in poor

Mn removal.

Data in Table B3, Figure B6 and information gathered from field suggest that
both M n-content of m ediaa nd flowr atet hrought he m edia a ffected
performance of the plants. The relatively better performance of the S1 plants
in removing Mn appears to be related to the higher Mn-content of the up-flow

filter media and relatively slow filtration rate.

The poor performance of the S2 plant during the first two sampling campaign
appears to b e related to the 1 ow M n-content of the up -flow filter (also the
down-flow filter), and the relatively faster flow rate of water through the filter;
the higher flow rate also appears to be responsible for the low Mn content of

the filter media.

The r elatively b etter pe rformance of the S 2 pl ant dur ing t he s ubsequent 4

samplings appear to be due to long residence time/ contact time of water in/
with the filter media. During field visits for sample collection during the last 4
samplings, it was found out that the plant remained out of operation for long
periods of time (from morning to afternoon). Therefore, the water samples that
were collected in the afternoon were in contact with the filter media for a long
time. This appears to be responsible for the good Mn removal performance of

the plant.

Removal of Mn-As-Fe from Natural Groundwater in Laboratory Filter

Columns

The efficiency of M n-coated filter media in removing Mn, As, and Fe from natural

groundwater c ollected f rom M anikganj a nd S irajganj w as a Iso e valuated. N atural

groundwater samples were collected from tubewells of SEDA M4 and M5 plants in
Manikganj, and from the tubewells of ITN-BUET MSF S1 and S2 plants in Sirajgan;.

The characteristics of these groundwater samples are presented in Table B4. The pH

value of the water samples are in the neutral range. M anganese concentrations vary

from 0.344 mg/l (Manikganj M5) to 1.646 mg/1 (Sirajganj S2). Arsenic concentrations
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vary from a low of 34 pg/l (Sirajganj S2) to vary high of 600 pg/l (Manikganj M5).

Iron ¢ oncentrations of thet wo s amples f rom M anikganj a nd one s ample f rom

Sirajganj w ere in th e s ame range ( varying f rom about9 to 1 3 mg /I); ir on

concentration of one sample from Sirajganj was very high, over 35 mg/l.

Table B4: Characteristics of natural groundwater used in laboratory experiments

Unit  Manikganj: Manikganj: Sirajganj: Sirajgan;:
Parameter Plant M4 Plant M5 Plant S1 ~ Plant S2
pH -- 7.06 7.05 6.97 6.67
Manganese mg/l  0.442 0.344 0.672 1.646
Arsenic ug/l 75 600 90 34
Iron mg/l  10.89 8.78 12.66 35.63
Phosphate mg/l  3.77 5.75 3.95 4.68
Alkalinity as mg/l 142 156
CaCo, 322 375

Figure B7: Experimental setup for assessing performance o f d ifferent M n-coated

media in removing Fe, Mn and A s from natural groundwater from M anikganj and

Sirajganj

In order to simulate conditions of the treatment plants, the groundwater samples were

first passed through an up-flow filter column made up of stone chips, before passing
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through different types of Mn-coated columns. A transparent acrylic column with a x-
sectional area of 28.2 cm? was used to prepare the up-flow filter column; the column
was fitted with flow control arrangements (see Figure B7). The total depth of stone
chipsinthe columnw as40 cm. T he flow ratet hrough t he f ilter c olumn w as
maintained between 0.6 to 0.8 ml/cm?*/min. Removal of Mn, As and Fe was evaluated
in bot h t he up -flow s tone ¢ hips ¢ olumn a nd the dow n f low M n-coated ¢ olumn

(prepared Mn-oxide coated media or synthetic Mn-coated media or Green sand).

The efficiency of M n-coated filter media in removing Mn, As, and Fe from natural
groundwater collected from Manikganj (tubewells of SEDA M4 and M5 plants) and
Sirajganj ( tubewells o f ITN-BUET S 1 and S 2 plants) w as e valuated. In or derto
simulate conditions of the treatment plants, the groundwater samples were first passed
through an up-flow stone-chips filter column, be fore passing through different types

of Mn-coated columns.

It should be noted that during transportation and storage of natural groundwater, some
Fe present in the groundwater samples precipitated; F e precipitation increased with
increasing s torage t ime. T his phe nomenon ¢ ould not be avoided. Asa result,
significant arsenic pr esent i n w ater ha d t he op portunity t o adsorb ont o a nd ¢ o-
precipitate with Fe hydroxide solids; it is also possible for some Mn to adsorb onto Fe
hydroxide flocs. These processes would lead to enhanced removal of arsenic and Mn
in the up-flow stone chips column (which retains significant Fe flocs). The following

section describes the major findings from the experiments.

Iron Removal:

Concentration of Fe in groundwater from M4 and M5 plants were 10.9 mg/l and 8.8
mg/l, respectively; while those in groundwater from S1 and S2 plants were 12.7 mg/1
and 35.6 m g/l r espectively. S ignificantr emovalo fF ew asach ievedi nal I
experimental s et u ps; 1 n m ost cas es r emoval ex ceeding 9 5% w as a chieved. B oth
filters, that is the up-flow stone chips filter and the down-flow Mn-coated filter, have
been found to be effective in removing Fe. This suggests that Fe flocs that escaped the

up-flow stone chips filter were captured by the down-flow filter column.
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Arsenic Removal:

Concentration of As in groundwater from M4 and M5 plants were 75 pg/l and 600
ug/l, respectively; while those in groundwater from S1 and S2 plants were 90 pg/l and
34 ng/l, respectively. Significant removal of As was achieved in all experimental set
ups, and in all cases As concentration of the treated water was below the Bangladesh
standard of 50 pg/l. Significant removal o f A's was achieved in the up-flow s tone
chips column (by adsorption onto and co-precipitation with Fe hydroxide flocs, which
were retained by the column). Significant As removal was also achieved in the down-
flow columns, possibly through retention of As-rich Fe flocs, which were not captured

by the up-flow filter column.

Manganese Removal:

Concentration of Mn in groundwater from M4 and M 5 plants were 0.442 mg/l and
0.344 m g/, r espectively; w hile t hose in gr oundwater from S 1 and S2 plants w ere
0.672 mg/l and 1.646 mg/l, respectively. Complete removal of Mn was achieved in all
experimental s et ups . M ost of M nw asr emoved i nt he dow n-flow M n-coated
columns. Mn removal in the up-flow filer columns varied from a low of about 6% to a
high of about 36 %. Higher removal in the up-flow column is possibly an artifact of

longer storage time of natural groundwater in the laboratory (as explained earlier).

B3 Possible Design Criteria for Optimal Removal of Mn and As

Based o nt he | aboratory experimental results an d t he as sessment o f community
groundwater treatment plants, the following criteria could be suggested for the design

of groundwater treatment plant for simultaneous removal of Fe, As and Mn.

(1) A treatment plant for simultaneous removal of Fe, As and Mn should consist
of three chambers — Aeration chamber, Up-flow roughing filter chamber, and

Down-flow filter chamber.

The first chamber is to be designed for aeration of groundwater for oxidation
of Fe(Il) to Fe(Ill) [ and pos sibly ox idation of some A s(IIT) to A s(V)] and
subsequent precipitation of Fe(IIl) hydroxides. A dsorption of As onto Fe(IIl)
hydroxides and co-precipitation of As with Fe(Ill) hydroxides will also take
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place in this chamber. A portion of Fe and As will be removed in this chamber

as a result of precipitation of Fe(IIl) hydroxides.

The Up-flow rouging filter chamber is to be designed for continued oxidation
of F e(Il) t o Fe(IIl) h ydroxide a nd a dsorption/ co-precipitation of A's, and
retention of Fe (III) h ydroxides flocs. M ost of Fe and A s are likely to be
removed 1 n t his up -flow ¢ hamber. A s mall por tion of M nm ay also ge t
removed i nt he up -flow ¢ hamber, asa r esult of a dsorption ont o F e(III)
hydroxides a nd ox idation a nd s urface p recipitation. T he current de sign
practices (e.g., those used in the ITN-BUET MSF design) may be followed for

the design of aeration chamber and up-flow roughing filter.

The Down-flow filtration chamber should be designed primarily for removal
of Mn, and for removal of the portion of Fe and As that escapes the Up-flow
roughing filter. T he top layer of this dow n-flow ¢ hamber s hould c onsist of

Mn-oxide coated media, for efficient removal of Mn.

(2) The Down-flow filter chamber should have a layer of Mn-oxide coated media
(preferably synthetic Mn-coated sand or green sand) at the top. Since it takes a
long t ime f or t he f ormation on M n-coating on f ilter m edia unde r f ield
conditions, itis e ssential t o pr ovide M n-coated s and m edia ( i.e., s ynthetic
media or green sand) at the top of the Down-flow filter. Based on the results of

this study, a Mn-content of 7000 mg/kg and above should perform well.

The depth of the Mn-oxide coated sand media should be such that the contact
time w ith th is me dia is greater than about 1.5 min utes. The bot tom of the
Down-flow filter may consist of natural sand; the depth of this layer should be

governed by the surface area of the filter and water storage requirements.

(3) It is important to make sure that the Mn-oxide coated sand media at the top of
the Down-flow filter is not disturbed or mixed with the rest of the filter media
during washing/ ba ckwashing. T herefore, it is p roposed t hat t he M n-oxide
coated media is placed separately, e.g., on a p erforated tray at the top of the

Down-flow filter.
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(4) It is important to keep the flow rate through the filter media (especially in the
Down-flow ¢ hamber) a s 1 ow a s pr acticable, 1 nor dert o ensure e fficient
removal of Mn. Slower flow rates would also improve removal of Fe and As.
As noted above, the flow rate should be such that the contact time with Mn-
oxide coated media at the top of the Down-flow filter chamber is at least 1.5

minutes.

(5) It would be better to design the Down-flow filter chamber in such a way that
the top layer of the filter does not remain submerged in water when the plant is
not operational. Submerged c ondition may lead to reduction of M n-oxide in

the top layer, resulting in possible release of Mn.

(6) There should be provision of effective backwashing of the Up-flow roughing

filter chamber for efficient removal of Fe and As.

(7) If the pH of groundwater increases to values approaching or exceeding 8, the
effluent should be checked specially for arsenic, as arsenic removal by Mn-

oxide coated media becomes very poor at higher pH values.
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