Modeling of Manganese Removal from Groundwater by Hration
through Manganese Oxide Coated Media

A Thesis

by
Shakil Ahmed

MASTER OF SCIENCE IN CIVIL ENGNEERING (ENVIRONMENTA L)

Department of Civil Engineering
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY

November, 2013



Modeling of Manganese Removal from Groundwater by Hration
through Manganese Oxide Coated Media

A Thesis

by
Shakil Ahmed

Submitted to the Department of Civil EngineeringnBladesh University of Engineering and
Technology (BUET), Dhaka in partial fulfilment die requirements for the degree

of

MASTER OF SCIENCE IN CIVIL ENGNEERING (ENVIRONMENTA L)
November, 2013

Department of Civil Engineering
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY



The thesis titled “Modeling of Manganese Removalnfr Groundwater by Filtration
through Manganese Oxide Coated Media” submittedShwakil Ahmed, Roll No.:
0411042113, Session: April, 2011 has been accesestisfactory in partial fulfillment
of the requirement for the degree of Master of &me in Civil Engineering

(Environmental) on 12 November, 2013.

BOARD OF EXAMINERS

Dr. M. Ashraf Ali
Professor
Department of Civil Engineering, BUET

Dr. AM.M.Taufiqul Anwar.
Professor and Head
Department of Civil Engineering, BUET

Dr. A.B.M. Badruzzaman
Professor
Department of Civil Engineering, BUET

Dr. Md. Rezaul Karim
Professor
Department of Civil and Environmental EngineeriigT

Chairman
(Supervisor)

Member
(Ex-officio)

Member
(Internal)

Member
(External)



DECLARATION

It is hereby declared that except for the conterfitsre specific references have been made to
the work of others, the studies contained in thesis are the result of investigation carried
out by the author. No part of this thesis has mdymitted to any other University or other
educational establishment for a Degree, Diploma otiter qualification (except for

publication).

Shakil Ahmed



ACKNOWLEDGEMENT

First of all, | would like to express my heartiggttitude to Almighty ALLAH for His
graciousness and unlimited kindness, the blesstogdvhom is always required for

completion of any good work.

The author wishes to express his deepest gratitutles supervisor Prof. Dr. M. Ashraf Ali,
for his continuous guidance, invaluable constrectuggestions, encouragement, generous

help and unfailing enthusiasm at every stage sfshidy.

The author also would like to thank Prof. Dr. A.M.Waufiqul Anwar. and Prof. Dr. A.B.M.
Badruzzaman for their valuable comments, crititkdas and serving as members of
examination committee. | am greatly indebted tofPBy. Md. Rezaul Karim for kindly
accepting to serve as External Examiner. His vaduallvice, guidance and professional

comments are highly appreciated.

| gratefully acknowledge Dr. John Little, whoseadeas crucial to solve the model and write
the model code in Statistical Software “R”. | ansalgrateful to Mr. Kevin Bierlein for
sharing his astute knowledge on numerical anabysismodel development.

My special thanks to Mr. Ehosan Habib, whose caitirs support and guidance assisted me
to conduct laboratory experiments successfully. ould also like to thank Mr.

Rashed Rakib and Ms. Baishakhi Bose for their helpful supportaboratory experiments.

| sincerely would like to thank all lab instructoasd staffs of Environmental Engineering
Laboratory in the Civil Engineering Department oUBBT, Dhaka, which contributed in
various ways to the completion of this thesis.

Finally, 1 would like to express my deepest gratéuto my parents and my wife whose

support and love contributed in various ways far ¢ompletion of this research work.



Dedicated
to

my Family

Vi



ABSTRACT

High intake of manganese has shown to be toxic adierse health impacts, and therefore,
WHO (2004) recommended a health-based guidelingevaf 0.4 mg/l for drinking water.
WHO (2011 eliminated the health-based guideline value natiag this value is well above
the concentrations of Mn normally found in drinkingter. However, well water Mn
concentration in many regions in Bangladesh excéetisng/l. Bangladesh, therefore, needs
a low cost and efficient water treatment technolagyremove Mn from groundwater.
Adsorption of soluble manganese onto manganese @adted sand is one of the effective
treatment methods for removal of Mn from drinkingter. This research work focused on
understanding the mechanism of Mn removal from waieing filtration through Mn oxide
coated media, and developing a model to simulaseration and surface oxidation of Mn
during filtration.

Laboratory column experiments were carried out $seas the Mn removal by Mn-oxide
coated filter media (commercially available greemd under various water quality (e.g.,
different pH, initial Mn, Dissolved Oxygen, Bicanbate) and system (e.g., flow rate)
conditions. Experimental results suggest that & dbsence of Bicarbonate in the influent
water, the removal of Mn is characterized by onligaption, and the system gradually
approaches the breakthrough point since the adsorgites on the media are exhausted with
increasing filter run time. In the absence of Biwarate, effluent Mn concentration increased
gradually from 13% to nearly 71% of influent Mn cemtration (10.2 mg/l) during filter run
time of up to 350 minutes. However, in the presesfd@icarbonate (200 mg/l) in the influent
water, Mn removal efficiency of Mn-oxide coated n@edas found to increase significantly
and the system did not approach the breakthrougtt; @fluent Mn concentration stabilizes
at nearly 38% of influent Mn concentration. Resufslaboratory column experiments
suggest that the dominant mechanism for the renaMdin(ll) is continuous regeneration of
Mn-oxide coated media, caused by the surface meztimtidation of adsorbed Mn by DO in
the presence of Bicarbonate, rather than Mg€Oprecipitation. Results of multi-port
column experiments also support the concept ofnegeion of Mn-oxide coated media.
Results of multi-port column experiments providegful insights on the effects of flow rate,
initial Mn concentration and pH on the removal of Mithin the filter media. Mn removal
has been found to increase with decreasing flow (dtie to higher contact time), with
increase in initial Mn concentration of the infliemater (due to increase in linear driving
force), and with increase in pH value of influenater (which promotes Mn oxidation).
Under the experimental conditions, maximum remafétiency of 98% was found for an
initial Mn concentration of 4.2 mg/l at flow raté b ml/min.cnf.

A model developed by Zuravnsky (2006) was modifeegredict the soluble Mn removal via
adsorption and surface oxidation onto Mn-oxide edamedia under continuous media
regeneration by DO. A number of model parametense vestimated from laboratory batch
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experiments and from empirical formulations. Thedelowas calibrated (to find out the
value of oxidation rate constant, lixy curve fitting) using experimental data underioas
operating conditions (flow rate of 1-3 ml/min.gninitial Mn concentration of 1.15-4.83
mg/l, and pH of 6-8 of influent water), and subsaufly used to predict soluble Mn removal.
The model was able to predict Mn removal reasonadely. The sensitivity analysis suggests
that flow rate, Freundlich isotherm constants (Kand k have a significant effect on the
model predicted bulk-water Mn concentration profihile the effects of axial dispersion
coefficient (), mass transfer coefficientgland specific surface area of medig)(Are not
significant.
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CHAPTER 1: INTRODUCTION

1.1 Background

Manganese is a mineral that is abundantly founthinre and a common water contaminant.
A number of studies (BGS and DPHE, 2001; Hug et28l11) showed that apart from As,
large numbers of wells exceed permissible limitsHe and Mn in Bangladesh. The National
Hydro-geochemical Survey (BGS and DPHE, 2001) fotimat half of the 3,534 wells
surveyed in Bangladesh exceeded the drinking vetiterdard (based on aesthetic concerns)
for Fe (1 mg/l), and three quarters exceeded tedsrd for Mn (0.1 mg/l). High intakes of
manganese through both inhalational exposures ankirty water have been shown to be
toxic (Institute of Medicine Food and Nutrition Bda 2002). For Manganese having such
adverse health impacts, WHO (2004) recommends @deljoe value of 0.4 mg/l to protect
against neurological damage and, WKED11]) eliminated the health-based guideline value
noting that “this health-based value is well aboceacentrations of Mn normally found in
drinking-water”. However, this logic is not validrf Bangladesh, since, about 40% of wells
sampled in the BGS-DPHE survey in Bangladesh exkéie WHO (2004) recommended
health based guideline value of 0.4 mg/l for MNnG®and DPHE (2001) reveals that the
people of central, north and south-east regiorBamifgladesh is exposed to great health risk
for presence of high concentration of Mn (>0.4 mgfl groundwater in this regions.
According to BGS and DPHE (2001), nationwide ab®2%% of wells, which contain safe
level of arsenic (i.e., < 0.05 mg/l) have been fbtmcontain unsafe level of manganese (i.e.,
>0.4 mg/l). Therefore, this would significantly nease the population exposed to unsafe
water, beyond that estimated for arsenic alone.e@enn of high concentrations of
manganese in groundwater has introduced a new dioreto the already difficult safe water
supply scenario in Bangladesh. However, manganesge ihas attracted relatively less
attention so far in the water supply sector in Badgsh. Due to widespread presence of
manganese in groundwater in addition to arsenicimg it is important to raise awareness
among the stakeholders about the manganese issudearlop Mn removal technologies
from water.

One of the effective treatment methods availabteréonoval of soluble Mn from drinking
water is the adsorption of soluble manganese omtaganese oxide coated sand (e.g., green
sand). Green sand is a purple-black granular fittedium processed from glauconite sand
which is naturally or synthetically coated withhantlayer of manganese dioxide, MO his
coating of manganese oxide adsorbs soluble mangmes water and, in the presence of an
oxidant, these adsorbed Mn(ll) are oxidized tocs®lin(lV) to create more available sites
(Merkle et al., 1997). Currently, there is no otheyatment alternative available that can
remove soluble Mn with the high efficiency as Mnidex coated sand (Zuravnsky, 2006;
Subramaniam, 2010).



Oxide-coated media (OCM) perform a dual functiortiea Mn removal process, permitting
two modes of operation for soluble Rirremoval (Merkle et al., 1997b). In the intermitten
regeneration (IR) mode, the filter media bed absdfb’*in the absence of a strong oxidant.
Sorption capacity is periodically regenerated byligption of oxidant (e.g., chlorine,
potassium permanganate). In the continuous regeme(&€R) mode, oxidant is continuously
supplied to oxidize the adsorbed o insoluble MnOXx(s) on the coated media surface,
continuously regenerating sorption capacity anélgat function. There are a number of
parameters that affect the manganese removal paafae of oxide coated media (OCM).
Researchers have noted the significance of the ¢ypexidant applied, the pH of water
applied to the bed, and the capacity of the meslieekated to the available surface sites on
the oxide coating (Merkle et al., 1997b; Zuravns2Q6; Subramaniam, 2010).

Previous research developed analytical solutionsteady-state process operation for both
intermittent and continuous regeneration modes kMegt al. (1997b) developed model for
both intermittent and continuous regeneration motiesreate an overall reaction for
manganese adsorption and surface oxidation. Basethe Mass transfer and oxidation
principles used to develop the previous dynamicehotiMerkleet al. (1997b), a simplified
CR model was developed by Zuravnsky (2006) (aner lased by Subramaniam, 2010;
Bierlein, 2012) on steady state and high flow ctods under continuous media
regeneration via free chlorine addition.

The studies on Mn removal by Mn-oxide coated me@aussed above have been performed
with using strong oxidizing agent (e.g., KMROHOCI) to regenerate the coating by
oxidizing the adsorbed Mn. However, recent studWN(BUET,2011) shows that formation
of Mn-oxide coating (indicating the oxidation ofsaibed Mn) is possible while passing Mn
containing groundwater through Sylhet sand (witd amthout acid wash) without addition
of any oxidizing agent from external source (expemntal pH value up to 8.3). At maturation
(i.e., 100% removal of Mn within the filter mediahe sand grains in different columns
contained different quantity of Mn (up to 1384 mggy sand). ITN-BUET (2011) also
reported that a breakthrough point could not beadowhile removing Mn from groundwater
(without involving any external oxidizing agent) blyration through commercially available
green sand; indicating possible regeneration ofdMide coating. This is a contradiction of
the result found by Knocke et al. (1991), which wld no regeneration of active sites
without the presence of any externally applied arid The possible reason for regeneration
of media in ITN-BUET (2011) study could be the ralé certain parameters (possibly
dissolved oxygen, DO, and bicarbonate) in groundmntitat might promote oxidation of the
Mn and therefore, regenerates the Mn-oxide coatitoyvever, previous study (Morgan and
Stumm, 1964, Weber, 1972) revealed that a solytérof above 9.5 (which is much higher
than the experiment conducted by ITN-BUET, 201Xetired to oxidize the soluble Mn by
DO or air. Hence, to oxidize the Mn by DO in natugeound water pH (nearly 7), it is
required to decrease the oxidation potential of Micarbonate in natural groundwater
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(which was around 265.5 mg/l in the study of ITN4BTJ 2011) could potentially reduce the
oxidation potential of Mn and enable DO to oxidMe in near-neutral pH range. However,
this potential mechanism of Mn oxidation needsedanvestigated.

1.2 Objectives of the Present Research

The main objective of this study is to develop &ettinderstanding of the Mn removal
mechanism from ground water during filtration thgbuMn oxide coated media, and develop
a model to simulate adsorption and surface oxidabibMn during filtration. The specific
research objectives are stated below:

1) Conduct laboratory experiments to understand themechanisms (e.g., oxidation
and adsorption) involved in Mn removal by Mn-coatiéér media.

2) Conduct laboratory experiments to determine theheéyon constants for Mn
adsorption onto Mn oxide coated media.

3) Develop a mathematical model (based on analyzedvaihmechanism) to predict
soluble Mn removal profiles across oxide-coatedimbdd

4) Conduct laboratory experiments to generate datdorconcentrations at different
depths of filter media under various operationahditons (flow rate, initial Mn
concentration and pH); and use the data for magldiration.

5) Perform sensitivity analysis, using the model,denitify the controlling factors in the
removal process.

The proposed research work is expected to improwdenstanding of Mn removal
mechanisms from ground water through filtrationNdy-oxide coated media. Based on the
concept of the removal mechanism, a mathematicaleinis expected to be developed to
predict Mn removal profilewhich could eventually be used in the design of momity scale
treatment system.

1.3 Outline of Methodology
To achieve all the mentioned objectives, the follgntasks were undertaken:

1) For evaluating the mechanism of Mn removal in Midexcoated filter media,
influent water of varying composition (with respettt Mn and other water
parameters) were passed through a green sand (corallyeavailable) filter column
(made by glass burette) maintaining a specific flate and the effluent water was
collected and analyzed for residual Mn. Influenttevavas prepared by deionized
water containing 0.01 M KCI. Column experiments evearried out to assess the
effects of dissolved oxygen (DO), initial Mn cont@tion and bicarbonate on the
removal of Mn in green sand filter column. Primarihree types of influent water
containing Mn (Il) were passed through the filtetuenn:



2)

3)

(@) influent water containing 0.01 M KCI (electrtdy, varying Mn concentration,
and varying DO (dissolved oxygen);

(b) influent water containing 0.01 M KCI (electrtdy, varying Mn concentration;
and

(c) influent water containing 0.01 M KCI (electrtdy, varying Mn concentration,
and varying bicarbonate concentration.

Based on the removal mechanism revealed from asalyshe experimental results
discussed above, an effort was made to modify aem@aimarily developed by
Zuravnsky, 2006) to predict Mn removal in greendsélter column. The “multi-port
column” experiments have been carried out to evalube effects of different
parameters (flow rate, initial Mn concentration,)pdh Mn removal, and to generate
data for calibration and validation of the modeheTcontactor column consists of an
acrylic glass column with x-sectional area of 26m#, and total height of about 40
cm, fitted with sampling ports (for collection obge-water) at 2, 4, 6 and 8 inches
depth from the top of the 8 inches depth of gremanedia contained in the multi-
port column. Groundwater, collected from a dedpetwell pump station at BUET
with Manganese concentration of around 0.022 mug/as spiked with Manganese
(1) stock solution to prepare influent water wiliferent concentrations of Mn. In all
experiments, pore-water water samples were cotlectan the multi-port column at
depths of 2, 4, 6 and 8 inches from the top (thindtlhg sampling ports) of green sand
filter media at filter run times of 90, 120 and 1%(nhutes. Various combinations of
experimental conditions and water quality paransetegre applied to study the effect
of flow rate, initial Mn concentration, pH:

a) In order to assess the effect of flow rate (or aontime) on Mn removal, the flow
rate of the influent water through the multi-poltef column was varied from 1.0
to 4.0 ml/min.crfi while other parameters were kept unchanged.

b) The effect of initial Mn concentration on Mn rembweas assessed by varying
initial Mn concentration from 1.15 mg/l to 11.2 rhgt influent water, while
keeping the flow rate fixed at 2 ml/min.m

c) In order to analyze the effect of pH of influenater on Mn removal, column
experiments similar to those described above werglucted where pH of the
influent water was fixed at 6.0, 7.0, and 8.0(byliad dilute nitric acid or sodium
hydroxide to water), keeping the flow rate fixedanl/min.cnf.

Batch experiments were conducted to estimate thteasm constants for describing

adsorption of Mn on green sand. Several airtigitaioers containing groundwater

with different initial Mn concentrations were preed; to each container a different

mass of Mn oxide coated sand were added. The ssispewas then rotated and

allowed to equilibrate; after filtering, Mn conteoit water was measured. The results
were used to determine isotherm constants.



The developed model equations were solved for $oMim and oxidant concentrations using
numerical analysis and assuming an initial valuexadlation rate constant 4k The solutions
were then coded into Statistical Software R (Verddl5.2).

4) The model data were then fitted with experimentaladof Mn concentration at

different filter column depths to determine K simple sensitivity analysis of the
model with respect to various operational paramnsetes performed to identify the
controlling factors in the removal process.

1.4 Organization of the Thesis

Apart from this chapter, the remainder of the theésas been divided into five chapters.
Chapter 2 presents an overview of manganese chgnmstvater, water quality problems
associated with presence of Mn in water includieglth effects, and common methods and
techniques for removal of manganese from waters Thapter presents a detail discussion on
previous research works conducted on removal afbé®lmanganese by adsorption onto
manganese oxide coated media, and modeling effortsdescribing Mn removal by
adsorption and oxidation. The results of previduslies were analyzed to identify the needs
for further experimental and modeling works for anbement of knowledge in this area.

Chapter 3 describes the experimental setup andtan@hlmethods used to carry out the
laboratory experiments. It provides descriptiontbbe experimental setup of the laboratory
column experiments carried out to evaluate the xainof Mn from water during filtration
through a green sand column, under different comt (e.g., with respect to DO, pH,
bicarbonate). It also describes the multi-portuomt design and experimental methods to
generate data on dissolved Mn concentration aergifit depths in the green sand column
during filtration; this data have been used tolralie the mathematical model to predict Mn
concentration profile. Finally, the Chapter desesilthe isotherm experiments conducted to
determine Mn uptake capacity of green sand medid, analytical methods used for
measurement of different parameters.

Chapter 4 demonstrates the experimental resultsrdat from various tests of Mn removal
during filtration through Mn-oxide coated sand @resand). In the first part of this chapter,
results of the column experiments have been preddrdsed on which removal mechanism
of Mn in Mn-oxide coated filter media have beencdssed. Results of multi-port column
experiments presented in this Chapter show effgict@rious water quality and operational
parameters on removal of Mn, and provides usefight into the removal mechanism of
Mn in Mn-oxide coated filter media.

Chapter 5 describes the model developed in thdydtr describing removal of Mn in Mn-
oxide coated filter media, based on the removalhaeism identified in chapter 4. The
validation and application of the model to predictuble Mn removal profile via adsorption
and oxidation onto Mn-oxide coated media has beéstudsed. The first part of this Chapter
presents the model, which has been developed byifymad the model developed by



Zuravnsky (2006), and discusses the numerical isoludf the model with required model
input parameter estimation. In later part, the rmiedi model was used to simulate Mn
removal in a Mn-oxide coated column with variougpuh parameters determined from
appropriate correlations and experiments condugtel@r different conditions. This Chapter
also presents model calibration, model predictiand sensitivity analysis under different
conditions to assess the applicability of the depetl model.

Finally, Chapter 6 presents major conclusions efstudy and provides recommendations for
future direction of study.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

The main objective of this study was to developdretinderstanding of the Mn removal
mechanism from water during filtration through Mride coated media, and develop a
model to simulate adsorption and surface oxidatbmn during filtration. This Chapter
presents an overview of manganese chemistry inryatger quality problems associated
with presence of Mn in water including health efse@nd common methods and techniques
for removal of manganese from water. This chaptesgnts a detail discussion on previous
research works conducted on removal of soluble ewaege by adsorption onto manganese
oxide coated media, and modeling efforts for désegi Mn removal by adsorption and
oxidation. The results of previous studies werelyareal to identify the needs for further
experimental and modeling works for enhancemekhofvledge in this area.

2.2 Manganese Chemistry

Manganese is a mineral that is abundantly founthinre and occurs in rocks and soil, and is
normal constituent of the human diet. It is a titdms metal which has numerous oxidation
states between 0 and +7. The most commonly enaaahtgtates are Mn(ll), Mn(lll),
Mn(1V), and Mn(VIl). The reduced Mn (Il) is genelalfound as the soluble M cation.
The highly oxidized Mn(VII) is widely known as peamganate and found in the form of the
soluble Mnd™ anion. The insoluble oxides of manganese are forfneah Mn(lll) and
Mn(IV) and are often found as MnOOH(s) and M(X), respectively. Mixed oxides also
exist in the form of MnOx, where x varies from Xd 1.8 (Morgan and Stumm, 1964).
Manganese is distributed mainly in manganese oxadeshich pyrolusite (Mn@) is the
most common. Manganese also occurs as an impurityon oxides, some silicates and
carbonates. It occurs more rarely as a major doesti of rhodocrosite (MnCf The
structure and compositions of manganese oxidesnmglex due to variable oxidation states
and to their ion-exchange properties. These prgseare important in soils and aquifers as
they can play a significant role in trace-metalapgon. In sediments, manganese oxides
also typically occur as fine-grained and poorlystayline forms which are easily dissolved
under favorable conditions.

The principal controls on manganese concentratiogroundwater are pH (acidity) and
redox (oxidation-reduction) condition. Calculatiohthe solubilities and stabilities of the ion
to oxidation can be used to create an Eh-pH diagoanthe Mn-Q-H,O system (Bricker,
1965) which reveals that manganese is stable uretkrcing conditions up to pH 10.
Increasing the pH under reducing conditions produm@roxides of Mn.



Eh-pH diagram for the Mn-£H,0 system indicates that solubility of Mn is loweliadvater
which is well oxygenated. As the system becomesenwxidizing, the aqueous Mn(ll) is
converted directly to various solid manganese form;0, (Hausmannite), MiOs
(manganite or Feitknechtite) and Ma@irnessite and feitknechtite are the most commonl
found solid forms (Murray et. al., 1985).The direonversion of Mn(ll) to solid oxide forms
in water apparently does not occur without the gmes of hydroxide (Hem, 1981; Coughlin
and Matsui 976). In fact the rate of oxidation degseon the oxygen concentration and the
square of the hydroxide concentration, suggeshag although the oxides are stable versus
dissolution at moderate pH, the creation of thedesi proceeds through a manganese
hydroxide intermediate form. Manganese removal atlgzed by solids, including Mn
oxides (autocatalysis) (Coughlin and Matsui, 19€&ssick and Morgan, 1975); the presence
of small amounts of solid through sludge recyclangldue to turbidity may increase the rate
of Mn oxidation.

In pH-neutral conditions, the mobility of manganesedetermined by ambient redox
conditions. Under aerobic conditions typical of maallow aquifers and surface waters,
manganese is stable in its oxidized form, Mn(lY)®hich is highly insoluble. Hence,
concentrations of manganese in aerobic water awallyslow and commonly below
analytical detection limits. Under anaerobic coioti$, manganese is reduced to the more
soluble form, Mn (lI), which is released from miakx. Mrf*is the soluble form in most
waters. As a result, much higher manganese comtems can be found in anaerobic
groundwater. As dissolved oxygen concentrationgraundwater tend to decrease with well
depth, anaerobic conditions and hence high mangac@scentrations tend to occur more
commonly in deep wells. Under strongly reducingdibans in the presence of dissolved
sulphide, manganese can be immobilized by the fibomaf insoluble manganese sulphide
(MnS), although this is usually only important aghh pH (>8). As anaerobic conditions
occur commonly in aquifers, problems with iron anthnganese in groundwater are
relatively widespread, though the concentratiotesragd vary widely (USEPA, 2004).

As groundwater infiltrate through soils and aqusfeheir compositions typically evolve from
aerobic to anaerobic, the rates of change depermtinge rates of diffusion of oxygen and
other oxidants in the system. Reduction reactiorexjuifers and soils follow a sequence as
the conditions become progressively more reducingically the first compound to be
removed from the system is oxygen, followed by atér and thereafter manganese.
Progressively more reducing conditions lead to cédn of iron followed by sulphate.

Manganese is dissolved in anoxic and acid watemdtgeneous precipitation of Mn(ll) as an

oxide phase does not occur below pH 8, but Mn@iflation does occur in the presence of
different mineral surface and /or via bacterialqess between pH 6 and 8. it is also known
that bacterial mediated oxidation of dissolved naar@ge (Davidson et. al., 1989).
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Figure 2.1 Dissolve manganese concentration with variatiomidepth of well (Source:
Seelig et al., 1992).

Manganese problems are most likely to develop item@omwells with high carbonate ar
low oxygen. Problems occur when this type of wadgrumped to the surface. The chem
equilibrium is changed upon exposure to the atmesphlrhe end result is precipitation
manganese compounds in plumbing, on fixtt and on clothing, dishes and utensils.
shown in Figure 2.1, the amount of manganese disdah water often follows a trend
low to high back to low again as depth of the wadtease (Seelig. al., 1992)

The mobilization of manganese is incred in organicrich waters through complexatit
with organic acids (humic or fulvic acids). Sucmddions occur for example in peaty s
waters and upland lakes associated with them. Higy occur in some strongly reduci
aquifers. Waters with high ccentrations of organic acids typically have a brametoration
(not caused by particulate matter) and may devalsyrface frott

Some forms of bacteria gain energy by oxidatiorsatible Mn in water and can prodi
notable surface slimes where concetions of manganese are high. Bacteria can acce!
the oxidation process and may also exacerbatdrgggunoblems

2.3 Water Quality Problems Related to Mangane:

In BangladeshiManganese is a common natural contaminant of gneated. A number of
studies(BGS and DPHE2003; Hug et. al., 201jlshowed that apart fromrsenic As), large
numbers of wells exceed permissible limits iron (Fe) and manganeddif) in Bangladesh.
This is true for shallow tube wells, and also tonsoextent for deep tube wells and -
wells, which are common water supply options ir-affected areas. The National Hy-
geochemical SurveyBGS and DPH, 2001)found that half of the 3,534 wells suyed in
61 out of 64 districts exceeded the Bangladestkuhgnwater standard (1 mg/l) for iron (F
and three quarters exceeded the permissible |0t ihg/l) for manganese (Mn). Both
these limits are based on aesthetic concerns; ahege level people may be unwilling t
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drink the water, and turn instead to a better#tgstbut microbiologically less safe water
sources. Some of the reported Fe and Mn concemga{BGS and DPHE, 2001) are very
high, over ten times the permissible limit. Irordamanganese concentrations as high as 25
mg/l and 10 mg/l, respectively have been repotegrage Fe concentration in the surveyed
wells has been reported to be 3 mg/l (median 1)ragll average Mn concentration 0.5 mg/I
(median 0.3 mg/l) (BGS and WaterAid, 2001).

High concentrations are found in most areas, brdicodar high-manganese areas are seen in
the current Brahmaputra and Ganges floodplains. dis¢ribution generally does not
correspond with that of arsenic. This means thatiigdwater with acceptable concentrations
of arsenic may not have acceptable concentratidngnanganese. It is notable that
groundwater from the deep aquifer (>150 m) contalatively low concentrations of both
arsenic and manganese.

Figure 2.2 represents manganese concentrationaandgwater of Bangladesh measured
between <0.002 mg/l and 10 mg/l (BGS and DPHE, 20@&dians of the concentrations in

the shallow and deep aquifers were 0.34 mg/L a8 thg/L respectively. This highlights

the large difference in concentrations betweenstm@low and deep aquifers. This figure
indicates that the central, north and south-eagioms of Bangladesh have higher
concentrations of manganese.

Figure 2.3 shows distribution of Mn in well water Bangladesh, based water quality data
obtained from the National Hydro-chemical Surveys@and DPHE, 2001). It shows that
about 27% of the surveyed tube wells have mangas@seentrations within the Bangladesh
drinking water standard of 0.1 mg/L. About 32% obundwater samples have manganese
concentration between 0.1 and 0.4 mg/L, and ab®ut Rave concentration between 0.4 and
1.0 mg/L. About 17% of samples have manganese otrat®n exceeding 1.0 mg/L; only
10 samples have concentration exceeding 5 mg/L.
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Figure 2.2: Distribution of manganese in groundwateof Bangladesh (Source: BGS and
DPHE, 2001)
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Figure 2.3: Wells with different ranges of manganes concentrations (Source: Hasan
and Ali, 2010)

Water with a high concentration of manganese margeahe staining of plumbing fixtures
or laundry. Manganese solids may form depositsiwiplipes and break off as black particles
that give water an unpleasant appearance and Higteintakes of manganese through both
inhalational exposures and drinking water have [sfenvn to be toxic (Institute of Medicine
Food and Nutrition Board, 2002). Manganese is badwracterized as a neurotoxin;
occupational exposures are associated with a deasic syndrome called manganism,
which involves both psychiatric symptoms and Ped&man features (Yamada et. al. 1986;
Calne et. al.,, 1994; Dobson et. al., 2004). For ¢éaese having such adverse health
impacts, WHO (2004) recommends a guideline valueOgf mg/l to protect against
neurological damage and, WHQR011) eliminated the health-based guideline value noting
that “this health-based value is well above conegioins of Mn normally found in drinking-
water”. However, this logic is not valid for Bandksh,since, about 40% of wells sampled in
the BGS-DPHE survey in Bangladesh exceeded the \({@#804) recommended health based
guideline value of 0.4 mg/l for Mn. As shown in &ig 2.2, the people of central, north and
south-east regions of Bangladesh is exposed tot dgrealth risk for presence of high
concentration of Mn (>0.4 mg/l) in groundwater mst regions. According to BGS and
DPHE (2001), nationwide about 32% of wells, whidntin safe level of arsenic (i.e., <
0.05 mg/l) have been found to contain unsafe lefehanganese (i.e., >0.4 mg/l). Therefore,
this would significantly increase the populationpeged to unsafe water, beyond that
estimated for arsenic alone. Detection of high eotrations of manganese in groundwater
has introduced a new dimension to the already cditfisafe water supply scenario in
Bangladesh. However, manganese issue has attnadtdvely less attention so far in the
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water supply sector in Bangladesh. Due to widespreaesence of manganese in
groundwater in addition to arsenic and iron, itngortant to raise awareness among the
stakeholders about the manganese issue and dévialopmoval technologies from water.

2.4 Common Treatment Options for Removal of Mn fromWater

There are a number of removal technologies use@rnwmve manganese from water. The
most common removal technologies are chemical tividasequestration, and adsorption.
Adsorption using oxide coated media is discussedare detail in the following section.

The soluble manganese can be removed by the physmaess of aeration. Burns (1998)
had investigated source reduction of manganesésléyeusing bubble aerators to mix deep
water reservoirs and reduce the effect of thermmatication. Both groundwater and surface
water can be aerated using various techniquesgitreatment. However, the rate of reaction
between manganese and oxygen is slow and a retdaté with several hours of detention
time is recommended to allow adequate conversioon@yV1984). Alkaline pH (> 9.0) is
generally required to oxidize the soluble mangameskis way within the duration of water
treatment (Morgan and Stumm, 1964). Filtrationhisnt applied for the removal of the solid
manganese oxide particles. Aeration is not ofteaduer large plants or water high levels of
manganese. The slow reaction time and capital oogilved in construction of large
retention basins do not promote widespread usage.

Manganese removal has been accomplished by théicaddif various types of chemical
oxidants, including free chlorine, chlorine dioxjdgotassium permanganate and ozone.
Knocke et al. (1987) revealed that alkaline condsi (pH > 8) are required for adequate
manganese removal by chlorine addition. Low tentpeea (< 5°C) were also shown to
hinder the process. Since traditional coagulatloneulation treatment benefits from acidic
pH conditions, the only use of chlorine as an omidéor manganese removal is not
recommended. Chlorine is the oxidant preferrednttaace removal via oxide coated media
by regenerating the media while oxidizing the stdu¥in.

Knocke et. al. (1987) used chlorine dioxide (@I@or removal of Mn from water. The
theoretical stoichiometric amount of chlorine dotxineeded for manganese oxidation is 2.45
mg/mg Mrf*. Laboratory testing showed that twice the thecattamount could be required
for effective soluble manganese removal (Knockal.etl987). The concentration of organic
material in the water significantly affects the age of chlorine dioxide required. At low
total organic carbon (TOC) concentrations (< 2.5lhgchlorine dioxide dose between 1.0—
1.5 mg/L was effective across a large range of pluas. However, water with higher
organic demands (8-10 mg/L TOC) required doseswvefr @ mg/L of CIQ for similar
removal. Due to health concerns of chlorite andmEte presence in drinking water, most
regulatory agencies do not permit dosage of chdodioxide outside the range of 0.5-2.0
mg/L. Hence, chlorine dioxide is an effective oxitléor manganese removal but should be
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used in conjunction with another oxidant when higncentrations of organic material
and/or high initial soluble manganese levels aesgnt.

Soluble manganese oxidation has been performed eotiomally by Potassium

permanganate (KMng). Also affected by organic concentrations, thenprganate dosage
increases to much higher than the theoretical lstmcetric amount when the TOC levels
increase above 3 mg/L (Knocke et al., 1987). Thentbal cost per unit of potassium
permanganate is higher than the cost per unit redjdior oxidation by free chlorine (Knocke
et al., 1987).

A strong and rapid-acting oxidant Ozone; @as become a widely accepted disinfectant in
water treatment since it do not produce disinfectiy-products, except when bromide is
present in the water. Reckhow et al. (1991) coretliatstudy to determine the stoichiometry
and kinetic rates of the oxidation reaction betweeone and manganese under both low and
moderate organic concentration conditions. Theystadnd that the reaction rate increased
with increasing pH; further, at a pH of 8.0 theuiegd dose was practically equal to the
theoretical stoichiometry. However, with the aduhtiof organics, between 2-5 times the
stoichiometric dose was required to oxidize the gaamese. Bicarbonate was added to
minimize the formation of unproductive radicals ahence, reduce the dose of ozone
required. Therefore, Ozone use is more often recemoled for oxidizing manganese in
water with low organic concentration.

Most of the removal methods discussed above chdgnargphysically oxidize manganese to
its solid form. These oxide particles are then neguto be physical removed. This is often
accomplished by traditional treatment methods ahimgg of coagulation, flocculation,
clarification, and filtration to remove the oxidal®ng with other water impurities. However,
oxidized manganese often forms particles in théoital range which are not efficiently
removed when applied directly to filtration medinfcke et al., 1988). Therefore, research
on membrane filtration as a viable method for remg\wxidized manganese particulate has
also been conducted (Suzuki et al., 1998; Rahmah, &000).

Sequestration of manganese is another limited usethod of controlling manganese
oxidation. The addition of polyphosphates or a coration of sodium silicate and chlorine
has been shown to sequester the inorganic witlbwsudegrees of success. However, limited
research has been found in developing this tredatmerthod (Trace Inorganic Substances
Committee, 1987).

2.5 Adsorption and Oxidation of Mn onto Filter Media

There are a number of technologies available toovenmanganese from water such as
aeration, chemical oxidation, sequestration, arsbigdion. The focus of this research is the
adsorption of soluble manganese onto manganese axdted sand (green sand). Green
sand is a purple-black granular filter medium pssesl from glauconite sand which is
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naturally or synthetically coated with a thin laygrmanganese dioxide, MaOThis coating

of manganese oxide adsorbs soluble manganese frat@r \and, in the presence of an
oxidant, these adsorbed Mn(ll) are then oxidizeddthd Mn(IV) to create more available
sites (Merkle et al., 1997). Various oxidizing atgecan be used to change the oxidation state
of Mn so that it can be removed from water. Tableshows the Mn oxidation reactions for
oxidants typically used in drinking water treatmdisting ideal or theoretical stoichiometric
ratio of oxidant to Mn for each reaction.

Table 2.1: Theoretical reaction stoichiometry for nanganese (l1)

Stoichiometric

Oxidant Reaction r"_"“o’
mg oxidant : mg

Mn metal
O, Mn“* + %2 @ + H,0 => MnOy(s) + 2H 0.29:1
HOCI Mn?* + HOCI + HO => MnQy(s) + CI + 3H" 1.30:1
MnO, 3Mn** + 2 KMnQy + 2H,0 => 5 MnQ(s) +2K +4H" 1.92:1
0Os(aq.) Mrf* + O3+ HyO => MnQy(s) + G + 2H' 0.88:1
ClO, Mn** +2CI0; + 2H,0 => MnQy(s) + 2CIQ + 4H" 245:1

Source: Adapted from Sommerfeld (1999)

The technology of manganese removal through serpénd oxidation on manganese
greensand has been applied for decades, primarityeating groundwater with elevated
soluble manganese levels. Manganese oxide coafmgsed on media acts as good
adsorbents for Mn and also play a role in its otxaaiaby autocatalysis (Kessick and Morgan,
1975; Eley et. al.,, 1993; AWWA, 1994; Merkle, etl., al997b; Zuravnsky, 2006;
Subramaniam, 2010; Tasneem, 2010). Oxide-coatedanf®LCM) perform a dual function
in the Mn removal process, permitting two modesopération for soluble M removal
(Merkle et al., 1997b). In the intermittent regeatem (IR) mode, the filter media bed
absorbs Mf"in the absence of a strong oxidant. Sorption capaperiodically regenerated
by application of oxidant (e.g., chlorine, potassipermanganate). In the continuous
regeneration (CR) mode, oxidant is continuouslyptied to oxidize the sorbed Mhto
insoluble MnOx(s) on the coated media surface,icantsly regenerating sorption capacity
and catalytic function. There are a number of patens that affect the manganese removal
performance of oxide coated media (OCM). Reseaschave noted the significance of the
type of oxidant applied, the pH of water appliedhe bed, and the capacity of the media as
related to the available surface sites on the ocadging.

Knocke et al. (1988) analyzed the use of four d#fifié oxidants to promote manganese
removal across the OCM filter bed. Oxidants werpliad to the water prior to passage
through the filter bed. Strong oxidants such asna@iganate, chlorine dioxide, and ozone
oxidized the soluble manganese almost immediatethe bulk solution. On the other hand,
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the addition of free chlorine prior to the filtrati through OCM filter bed did not oxidize the
manganese in the bulk solution. Instead, the ntgjofithe manganese reaching the filter bed
was in the soluble form. In this case, the remowathanism was determined to be direct
sorption of soluble manganese onto the media saurféoe chlorine residual provided the
necessary oxidant to regenerate the active addosiiea on the media. The capacity of the
media in combination with the regenerative propertof the free chlorine caused the
necessary manganese removal at both low and haghnip rate conditions. The results
indicated that the presence of free chlorine airecentration of >1-2 mg/L was sufficient for
rapid soluble manganese removal (Knocke et al.8L98he study revealed that continuous
removal of manganese can occur with the applicatiofree chlorine, while without free
chlorine, the capacity of the media is eventuakipaisted. Zuravnsky (2006) found a free
chlorine concentration of greater than 1.0 mg/L wegquired for effective soluble Mn
removal; furthermore, increased free chlorine catreéions generally improved the soluble
Mn removal profile.

Knocke et al. (1991) used shallow bed depths (B)6 and high influent manganese
concentrations (1.0 mg/L) to promote rapid exhamstdf the available sorption sites to
evaluate the effects of the absence of chlorinmmanganese removal. There was no evidence
of auto oxidation found and no active sites weliedeegenerated without the presence of an
oxidant. The media was found to start being exleau@ireakthrough point) after passing of
25 liter water without the presence of HOCI at pM.&

A number of studies have shown significant effeetated to the pH of the applied water on
oxide-coated filter media performance (Knoekal., 1988; Knockeet al., 1990; Zuravnsky,
2006). In the absence of free chlorine, the eftdéqgiH on the media capacity was observed
and, the detrimental effects of acidic pH on thelim@nanganese adsorption capacity and the
benefits of alkaline conditions for effective renab\have been found. A slightly alkaline
bulk solution pH (7.0-8.0) provided a greater patage of soluble Mn removal across the
contactor depth than a mildly acidic pH (6.3-6 Z)avnsky, 2006).

Research has been conducted to find the relatiprisétween removal efficiency and the
amount of extractable manganese oxide presenteomédia (Bouchard, 2005). The capacity
of the media to remove manganese was found todseras the extractable manganese oxide
amount increased. In research, the correlation dmrivwextractable coating and manganese
adsorption capacity has been evaluated more dirbgtBouchard (2005). A 4-hour capacity
test was developed to determine the manganesepdilvsocapacity of the media. This test
was used to evaluate media capacity as relatecedodepth in an active surface water
treatment plant. The capacity results were alsopesed to the amount of extracted
manganese oxide. The plot of absorptive capacitgugeextractable manganese indicates
that uptake capacity increases with increasing MmOating until approximately 12 mg
coating per gm of media. Beyond this point the capaloes not seem to increase with an
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increase in extractable coating, suggesting thairiag of MnOXx coatings covers previously
available adsorption sites, making them inaccessibl

The result of this study agrees with the kinetieds#s conducted by Morgan and Stumm
(1964), where different kinetic rates of mangansdsorption were found between colloidal
and flocculated manganese dioxide particles. THieidal suspensions were found to react
more rapidly than the flocculated suspensions. ds wuggested that the reaction between
soluble manganese and manganese dioxide is a sudkted phenomena and the colloidal
sites were more available, allowing for a fasteactsn (Morgan and Stumm, 1964).
Together, these findings indicate a sorption readthat is surface related.

Since the process of adsorption and oxidation dagkys of manganese oxide to the filter
media grains, research was conducted to deternm@eeffect of oxide coatings on the
physical properties of the media. No significanampes in the physical size or density of the
media (Knockeet al., 1990) were found, and therefore, no significantngfes in the
hydraulic properties in the media bed should besetqul.

Zuravnsky (2006) investigated the effect of inisaluble Mn concentrations on the removal
efficiency of OCM. Increasing the initial solublenVconcentration was found to have a
slightly positive effect on the soluble Mn removabofile. This is because an increased
soluble Mn concentration in solution provides gfsliy larger driving force between the bulk
solution concentration and concentration at théaserof the media. The accumulation of
manganese oxide coating is often found to be cdrated in the upper portions of the filter
bed. This phenomenon has been observed in botlatopputilities (Bouchard, 2005; ITN-
BUET, 2011) and pilot-scale experiments (Hargeti lkinocke, 2001).

The studies on Mn removal by Mn-oxide coated méiaussed above have been performed
with using strong oxidizing agent (e.g., KMROHOCI) to regenerate the coating by
oxidizing the adsorbed Mn. However, recent studWN(BUET,2011) shows that formation
of Mn-oxide coating (indicating the oxidation ofsadbed Mn) is possible while passing Mn
containing groundwater through Sylhet sand (witd aithout acid wash) without addition
of any oxidizing agent from external source. Theesgch was conducted using groundwater
with initial Mn concentration of 0.5-5.0 mg/L witho effort to adjust the pH of the influent
water (which was found to increase during the tesh nearly 7 up to 8.3). At maturation
(i.e., 100% removal of Mn within the filter mediahe sand grains in different columns
contained different quantity of Mn. Figure 2.4 sisorgtention of total Mn by the sand filter
media as a function of bed volume (volume of waiassed divided by the volume of the
sand filter media) of water passed through the enéali different initial Mn concentrations.
The average quantity of Mn retained by sand expteas mg Mn/g sand varies from about
149 mg Mn/kg sand (for the column with initial Mn3s5 mg/L) to 1384 mg Mn/kg sand (for
the column with initial Mn = 5.0 mg/L).
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Figure 2.4: Amount of Manganese retained by sand in each colunump to maturation as
a function of bed volume of water passed (IT-BUET, 2011

ITN-BUET (2011) also reported that a breakthrough pcould not be found whil
removing Mn from groundwater (having initial Mn aamtration of 0.-5.0 mg/l, pH rang
of 7-8.3and without involving any external oxidizing agehy)filtration through green san
indicating possible regeneration of Mn oxideting. The amount of water passed during
study was more than 50 L. This is a contradictibthe result found bKnocke et al. (1991
as discussed earlier in this section, which shomedegeneration of active sites without
presence of any extaally applied oxidaniThe possible reason for regeneration of med
ITN-BUET (2011) study could be the role of certain paaters (possibly dissolved oxyge
DO) in groundwater that might promote oxidationtleé Mn and therefore, regenerates
Mn-oxide coating. However, previous study (Morgan andn®h, 1964, Weber, 197
revealed that a solution pH of above 9.5 (alkatiordition) is required to oxidize the solul
Mn by DO or air. Hence, to oxidize the Mn by DOnatural ground water pH (nearl), it
is required to decrease the oxidation potentidiof The findings of the studies by Kozl
et. al. (2004) and Tang et. al. (2009) suggestNhgtl) oxidation is favored in the presen
of Bicarbonate in waterTang et.al. 2009) investigated theffect of Bicarbonate on tt
binding and oxidation of divalent Manganese in baat reaction centers, arrevealed that
Bicarbonate is able to facilitate the binding amdlation of the Manganese (II) ion betwe
pH 6 and 8 in center where the tight ding in their absence could not otherwise
established. Kozloet. al. (2004) studieoxidation potentials of Mn(ll) in aqueous solutic
of Bicarbonate andound thatBicarbonate stimulates the electron transfer from(IM to
Mn-depleted wateoxidizing complex of photosystem Il (e-WOC-PSIl). Therefore,
Bicarbonate in natural groundwater (which was ado@65.5 mg/l in the study of IT-
BUET, 2011) could potentiallyeduce the oxidation potential of Mn and enable [
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oxidize Mn in near-neutral pH range. However, thagential mechanism of Mn oxidation
needs to be investigated.

2.6 Modeling of Adsorption and Oxidation of Mn on Flter Media

The primary phenomena of Mn removal by oxide coai@ad have been identified as ¥n
sorption and surface oxidation (Zapffe, 1933; Edisaand McCall, 1946; Griffin, 1960;
Cleasby, 1975; Knocke et al., 1988). Previous mebedeveloped analytical solutions for
steady-state process operation for both interntiteexd continuous regeneration modes.
Coffey (1993) modeled the steady-state cases fosdption and oxidation by free chlorine
at the oxide surface after the method of Nakar{ilsb67)

Mn*?+ MnO(OHY(s) = MNnGMnO(s) + 2 H (reversible sorption) (2.1)
MnO,MnO(s) + HOCI= 2 MnQ(s) + H + CI (oxidation) (2.2)

An implicit assumption in Equation 2.1 and 2.2 e regeneration of one surface site as
MnO(OH)(s) and incorporation of MnOinto the oxide phase. The overall reaction
described by Coffey (1993) is

Mn*2+ MnO(OHX(s) + HOCI + HO = MnOyx(s) + MNO(OH)(s) + 3H + CI  (2.3)

Merkle et. al. (1997b) developed model for botheintittent and continuous regeneration
modes. The model was based on a simplified versioBquation 2.3 to create an overall
reaction for manganese adsorption and surface tixdéSince a detailed knowledge of the
sorption site structure and Kfoxidation product stoichiometry was lacking, a iified
form of Equation 2.3 was used as shown in Equ&tidn

Mn*? + SITE + HOCI = MnQs) + SITE (2.4)

This reaction states that the bulk-water solubl@gaaese first adsorbs to a site, and then it
is oxidized to replace and regenerate the previmxide site. The reacting species of
Equation 2.4 are assumed to be located in the inatgeedegion of the oxide surface. This
assumes that the total number of sites is indepgnde any oxide accumulation, an
assumption that may not be valid over extendedgsrof filter operation. Any near-surface
pH change (and local changes in pH dependent erisity that affect catalysis rates), due to
Mn?* sorption and oxidation reactions along with in@ogtion of other inorganic species,
are neglected.

The intermittent regeneration (IR) mode is a specése of the model with no oxidant
present, in which the media bed performs as arflbsorber unit. For IR mode, a linear
driving force (LDF) approximation was used to poedhe sorption process. However, LDF
did not agree with desorption data and consisteatlgr-predicted the effluent soluble
manganese concentration. The continuous regenerf@i®) model was developed as an
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adaptation of the intermittent model by includinge tsurface oxidation reaction. The
oxidation was assumed to be limited to the surfatdhe media because the oxidant
(HOCI/OCI) is not considered to diffuse past the surfacmterior sites. It is assumed that
the reactants reach the surface sites by turbalahimolecular diffusion, but once there, they
do not equally participate in surface diffusioririterior Mr** sorption sites. Once an oxidant
molecule encounters a surface site, it is mostylike encounter a sorbed Kfand react.
However, the sorbed Mhis free to surface diffusion into the interior tfe coating to
sorption sites kinetically inaccessible to the axig for which intrapore transport is
relatively hindered (Merkle et. al., 1997b).

The calibration parameter used in both models wésrmed to as the kinetically available
fraction of sorption capacity (AFR). The value daetmed for AFR was related to the sites
available through surface diffusion. The continusegeneration model included another
fitted parameter, the mass transport coefficieptgkMn from the bulk fluid to the particle

surface. The model predictions were valid underdd@ns generally found in water

treatment. The model did not agree with the dat@nwvbubjected to high flows at low
manganese adsorption capacity.

Based on the Mass transfer and oxidation principkesd to develop the dynamic model of
Merkle et al. (1997b), a simplified CR model was developed bya¥nsky (2006) on steady
state and high flow conditions under continuous imeé@generation via free chlorine
addition. The model was simplified version of theeypous model since the concept of
unavailable adsorption sites developed by Merkleakt(1997b) was not included in this
model. In the later part of this thesis, the stestdye equations those were used in this model
and derivation of these equations have been diedusdetail.

2.7 Summary

Among several Mn removal technologies, adsorptimh@idation of Mn on filter media has

been found very effective. Several studies havenbperformed to investigate the
simultaneous adsorptive removal of Mn and regeiwratf the Mn oxide coating onto filter

media by using strong oxidizing agent. However.enécstudy reveals that the naturally
present DO and other constituents (e.g., bicarledmatwater could promote removal of Mn
in a filter media (by sorption and oxidation) witliothe addition of an oxidant. This

phenomenon needs to be investigated in more détadugh laboratory experiments. A
model needs to be developed incorporating this iplessnechanism that needs to be
calibrated and validated with experimental results.
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CHAPTER 3: EXPERIMENTAL METHODS AND MATERIALS

3.1 Introduction

The main objective of this study was to developdretinderstanding of the Mn removal
mechanism during filtration through Mn oxide coateddia through laboratory study and
model development. This chapter describes the awpatal setup and analytical methods
used to carry out the laboratory experiments. $tdbes (Section 3.2) the experimental setup
of the laboratory column experiments carried ouétaluate the removal of Mn from water
during filtration through a green sand column, ungdiéferent conditions (e.g., with respect
to DO, pH, bicarbonate). It also describes thetimpalrt column design and experimental
methods aimed at measuring the dissolved Mn coratént at different depths in the green
sand column during filtration (Section 3.3). Thesuks from the contractor column
experiments have been used to calibrate the madelaped to simulate Mn removal in the
sand column. Finally, the Chapter describes thdhé&om experiments conducted to
determine Mn uptake capacity of commercially avddagreen sand media (Section 3.4), and
analytical methods used for measurement of diftgparameters.

3.2 Column Experiments

For evaluating the mechanism of Mn removal in Miated filter media, influent water of
varying composition (with respect to Mn and othexttev parameters) were passed through a
green sand (commercially available) filter columaimtaining a specific flow rate and the
effluent water was collected and analyzed for nesidvin. Filter beds were prepared with
green sand using glass burette (50 ml) with a csessional area of 1 dnThe Fineness
Modulus (F.M.) and unit weight of the green sandduas filter media were determined as
4.6 and 2.33 g/citmeasured from apparent specific gravity), respebti Fractional pore
volume (porosity) of green sand was measured as Thk initial average Mn-content of the
green sand was determined (by ITN-BUET, 2011) adtdectively leaching Mn from the
sand media using hydroxylamine hydrochloride, folloy the method reported in Eley and
Nicholson (1993), and was found to be about 14#Q0Mn/kg green sand. Total depth of
filter media in the filter column was 50 cm, corisig of top 48 cm green sand and bottom 2
cm gravel (to avoid clogging of burette outlet inef particle).

The experimental set up consisted of a bucket anaceylic glass column (x-sectional area
of 26.4 cnf and depth 45 cm) for holding raw water, green ddtedt beds in glass burette, a
dosing pump (Type: CNPAO705PVT209/A01, ProMinengri@any), collector buckets and
flow control (manual valve) arrangements (see FEgarl). Raw influent water was first
stored in a bucket and thereafter, it was pumpeah fthe bucket to the acrylic glass column.
A constant head of the influent water had to benta@ied in the acrylic glass column (to
maintain a fixed effluent flow rate) which was aesgadished by providing an outlet point
near the top (8 cm from top) of the acrylic glaskimn to flow out the excess influent water
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back to the raw water bucket. Influent water inycrglass column was allowed to flow by a
pipe (1.12 cm outer diameter) through the green satumn in glass burette with a constant
flow rate. Effluent water was then collected inafiector bucket. It should be noted that the
surface of the influent water stored in the bucked acrylic glass column was in contact
with atmosphere during experiment.

Column experiments were carried out to assessfteet® of dissolved oxygen (DO), initial
Mn concentration and bicarbonate on the removaMof in green sand filter column.
Primarily three types of influent water containiMn (1) were passed through the filter
column:

(a) influent water containing 0.01 M KCI (electrtdy, varying Mn concentration, and
varying DO (dissolved oxygen);

(b) influent water containing 0.01 M KCI (electrtdy, varying Mn concentration;
and

(c) influent water containing 0.01 M KCI (electrady, varying Mn concentration, and
varying bicarbonate concentration.

For column experiments deionized water containirgdl M KCI was prepared, which was
spiked with Mn(ll) and Bicarbonate stock soluticdwsattain desired concentrations of Mn
and bicarbonate concentration. Mn(ll) stock solutieas prepared by dissolving manganese
salt MnC}b.4H,O in distilled water; while Bicarbonate stock sadat was being prepared
using sodium bicarbonate (NaHEOAddition of bicarbonate increased pH of influavdter
above 8.0 which was adjusted to about 7.0 by addihge nitric acid. Influent Mn(Il)
concentration was varied from 7.21 mg/l to 10.24Inwvghile bicarbonate concentration was
varied from about 200 mg/l to 443 mg/l.

To assess the effect of dissolved DO, at firspresfwere made to remove DO from natural
groundwater by passing argon gas through wateragcwed in a gallon and covered with
flexible polymer film to avoid contact with air. Was possible to reduce DO level to about
0.2 mg/l (with continuous passage of nitrogen/ajgblowever, during passage of argon, the
pH of groundwater increased significantly up towht0.0 (due to continued loss of carbon-
di-oxide). At the high pH, Mn(ll) was oxidized torV) and precipitated out of the bulk
solution. Effort to control pH by addition of dikitnitric acid was not successful.
Subsequently, experiments to assess the effectOofvAs carried out using influent water
prepared from deionized water containing 0.01 M K¥@H desired concentration of Mn.
Argon gas was passed through this solution to dfé®O, and with continuous passage of
argon, a DO level of about 2.0 mg/l could be man@d throughout the column experiment;
the DO level could not be reduced below this valoder the experimental conditions used
in this study.
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Influent water was passed through the preparechggaed column, and surface overflow rate
or flow rate (ml/min divided by x-area) was keptdil at approximately 6 ml/min.cémpH
was found to increase with filter run time for thdluent water containing bicarbonate.
Hence, pH was adjusted (nearly 7) by applying dilnitric acid to the raw influent water
(when required during the test); however, it didt miecrease the applied bicarbonate
concentration significantly (up to 5%). Effluent t@asample was collected to determine Mn
concentration; DO and pH of influent water were sugad at different filter run times (up to
350 minutes). New green sand media was used ftriedividual column experiment.

-

Acrylic glass
column

Figure 3.1: Experimental set up for Mn removal mechnism study

3.3 Multi-port Column Experiments

As a part of this research, a mathematical modelldeen developed (see Section 5.2.1) to
predict Mn removal in green sand filter column. Thedel predicts concentration of Mn in
bulkwater (i.e., pore water) along the depth of fitter column. The “multi-port column”
experiments have been carried out to evaluatefthete of different parameters (flow rate,
initial Mn concentration, pH) on Mn removal, and generate data for calibration and
validation of the model. The multi-port column cmts of an acrylic glass column with x-
sectional area of 26.4 é&rand total height of about 40 cm; with containghimches of depth
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of green sand media.The multi-port column wasditgth sampling ports (for collection of
pore-water) at 2, 4, 6 and 8 inches depth fromtdipeof the of green sand media (shown in
Figure 3.2). The unit weight, F.M., porosity, andial Mn content of the green sand were
2.33 g/cni (measured from apparent specific gravity), 4.6d40and 14,400 mg Mn/kg,
respectively. The experimental set ups consistegreén sand filter beds in the multi-port
column (shown in Figure 3.2), flow control arrangstts, a pump and collector buckets.

Groundwater, collected from a deep tube well purgtien at BUET with Manganese
concentration of around 0.022 mg/L, was spiked vithnganese (II) stock solution to
prepare influent water with different concentratoof Mn. Table 3.1 provides a detailed
characterization of ground water used in all ofrthdti-port column experiments.

Table 3.1: Detailed characterization of ground wateused in laboratory experiments

Parameter Unit Concentration
pH -- 7+0.1
Alkalinity as CaCQ mg/L 25415 mg/l
DO mg/L 7.5+0.1 at 28C
Chloride mg/L 55
Iron mg/L 0.01
Manganese mg/L 0.022
Arsenic pa/L <1

In order to assess the effect of flow rate (or aohtime) on Mn removal, the flow rate of
the influent water through the multi-port filterlamn was varied from 1.0 to 4.0 ml/min.g€m
(i.e., 26.4 to 105.6 ml/min), while other paramsterere kept unchanged. Initial pH of
influent water was close to the pH of natural gbwuater (7+0.1) and was found to vary
slightly (7.2+0.1) with the filter run time (up ttb0 minutes); no effort was made to adjust
the pH.

The effect of initial Mn concentration on Mn remobweas assessed by varying initial Mn
concentration from 1.15 mg/l to 11.2 mg/l in inflievater, while keeping the flow rate fixed
at 2 ml/min.cm. The concentrations of Mn in the influent waterrevset considering Mn
concentration in well water in Bangladesh (BGS BRHE, 2001). As before, initial pH of
influent water was close to 7+ 0.1, which changeghtly (7.2+0.1) with the filter run time
(up to 150 minutes); no effort was made to adjustaH.

In order to analyze the effect of pH of influenater on Mn removal, column experiments
similar to those described above were conductedempid of the influent water was fixed at
6.0, 7.0, and 8.0 (by adding dilute nitric acicsodium hydroxide to water), keeping the flow
rate fixed at 2nl/min.cnf. The pH values for influent water were set atribatral range (6

to 8) considering the pH value of natural groundwvah Bangladesh. The pH of influent
water was found to vary slightly (6.0£0.2, 7.2+@id 8.0+0.1 for influent water with initial

pH of 7.0, 6.0 and 8.0, respectively) with theefilrun time (up to 150 minutes); no effort
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was made to adjust the pH during filter run. In edperiments, pore-water samples were
collected from the multi-port column at depths o#26 and 8 inches from the top (through
the sampling ports) of green sand filter medial@rfrun times of 90, 120 and 150 minutes.

It should be noted that the effect of the preseotcether ions (e.g., Fe, As) was not
considered in this study, because in typical treatnsystems, Fe and As are removed prior
to filtration of water by aeration followed by prpitation and often roughing filtration.

Figure 3.2: Multi-port column for model calibration

3.4 Isotherm Experiments

Batch experiments were conducted to estimate tbéhasm constants for describing
adsorption of Mn on green sand. Freundlich isoth@onstants (K, n) and Langmuir
Isotherm constant (Q, b) were calculated using fat@ batch experiments in which Mn
uptake of green sand at pH of 7.2+0.1 and temperanfi 28C was measured. Several
airtight containers (50 ml) containing groundwateth different initial Mn concentrations
(3.40-12.9 mg/L) were prepared; to each containgiffarent masses (0.4-1.0 gm) of green
sand were added. The suspensions were then comsiyumtated (up to 52 hours) using a
tilted rotator (shown in Figure 3.3), allowed touddprate and filtered with normal filter
paper (0.8Qum). For each set of experiment, three tests wendwazied with equilibrations
time of 48, 50 and 52 hours, and thereafter, canagons of Mn in the filtrate were
measured. The uptake capacity (q) is calculateshas/n in Equation 3.1. The results (data
tabulated in Appendix B) were used to determineufdéch isotherm constants and
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Langmuir Isotherm constants for green sand media.€éluation for a linear trend line fitted

to this plot is analogous to the linearized fornthe Freundlich isotherm equation (Equation
3.2), which allows the values of K and n to be dateed. Freundlich Isotherm constants
were verified by plotting the isotherm relationshéiong with the experimental data.

Similarly, Langmuir Isotherm constants were deteediusing the linear form of equation as
shown in Equation 3.3. It should be noted thatsibttierm constants determined by batch
experiment could be slightly different than thatséxn column experiment since the linear

driving force (caused by the difference between dldsorbate concentration in the bulk
solution and the concentration at the externalaserfof media) gets reduced with treatment
time in batch experiment, while it remains fixeccmlumn experiment.

_ V(Ci-Cf)
== (3.1)
In(q) = In(K)+ (1/n) In(G) (3.2)
where:
Ci = Initial soluble Mn concentration (mg/L)
Ct = Final soluble Mn concentration (mg/L)
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 (L)
Cr 1 Cr
d=— 4 3.3
q be @ (3:3)
Where:
Q = maximum number of Mn adsorbed/adsorbent massnwdurface sites are
saturated

b = empirical constant

Figure 3.3: Tilted rotator used for batch experiem to determine Mn uptake capacity
of green sand media.
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3.5 Reagents and Analytical Methods

All chemicals used in this research work are ofjezd grade. Mn(ll) and bicarbonate stock
solution was prepared by dissolving manganeseMia@tl,.4H,O and sodium bicarbonate
(NaHCGQ) in deionized water, respectively.

The pH of water samples was measured using a plrr{@®t00i, WTW 82362 Weilheim,
Germany). DO was measured using a DO meter (VhdtilP4, WTW 82362 Weilheim,
Germany).

Samples collected for soluble Mn concentration meteation were acidified with the
addition of 0.1% concentrated nitric acid for saenpteservation. Manganese concentrations
were measured using an Atomic Adsorption Spectrigpheter (Shimadzu, AA-6800;
Flame-AAS). All other water quality parameters weneasured following the Standard
Methods (AWWA, APHA).
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CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1 Introduction

The main objective of this study was to developdretinderstanding of the Mn removal
mechanism during filtration through Mn oxide coateddia through laboratory study and
model development. This chapter presents the expetal results obtained from various
tests of Mn removal during filtration through Mnidg coated sand (green sand). In the first
part (Section 4.2) of this chapter, results of dodumn experiments have been presented
based on which removal mechanism of Mn in Mn-oxabated filter media have been
discussed. Results of multi-port column experiragmesented in this Chapter (Section 4.3)
show effects of various water quality and operatigmarameters on removal of Mn, and
provides useful insight into the removal mechanigrivin in Mn-oxide coated filter media.

4.2 Results of Column Experiments

Several studies (Merkle et al., 1997; Zuravnsky)&®Bubramaniam, 2010; Bierlein, 2012)
have been performed on Mn removal by filtrationotigh Mn-oxide coated media where
strong oxidizing agents (e.g., KMpOHOCI) have been used to regenerate the Mn-oxide
coating by oxidizing the adsorbed Mn. However, IBNET (2011) shows that formation of
Mn-oxide coating (indicating the oxidation of adsed Mn) on filter media is possible
without addition of any oxidizing agent (detailedsdription provided in Chapter 2). For
evaluating the mechanism of Mn removal in Mn coditdr media, column experiments
have been carried out in this study where inflwestier of varying composition (with respect
to Mn and other water parameters) were passed ghra green sand filter column
maintaining a specific flow rate and the effluenater was collected and analyzed for
residual Mn.

Figure 4.1 and Figure 4.2 show the removal of Mgr@en sand filter column under similar
conditions, with the exception of DO concentrationinfluent water. These two sets of
experiments were carried out to assess the effd@Ooon removal of Mn in the filter media.
The figures also show concentrations of Mn, DO pHdof influent water as a function of
filter run time. Figure 4.1 shows that effluent Moncentration increased gradually from
nearly 4% (i.e., about 0.44 mg/l at 60 minutesiledifrun time) to nearly 35% of influent Mn
concentration (i.e., about 3.82 mg/l at 200 minwtkélter run time), indicating significant
decrease in removal efficiency and possibly ingngaain approach to the breakthrough point
(i.e., where influent and effluent Mn concentratisould be the same). The influent pH, DO
and Mn concentration remained more or less unclthtigeughout the experiment.

Figure 4.2 shows results of column experiments usoheilar conditions, except at a higher
DO concentration of the influent water. This expent was conducted to assess the possible
effect to DO on removal of Mn in the filter medRigure 4.2 shows a trend of Mn removal
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similar to that observed in Fig. 4.1; Mn removdiaéncy decreases with increasing filter
run time, and the system appears to approach &threagh point. The influent pH, DO and
Mn concentration did not change significantly dgrthe course of the experiment.

Both Fig. 4.1 and Fig. 4.2 show that the systemr@ghes the breakthrough point as filter
run time increases. Fig. 4.2 shows effluent Mn eomr@tion increased gradually from nearly
13% (i.e., about 1.33 mg/l at 10 minutes of filtan time) to nearly 71% of influent Mn
concentration (i.e., about 7.24 mg/l at 350 minateslter run time), and the system appears
to approach a breakthrough point. This indicates tthe removal of Mn is characterized by
only adsorption, and the removal capacity decreasdbe adsorption sites on the media are
exhausted with increasing filter run time. Thesggifes also indicate absence of regeneration
of Mn-oxide coating on the filter media (e.g., byidation of adsorbed Mn on filter media);
such regeneration would increase Mn removal byicoatisly creating new adsorption sites,
which is not apparent from the experimental resdltas, it appears that DO alone cannot
regenerate the media by oxidizing Mn(ll) under ekxpental condition applied in this study.

@ Effluent Mn Conc. (mg/l) = pH DO (mg/) X Influent Mn Conc. (mg/l)
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Figure 4.1: Effluent Mn concentration as a functionof filter run time in column
experiment carried out with reduced DO (mg/l) (Influent water prepared with
deionized water containing 0.01 M KCI and 10.9 mgMn(ll); hydraulic loading rate,
HLR= 6 ml/min.cm? Temp=28°C)
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# Effluent Mn Conc. (mg/l) =pH DO (mg/l)  XInfluent Mn Conc.(mg/I)
12

10 2 X

Parameter Concentration
(o)}
2 2

O T T T T T T T

0 50 100 150 200 250 300 350 400
Filter run time (min)

Figure 4.2: Effluent Mn concentration as a functionof filter run time in column
experiment carried out with higher DO (B mg/l) (Influent water prepared with
deionized water containing 0.01 M KCIl and 10.2 mgMn(ll); hydraulic loading rate,
HLR= 6 ml/min.cm?, Temp=28°C)

@ Effluent Mn Conc.(mg/I) =pH DO (mg/) X Influent Mn Conc. (mg/I)
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Figure 4.3: Effluent Mn concentration as a functionof filter run time in the present of
Bicarbonate in influent water (Influent water prepared with deionized water containing
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0.01 M KCl, 10.4 mg/l Mn(lI1), and 200 mg/l Bicarborate; hydraulic flow rate, HLR= 6
ml/min.cm? Temp=28°C, influent water DO+[B.0 mg/l)

As discussed in Chapter 2, bicarbonate can playleain catalyzing the oxidation of Mn.
Bicarbonate could also promote formation of M solids within the filter media, which
would also promote removal of Mn by precipitaticand possibly by creating additional
adsorption sites). In order to evaluate these plessnechanisms, column experiments were
conducted under conditions similar to those disedisabove, but with addition of
bicarbonate in the influent water. Figure 4.3 shoarmoval of Mn in the green sand filter
column as a function of filter run time in the prase of 200 mg/l Bicarbonate. It shows that
effluent Mn concentration gradually increased uB83% of influent Mn concentration (4
mg/l effluent Mn concentration after 120 minuteditiér run time), but thereafter it did not
increase further during the remaining filter rumei (up to 300 minutes), showing possible
stabilization of effluent Mn concentration (equrllom condition).

Comparing the results of the two similar experirseptesented in Figure 4.2 (without
Bicarbonate in influent water) and Figure 4.3 (wBicarbonate in influent water), it is

obvious that Mn removal efficiency is increasedtle presence of bicarbonate and the
system does not approach the breakthrough poirgreTare two possible reasons for this
phenomenon:

(1) Possible surface mediated oxidation (at the sesfaaf Mn-oxide coated filter
media) of adsorbed Mn by DO in the presence of Bmaate, which produces
insoluble Mn-oxide and regenerates the exhaustetiame

(2) Possible formation of insoluble MNnG@) in the presence of Bicarbonate which
increases removal efficiency by removing Mn withihe filter media by
precipitation.

To investigate the dominant mechanism among thesgobssible mechanisms, efforts have
been made to invoke fundamental concept of sokgipitation and dissolution. Equation 4.1
and Eqg. 4.2 show formation/dissolution of Mn{€) and the mass law expression for
formation/dissolution of MnCgjs). Equation 4.2 shows that at equilibrium thedpii of the
molar concentrations of MAand CQ?ions will always be equal to the solubility product
Ksp If precipitation of MnC@Q(s) is the dominant mechanism in presence of Bmzte,
then the change in aqueous concentration of anyobriee ions (M#? and CQ?) would
cause change in the concentration of the otheraimsordingly so that the value ofsK
remains constant.

MNnCOjs(s) > Mn*? + CO5 (4.1)

Ksp= [MN*? [CO5?] = [MNn*?] [02Cr] (4.2)
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where:

[Mn*?] = molar concentration of MA ion in equilibrium

[CO5?] = molar concentration of GG ion in equilibrium

Ksp = solubility product

ap = distribution coefficient, is a function of pH gnl

Cr = Total concentration of dissolved inorganic carb§H,COs] + [HCOs] + [COs7

According to Equation 4.2, if Bicarbonate concetibrais increased at a particular pH (i.e.,
by changing the total concentration of inorganitboa, G, in water), more C¢ will be
available in solution, and a lower concentration Mfi** would cause precipitation of
MnCOxs(s).

To investigate this issue, two sets of experimemé&se conducted; one with increased
Bicarbonate concentration (442.9 mg/l) and othehwecreased influent Mn concentration
(7.21 mg/l), keeping the other water quality anceragional parameters (e.g., flow rate)
unchanged.

Figure 4.4 shows effluent Mn concentration as ation of filter run time for the column
experiment with an increased bicarbonate concemtraif 442.9 mg/l and initial Mn(ll)
concentration of 10.8 mg/l. Therefore, Figure 4n8l &ig. 4.4 show removal of Mn under
similar conditions, except for the difference irc&ibonate concentration. Figure 4.4 shows
that effluent Mn concentration increases gradufaliyn nearly 1.5 mg/l (at 70 minutes of
filter run time) to nearly 4 mg/l (at 220 minutesfidter run time), where it gets stable and
does not increase further during the rest of therfrun time (up to 320 minutes), indicating
an equilibrium condition. If MnCgls) precipitation was the dominant mechanism then
according to Equation 4.2, effluent Mn concentmatiwould have been lower in this
experiment than that of the experiment correspantbriFigure 4.3, since higher Bicarbonate
concentration (and hence)had been used in this test.

Figure 4.5 shows results of a similar experimenenghiMn(ll) and Bicarbonate concentration
in the influent water were 7.2 mg/l and 200 mgéspectively. As shown in Figure 4.5,
effluent Mn concentration increases up to 1 mgilfiféer run time of 100 minutes) and
thereafter, and does not increase further duriegeit of filter run time (up to 280 minutes),
indicating an equilibrium condition. If MNnC{¥) precipitation was the dominant mechanism
then according to Equation 4.2, effluent Mn concaian at equilibrium would have been
similar to that of the experiment correspondingrtgure 4.3, since in both of these tests
Bicarbonate concentration (and henceg) Was similar. On the other hand, this experimental
result agrees well with the concept of surface mtedi oxidation of adsorbed Mn by DO in
the presence of bicarbonate, since under contintegeneration and adsorption, equilibrium
concentration of adsorbate is proportional tont8al concentration.
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Analysis of the results shown in Figures 4.3 thfokggure 4.5 suggest that the dominant
mechanism for the removal of Mn(ll) is continuoggeneration of Mn-oxide coated media
(caused by the surface mediated oxidation of adsbiidn by DO in the presence of
Bicarbonate) rather than MnG@) precipitation. This result is supported by finelings of a
previous study (Kozlov et. al., 2004; Tang et. 2009) which shows that Mn(ll) oxidation is
favored in the presence of Bicarbonate in watengTet.al. (2009) investigated the effect of
bicarbonate on the binding and oxidation of divalanganese in bacterial reaction centers,
and revealed that Bicarbonate is able to facilithéebinding and oxidation of the Manganese
(1) ion between pH 6 and 8 in center where théittiginding in their absence could not
otherwise be established. Kozlov et. al. (2004 distl oxidation potentials of Mn(ll) in
agueous solutions of bicarbonate and found tharbanate stimulates the electron transfer
from Mn(ll) to Mn-depleted water-oxidizing complex photosystem Il (apo-WOC-PSII).

Based on the results of laboratory experimentgngimuous regeneration mode of model (by
oxidation of Mn by DO) has been developed for desoy the removal of Mn from
groundwater during filtration through a green saatlimn.

@ Effluent Mn Conc.(mg/I) =pH DO (mg/) X Influent Mn Conc. (mg/l)
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Figure 4.4: Effluent Mn removal as a function of flter run time in the presence of
Bicarbonate in influent water (Influent water prepared with deionized water containing
0.01 M KCI, 10.8 mg/l Mn(ll), and 442.9 mg/l Bicarlonate; hydraulic flow rate, HLR=

6 ml/min.cm?, Temp=28°C, influent water DO+[B.0 mg/l)
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Figure 4.5: Effluent Mn concentration as a functionof filter run time in the presence of
Bicarbonate in influent water (Influent water prepared with deionized water containing
0.01 M KCI, 7.2 mg/l Mn(Il), and 200 mg/l Bicarbonde; hydraulic flow rate, HLR= 6
ml/min.cm? Temp=28°C, influent water DO+[B.0 mg/l)

4.3 Results of Multi-port Column Experiments

As noted above, a mathematical model has beenajmatl(see Section 5.2.1) to predict Mn
removal in green sand filter column, based on tleehanism of continuous regeneration of
Mn-oxide coating on filter media by oxidation of K by DO in the presence of
Bicarbonate. The model predicts concentration of iMibulk-water along the depth of the
filter column. The “multi-port column” experimentsve been carried out to evaluate the
effects of various parameters (flow rate, initiah oncentration, pH) on removal of Mn, and
to generate data for calibration and validationtleé model. Soluble Mn concentration
profiles in bulk-water were generated through mesments of pore-water Mn concentration
at four depths (2, 4, 6 and 8 inches from the tojflv® green sand media) in the filter column
(as described in Chapter 3); the Mn concentratrneasurements were carried out after 90,
120 and 150 minutes of filter run time. Various ¢omations of experimental conditions
were applied to evaluate the effects of differeatameters on Mn removal. Results from
these experiments were used for model calibratiohvalidation.

4.3.1 Manganese removal: Effect of flow rate/contat¢ime

In order to assess the effect of flow rate (or aohtime) on Mn removal, flow rate (ml/min
divided by column x-area) of the influent water wasied from 1.0 to 4.0 ml/min.cn{26.4
to 105.6 ml/min) through the multi-port column keepthe other applied water conditions
nearly similar. Groundwater collected from a deebpet well pump station at BUET, was
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spiked with Manganese (ll) stock solution to prepie influent water. Initial pH of influent
water was 7+0.1 and was found to vary slightly £0.2) during the filter run time (up to 150
minutes); Table 4.1 provides characterization diuent water used in multi-port column
experiments at different flow rate conditions.

Table 4.1: Characteristics of influent water usedn multi-port column experiments at
different flow rate conditions
Parameter value

Parameter

Flow rate (ml/min.crf)
Influent water Mn concentration (mg/l)

pH during filter run (up to 150 minutes)
Alkalinity as CaCQ (mg/l)

DO (mgl/l)

Temperature®C)

1
4.2

7.2+0.1

25415

7.5+0.1 at 28C
28

Flow rate (ml/min.crf)

Influent water Mn concentration (mg/l)
pH during filter run (up to 150 minutes)
Alkalinity as CaCQ (mg/l)

DO (mgl/l)

Temperature®C)

2

4.83

7.2+0.1
25415
7.5+0.1 at 28C
28

Flow rate (ml/min.crf)
Influent water Mn concentration (mg/l)

pH during filter run (up to 150 minutes)
Alkalinity as CaCQ (mg/l)

DO (mgl/l)

Temperature®C)

3
4.5

7.2+0.1
25415

7.5+0.1 at 28C
28

Flow rate (ml/min.crf)

Influent water Mn concentration (mg/l)
pH during filter run (up to 150 minutes)
Alkalinity as CaCQ (mg/l)

DO (mgl/l)

Temperature®C)

4
4.23

7.210.1

25445

7.5+0.1 at 28C
28

Figures 4.6, 4.7, 4.8 and 4.9 present data fronti4pait column experiments conducted
with flow rate of 1, 2, 3 and 4 ml/min.énrespectively, under nearly similar operation
conditions (noted in Table 4.1). Figures 4.6(ay(d), 4.8(a), 4.9(a) show bulk-water Mn
concentration profiles in the multi-port column '&rious filter run times. Manganese
concentration at depth “0” inch indicates influenhcentration, while Mn concentration at 8
inch depth indicates effluent concentration. Figdirg(b), 4.7(b), 4.8(b), 4.9(b) show bulk-
water Mn concentration as a function of filter rtime at various depths of multi-port
column. It is clear from the figures that in allsea, Mn concentration profiles did not vary
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significantly with filter run time between 120 arid0 minutes. Therefore, in later data
analysis, the stable profiles at filter run timel&0 minutes were presented as a single profile
for ease of comparison (Fig. 4.10).

The multi-port column containing green sand prodideffective Mn removal under
experimental conditions. The removal profiles otedrin Figures 4.6(a), 4.7(a), 4.8(a) and
4.9(a) show a rapid initial removal as the watewetbthrough the media. Under all flow rate
conditions, Mn removal at the upper depths of tleeliawas higher than at the lower depths.
The possible reason could be the linear drivingdo(LDF), caused by the difference
between the adsorbate concentration in the bulkisol and the concentration at the external
surface of media, that helps adsorption by filnfudiion; the driving force gets reduced as
the water moves through the media depth. In alt 8mis of experiments, the dissolve Mn
profile within the filter column did not change appiably with time (from 90 to 150
minutes). If the removal of Mn within the filter i@ were governed by adsorption alone,
then the capacity of of the media, specially attdpelayers, would have decreased with time
(i.e., with passage of Mn bearing water), and lwditer Mn concentration would have
increased with time. However, no significant ine@an bulk-water Mn concentration with
time indicates that exhaustion of adsorption sgeccompanied by regeneration of new sites
(possibly by oxidation of Mn by DO in the preserafeBicarbonate, as explained above),
thereby keeping the Mn removal capacity virtualhafiected with passage of time. Thus,
results of multi-port column experiments also swjgegeneration of Mn-oxide coated
media in the presence of bicarbonate.

The initial Mn concentrations for the four setsexperiments varied from 4.2 to 4.83 mg/l;
hence, to compare the effect of flow rate on Mnaeah, the normalized Mn concentration
profiles as a function of depth have been plotteBigure 4.10 for various flow rates. Figure
4.10 shows that flow rate has a significant effactthe removal capacity of media. Lower
flow rate increases the contact time between selvbi and media, and therefore, increases
removal capacity. The result agreed with the figdirof the experiment of Subramaniam
(2010), where high flow rates (16-24 gprf)/fivere applied for water with low initial Mn
concentration (0.06-0.07 mg/l) and with free chder{1.1-1.2 mg/l) as oxidant. In the current
study, as shown in Figure 4.10, maximum removaabdiible Mn (at the bottom of the filter
column) have been found as 98%, 83%, 74% and 64%ldw rate of 1, 2, 3 and 4
ml/min.cnf, respectively. Thus, depending on influent Mn @nication, flow rate and depth
of filter media, almost complete removal of Mn igspible within Mn-oxide coated filter
media.
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Figure 4.6 (a): Bulk water Mn concentration profiles in green sand media at various
filter run time at a flow rate of 1 ml/min.cm?
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Figure 4.6 (b): Bulk water Mn concentration as a function of filter run time at various
depths of green sand media at a flow rate of 1 mlfimcm?.
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Figure 4.7 (a): Bulk water Mn profiles in of greensand media at various filter run time
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Figure 4.7 (b): Bulk water Mn concentration as a function of filter run time at various
depths of green sand media at a flow rate of 2 mlimcm?
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Figure 4.8 (a): Bulk water Mn concentration profiles in green sand media at various
filter run time at a flow rate of 3 ml/min.cm?
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Figure 4.8 (b): Bulk water Mn concentration as a function of filter run time at various
depths of green sand media at a flow rate of 3 mlimcm?
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Figure 4.9 (a): Bulk water Mn concentration profiles in green sand media at various
filter run time at a flow rate of 4 ml/min.cm?
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Figure 4.9 (b): Bulk water Mn concentration as a function of filter run time at various
depths of green sand media at a flow rate of 4 mlfimcm?
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Figure 4.10: Normalized bulk water Mn concentrationprofiles in green sand media at
various flow rates

4.3.2 Manganese removal: Effect of initial Mn cona@ration

In order to assess the effect of initial (influegn concentration on Mn removal,
experiments were conducted by varying the initial Bbncentration of the influent water
from 1.15 to 11.2 mg/l; flow rate was fixed at 2/mih.cn?. Initial pH of influent water was
7+ 0.1 and was found to vary slightly (7.2+0.1)idgrthe filter run time (up to 150 minutes).
Table 4.2 shows the characterization of influentewased in multi-port column experiments
at different initial Mn concentrations.

Table 4.2: Characteristics of influent water usedn multi-port column experiments at
different initial Mn concentrations

Parameter Parameter value
Influent water Mn concentration (mg/l) 1.15

Flow rate (ml/min.crf) 2

pH during filter run (up to 150 minutes) 7.210.1
Alkalinity as CaCQ (mg/l) 25415

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Influent water Mn concentration (mg/l) 2.31 mg/l
Flow rate (ml/min.crf) 2

pH during filter run (up to 150 minutes) 7.210.1
Alkalinity as CaCQ (mg/l) 25415

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Influent water Mn concentration (mg/l) 4.83 mgl/l
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Flow rate (ml/min.crf) 2

pH during filter run (up to 150 minutes) 7.210.1
Alkalinity as CaCQ (mg/l) 25415

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Influent water Mn concentration (mg/l) 11.2

Flow rate (ml/min.crf) 2

pH during filter run (up to 150 minutes) 7.210.1
Alkalinity as CaCQ (mg/l) 25445

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Figures 4.11, 4.12, 4.7 (discussed earlier) and grésent results of the column experiments
conducted with initial Mn concentrations of 1.1532 4.83, 11.2 mg/l, respectively, under
nearly similar operation conditions (noted in Tabl2). Figures 4.11(a), 4.12(a), 4.7(a) and
4.13(a) show bulk-water Mn profiles in the multirpoolumn at various filter run time. As
before, concentration at “0” inch depth indicatiuent concentration, while concentration at
8 inch depth indicates effluent concentration. Fegd.11(b), 4.12(b), 4.7(b), 4. 13(b) show
bulk-water Mn concentration as a function of filten time at various depths of multi-port
column. It is clear from the figures that, bulk-eaMn concentration profiles did not vary
significantly with filter run time between 120 arid0 minutes. Therefore, in later data
analysis, the stable profiles at filter run timeld0 minutes were displayed as a single profile
for ease of comparison (Fig. 4.14).

The trends of Mn profile in the multi-port columrbtained from these experiments are
similar to those presented above (Figs. 4.6 to.4I®) compare the effect of initial Mn
concentration on Mn profile, the normalized Mn cemication profiles have been plotted in
Figure 4.14 for influent water with various initiln concentrations. Figure 4.14 shows that
Mn removal capacity of the media increases witltease in initial Mn concentration of the
influent water. This is possibly due to the fadtthigher initial Mn concentration increases
the linear driving forced (LDF), which increases thulk-water Mn mass transfer through the
liquid film and hence removal capacity of the menhereases. The result agreed with the
findings of the experiment Zuravnsky (2006). Un@siperimental conditions, maximum
removal of bulk-water Mn (at the bottom of thediltmedia) have been found as 56%, 74%,
83% and 79% for influent water with initial Mn caendrations of 1.15, 2.31, 4.83, 11.2 mg/I,
respectively.
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Figure 4.11 (a): Bulk water Mn profiles in green sad media at various filter run time

with Initial Mn concentration of 1.1
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Figure 4.11 (b): Bulk water Mn concentration as adinction of filter run time at various

depths of green sand media with initial Mn concentation= 1.15 mg/I.
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Figure 4.12 (a) Bulk water Mn profiles in green sad media at various filter run time
with initial Mn concentration of 2.31 mg/I
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Figure 4.12 (b): Bulk water Mn concentration as adinction of filter run time at various
depths of green sand media with initial Mn concentation= 2.31 mg/l.
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Figure 4.13 (b): Bulk water Mn concentration as adinction of filter run time at various

depths of green sand media with initial Mn concentation= 11.2 mg/l.
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Figure 4.14: Normalized bulk-water Mn concentrationprofiles in green sand media for
various initial Mn concentrations

4.3.3 Manganese removal: Effect of pH

In order to analyze the effect of influent water pH Mn removal, column experiments
similar to those described above were conductedevp of the influent water was varied
from 6.0 to 8.0, keeping the flow rate fixed at Zmin.cn?. Table 4.3 shows detail
characteristics of influent water used in the ekpents.
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Table 4.3: Detail characteristics of influent waterused in multi-port column
experiments at different pH conditions

Parameter Parameter value
Initial pH of influent water 6.0

pH during filter run (up to 150 minutes) 6.0+£0.2
Influent Mn concentration (mg/l) 5.14
Alkalinity as CaCQ (mg/l) 2005

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Initial pH of influent water 7.0

pH during filter run (up to 150 minutes) 7.210.1
Influent water Mn concentration (mg/l) 4.83
Alkalinity as CaCQ (mg/l) 25445

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Initial pH of influent water 8.0

pH during filter run (up to 150 minutes) 8.0£0.1
Influent water Mn concentration (mg/l) 4.88
Alkalinity as CaCQ (mg/l) 3005

DO (mg/l) 7.5+0.1 at 28C
Temperature®C) 28

Figures 4.15, 4.7 (discussed earlier) and 4.16eptagsults of the experiments carried out at
various pH conditions of influent water, under mgaimilar operating conditions (noted in
Table 4.3). Figures 4.15(a), 4.7(a) and 4.16(ajvsholk-water Mn profile in the multi-port
column at various filter run times. Figure 4.15®)7(b) and 4.16(b) show bulk-water Mn
concentration as a function of filter run time arious depths of multi-port column. It is
clear from the figures that, bulk-water Mn concatitm profiles did not vary significantly
with filter run time between 120 and 150 minutelerefore, in later data analysis, the stable
profiles at filter run time of 150 minutes were mesyed as a single profile for ease of
comparison (Fig. 4.17).

To evaluate the effect of pH on Mn profile, the matized Mn concentration profiles have
been plotted in Figure 4.17 for various pH valuéstfluent water. Figure 4.17 shows that
pH has very significant effect on the removal céyanf media. It is observed that removal
capacity of the media increases with increase invahie of influent water. This was
expected since it is well established that Mn otxaatais favored in higher pH range. This
observation is in agreement with the results regblily Subramaniam (2010), Zuravnsky
(2006) and Morgan and Stumm (1964), where alkgiiHeconditions have been found to
promote Mn adsorption by increasing the amountwailable Mn adsorption sites on Mn
oxide coated media. Under experimental conditiamsximum removal of bulk-water Mn (at
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the bottom of the filter column) have been foun®@%, 83% and 90% for influent water pH
of 6, 7 and 8, respectively.
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Figure 4.15 (a): Bulk water Mn profiles in green sad media at various filter run time
with influent water pH= 6.0+0.2
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Figure 4.15 (b): Bulk water Mn concentration profiles as a function of filter run time at
various depths of green sand media with influent war pH= 6.0+0.2.
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Figure 4.16 (a): Bulk water Mn profiles in green sad media at various filter run time
with influent water pH= 8.0+0.1
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Figure 4.16 (b): Bulk water Mn concentration profiles as a function of filter run time at
various depths of green sand media with influent wiar pH= 8.0+0.1.
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Figure 4.17: Normalized bulk-water Mn concentrationprofiles in green sand media for
various pH values of influent water

4.4 Summary of Findings from Laboratory Experiments

Results from laboratory suggest in the absenceiadrionate in the influent water, the
removal of Mn during filtration through a Mn-oxideoated media is characterized by
adsorption, and the system gradually approachesrtbvihe breakthrough point (when
effluent Mn concentration becomes equal to theuerit Mn concentration). The removal
capacity of the media, under such conditions, @¢sg® as the adsorption sites on the media
are exhausted with increasing filter run time.

In the presence of Bicarbonate in the influent waltén removal efficiency of Mn-oxide
coated media increases significantly and the sysiess not approach the breakthrough
point. There are two possible reasons for this phemon:

(1) Possible surface mediated oxidation (at the sesfaaf Mn-oxide coated filter
media) of adsorbed Mn by DO in the presence of Bmaate, which produces
insoluble Mn-oxide and regenerates the exhaustetiame

(2) Possible formation of insoluble MNnG@) in the presence of Bicarbonate which
increases removal efficiency by removing Mn withihe filter media by
precipitation.

Results of laboratory column experiments carried oy varying Mn and Bicarbonate
concentration of influent water reveal that the dwmnt mechanism for the removal of
Mn(Il) is continuous regeneration of Mn-oxide cahtaedia, caused by the surface mediated
oxidation of adsorbed Mn by DO in the presence wfaBbonate, rather than MnG@®)
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precipitation. Results of multi-port column expeeints also support the concept of
regeneration of Mn-oxide coated media.

Results of laboratory multi-port column experimeptsvided useful insights on the effects
of flow rate, initial Mn concentration and pH oretremoval of Mn within the filter media.
Mn removal has been found to increase with deangaffow rate, which promote longer
contact time between the filter media and water.rBmoval capacity of the media has been
found to increase with increase in initial Mn comication of the influent water. This is
possibly due to the fact that higher initial Mn centration increases the linear driving
forced (LDF), which increases the bulk-water Mn smaansfer through the liquid film and
hence, removal capacity of the media increases. Mhaemoval capacity has also been
found to increase with increase in pH value ofuefit water; it is well established that Mn
oxidation is favored in higher pH range. The reswat the multi-port column experiments
have been used for calibration and validation @& mhodel developed for describing Mn
removal in Mn-oxide coated filter media (see Chapje
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CHAPTER 5: MODEL DEVELOPMENT AND VALIDATION

5.1 Introduction

This Chapter presents the model developed in tdysfor describing removal of Mn in
Mn-oxide coated filter media, based on the remawakchanism identified in this study
(Section 4.2). This Chapter describes the validasind application of the model to predict
soluble Mn removal profile via adsorption and oxida onto Mn-oxide coated media. The
first part of this Chapter presents the model, Whias been developed by modifying the
model developed by Zuravnsky (2006), and discuisesiumerical solution of the model
with required model input parameter estimatiornater part, the modified model was used to
simulate Mn removal in a Mn-oxide coated columrhwiarious input parameters determined
from appropriate correlations and experiments cotetliunder different conditions. This
Chapter also presents model calibration, modeligiieds and sensitivity analysis under
different conditions to assess the applicabilitytef developed model.

5.2 Model Development

5.2.1 Model equations

As described in Section 4.2, experimental resulggyest that, Mn removal from water by

filtration through green sand media involves adgonpon the filter media, and regeneration
of the media by the oxidation of Mn by DO in presemf bicarbonate. Hence, a continuous
regeneration model previously developed by Zurayr(806) was used in this study with

modifications (using DO as oxidant to regenerae gheen sand media). The model was
developed to predict the soluble Mn removah wadsorption and surface oxidation (by
DO) and subsequent deposition onto Mn-oxide coatedia for steady state conditions. The
development of the model begins with the applicatbfirst principles to a mass balance of
soluble Mn across an incremental bed depth (as showceptually in Figure 5.1). The

model simulates the manganese transport procesglgction and dispersion within the

multi-port column, followed by mass transfer thrbuthe boundary layer surrounding the
media grains, and then adsorption and surface tiaida

At steady state, the mass of soluble Mn enteriegsiistem is equal to the sum of the mass of
soluble Mn removed by adsorption and the mass EoMh leaving the system (as shown in
Equation 5.1). The soluble Mn flux was assumeddadbven by a linear driving force as
described by Merklet al. (1997b)

Q Cipr)= ki (C1—Cag) AV (1—e8) A AZ + Q Gz +a2) (5.1)

where : Q = volumetric water flow rate {fs)
Cup = bulk aqueous-phase Mn concentration (mdl/m
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ks = liquid to solid mass transfer coefficient (m/s)

Cis = aqueous-phase Mn concentration at the liquiittsilerface (mol/m)
Av = specific surface of media rmedia/nt media)

eg = fractional pore volume (hwater/nt bed)

A = cross sectional area of bed?jm

A = cross sectional area

Q, Cylz)

O X\

'd

A, = specific surface 0, Cypfz + Az)

Figure 5.1: Representation of the flow of Mn acrosan incremental depth of media
(Zuravnsky, 2006).

Manipulation of the soluble Mn mass balance equapimvided a group of three solvable
steady state equations as shown in Equations 8.2rbaddition, an overall balance yields
Equation 5.5 (Subramaniam, 2010). Detailed dewwatiof the equations are provided in
Appendix A. The change in soluble Mn concentrabeer depth is shown in Equation 5.2.
The change in oxidant concentration over depth alan be described by a mass balance
approach and was manipulated into the form shovigumations 5.3-5.4.

0= UaclB + DL 92 ClB kf Av (188B) (Clb [Clsa] ) (52)
aCzB
0=-U + ClsaCZb (53)
k \" sa
0= (1~ ep) (Crp- [C; 1" - k £5C15aCap (5.4)
Cib(in)~Cibouty= Con(in)~Cob(out) (5.5)

where: Gp= bulk aqueous-phase oxidant (DO in this study)eotration (mol/rf)
pp = bulk density of media (kg mediajrbed)
U = pore water velocity (= Q/A (m/s)
D, = axial dispersion coefficient (is)
k. = Oxidation rate constant ftred/mol*s)
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C1sa= adsorbed-phase Mn concentration on the mediacgut=K*C;&'" (mol/kg)
K, n = Freundlich isotherm constants

Equations 5.2-5.4 agreed with the group of equatideveloped by Merklet al. (1997h).
However, this model is a simplification of Merklefsodel, since it ignores the available
fraction of sorption capacity (AFR), with adsorptiand surface oxidation assumed to occur
on the external surface of the media grains. Maggoit is assumed that no additional
species are present that might interfere with gusor or oxidation, and that there is no
increase in media grain diameter or adsorption @gpdue to deposited MnOx(s). Because
oxidant is usually present in excess, it is furthesumed that the concentration of oxidant in
the boundary layer surrounding the granular mesliaqual to the oxidant concentration in
the bulk-water, rather than explicitly accountiray fnass transfer of oxidant to the media
surface. Thus, in the terms that account for theoreal of Mn via oxidation on the right-hand
side of Equations 5.3 and 5.4, the oxidant conaéotr is given by &, which is the
concentration in the bulk-water. If the experimémianditions were such that oxidant was
not present in excess, mass transfer of oxidamn filoe bulk-water to the media surface
would need to be taken into account.

5.2.2 Numerical solution of the model equations

The model equations discussed in 5.2.1 were sdimethe soluble Mn concentration and

DO concentration per unit depth, using numericathoés. As described in 5.2.1, the three
solvable steady-state equations involve a secoder aerivative; four boundary conditions

were required to solve the steady-state equatioms.known values of influent Mn and DO

concentrations accounted for two of the boundanditamns and the other two conditions are
as shown in Equations 5.6 and 5.7.

Cibn) = Cib(n-1) (5.6)
Cabm) = Cabn-1) (5.7)
Where

Cup = bulk agqueous-phase manganese concentrationngiol/
Cab = bulk agqueous-phase free chlorine concentratiwi/()
n = representative point of depth in the multi-port

To solve the model steady-state equations by neaderiethod, at first, an initial guess value
of 0.001 mg/L was assigned for the soluble Mn catregion (Gp) at the bottom of the
multi-port and hence, the DO concentration,f@t the same depth was then calculated using
Equation 5.5. Then correspondings£vas calculated by iterative process from Equafign
Thereafter, soluble Mn concentration at differeaptthis was calculated from Equation 5.2
with the help of the boundary conditions (Equatioh$ and 5.7) and following
approximations shown in Equation 5.8 and Equati®n 5
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Cig _ CiB(i+1)- C1B(i-1)

az 2AZ (58)
0%C1g _ CiB(i+1)- 2C1BH)*+C1B(i-1)

9z2 AZ2 (59)

The error between the influent Mn concentrationrr@gponding to the media depth of 07)
obtained by the above calculation and the actdllant Mn concentration for the particular
experimental scenario was calculated and accorditig# initial guess value for the Mn
concentration at the bottom of the multi-port wdguated. The numerical iteration process
was then repeated till the error between the caledl influent Mn concentration and the
actual influent Mn concentration was eliminatedtefAfsolution of the steady-state equations,
soluble Mn concentration profile with depth of tmeilti-port column was obtainedhe DO
concentrations along the media depth were calallaam Equation 5.3 using the same
procedure.

With the exception of the oxidation rate constadnt &ll parameters required to simulate the
model were calculated as described in 5.2.3 orehted from experimental measurements
as described in 5.2.3. The was the only unknown parameter in this model whics
determined by fitting the soluble Mn removal preéil derived from model output with
experimental data from the multi-port column stadya base line. Best-fit values fomlere
determined using a Levenberg-Marquardt nonlinegression algorithm with initial guess
value of 0.00002 fi(mol.sec) (detailed description in section 5.2e model was coded
using an open-source statistical software called (X\Rersion 2.15.2, The R Foundation for
Statistical Computing ISBN 3-900051-07-0).

The major input parameters used in the model codisghe sampling depths, the observed
Mn concentration at each of these depths, initialddncentration, initial DO concentration,
HLR, Freundlich isotherm constants, media partai@meter and porosity. Based on the
HLR, media particle diameter and porosity which arged as input, the code will
appropriately use the relevant values for the offgameters such as pore-water velocity,
mass transfer coefficient and axial dispersion fameht under laminar flow region, since
applied water condition in this study was in lamiflaw region (i.e., Reynolds number (Re)
<100).

5. 3 Estimation of model parameters

The input parameters for the model were determfoedndividual experiments since they

were affected by applied water conditions and metliaracteristics. The influent Mn and

DO concentrations were known for each experimesgahario. Characteristic parameters for
green sand media measured in the laboratory amdl insthe experiment are presented in
Table 5.1. Model input parameters for various hyticdoading rates are provided in Table

5.2.
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Table 5.1: Characteristic parameters for green sandnedia used in the experiment

Parameter name Parameter Reference
value
Fractional pore volumeg (m° water/nt bed) 0.44 Lab. experiment

Bulk density of mediapy, (kg media/m bed) 1305 Lab. experiment
Specific surface of media,,Am’ media/nf media) 5489 Merkle et al., 1997b
Particle diameter (m) 0.0028 Lab. experiment
Media depth (inches) 8 Lab. experiment

Table 5.2: Input parameters in the model for greersand media used in the experiment

Parameter name Hydraulic  Parameter Reference

loading rate  value

HLR,

ml/(min.cnt)
Pore water velocity, U (m/s) 3.7891x10 Lab. experiment
Axial dispersion coefficient, D(m?s) 1 7.0730x18"  Suzuki (1990)
Liquid to solid mass transfer coefficient, 1.5905x10°  Suzuki (1990)
ki (m/s)
Pore water velocity, U (m/s) 7.5782 x1d  Lab. experiment
Axial dispersion coefficient, D(m%s) ) 1.4146x18°  Suzuki (1990)
Liquid to solid mass transfer coefficient, 2.0039x10°  Suzuki (1990)
ks (m/s)
Pore water velocity, U (m/s) 11.3673 x1d  Lab.experiment
Axial dispersion coefficient, D(m%s) 3 2.1219x18°  Suzuki (1990)
Liquid to solid mass transfer coefficient, 2.2939x10"  Suzuki (1990)
ks (m/s)
Pore water velocity, U (m/s) 15.1565 x1d  Lab. experiment
Axial dispersion coefficient, D(m?s) 4 2.8292x10°  Suzuki (1990)
Liquid to solid mass transfer coefficient, 2.5247x10"  Suzuki (1990)

ks (M/s)

Fractional pore volumesg) was measured as the volume of water that couldbtaimed in
a known volume of media bed. The density of theimédy media/m media) was measured
by multiplying apparent specific gravity of the nmedwvith unit weight of water. This
measurement was converted to bulk density of mgdjanedia/mi bed) by multiplying the

media density by the fractional volume of media h@deg). Particle diameter was
determined assg from the sieve analysis result of green sand.
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Specific surface area of the media Avas calculated using known relationship of axea t
volume (as shows in Equation 5.10) with a fractaface structure correction. The fractal
surface correction was used because the assumgitianspherical surface structure often
underestimates the specific surface area of oadéed media (Merklet al., 1997b).

A= 6/d,'1° (5.10)

where:
d, = particle diameter (m)
A,= Specific surface area of the medid (media/nf media)

Solution characteristics were measured for eacivithaal experiment. Initial bulk aqueous-
phase soluble Mn concentration (moljmand initial DO concentration (molAn were
measured with each soluble Mn profile collectedesgixpentally. HLR was determined by
dividing the volume of water passed per unit tinyettie cross sectional bed area of multi-
port column. Pore water velocities (m/s) were dal@d as the HLR divided by the fractional
pore volume gg). Axial dispersion coefficients, D(m?/s) were calculated using Equation
5.11 as developed by Suzuki (1990), which usesePacmber (dimensionless) to calculate
D.. Since the experimental study was under lamiraw flegime (Reynolds number, Re <
100), Peclet number was determined as 1~2 far @ mm, and 1.2dmm) for dp < 2 mm
(Suzuki, 1990). The units were then converted & in the model.

D= (do.U)/Pe (5.11)
Where
d, = particle diameter (m)
Pe= Peclet number (dimensionless)
U=Pore water velocity (m/s)
D, = Axial dispersion coefficient (ffs)

5.3.1 Isotherm constants

Isotherm constants were calculated using resultbabéh experiments where Mn uptake
capacity of green sand was estimated under pH rahde2+0.1 and temperature of 28
Several airtight containers (50 ml) containing grdwater with different initial Mn
concentrations (3.39-12.91 mg/L) were preparedsach container a different mass (0.4-1.0
gm) of green sand were added. The suspensionstinareotated and allowed to equilibrate;
after filtering, Mn concentrations of the water §d@s$ were measured. The results (data
tabulated in Appendix B) were used to determineufdéich isotherm constants for green
sand media from a log-log plot (as shown in Figbr2) of the uptake capacity data.
Freundlich isotherm constants were verified bytpigtthe isotherm relationship along with
the experimental data as shown in Figure B8 of AdpeB. The numerical values for the
Freundlich isotherm constants are as follows:
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Freundlich isotherm constant, K [(mol/kg)/(mofj(1/n)] = 0.049

Freundlich isotherm constant, n [dimensionless]35&

1
y/=0/049x%4%4
4 R%z=/0.979
2
© logq=|logK + (1/n)* logC;
g 01 K=.04
5 :
= n=2.358
oo
4
~
@
2 001
(@]
[%2]
©
©
[
S
©
= 0.001
0.001 0.01 0.1 1

Final Mn Conc, C; (mol/m3)
Figure 5.2: Log-log plot of green sand uptake cap#y data at pH=7.2+0.1 to determine
Freundlich isotherm constants

To determine the Langmuir isotherm constandg@s plotted against {-igure 5.3). As
shown in the figure, a linear fit to the data yeelthe vaules of the parameters for the
Langmuir equation (Equation 3.3). The values of tlamgmuir isotherm constants are as

follows:
Langmuir isotherm constant: Q=0.01961 mol/kg

Langmuir isotherm constants: b=59.57%mmwl
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Figure 5.3: G/q against G plot to determine the parameters of Langmuir equabn

Comparing Fig. 5.2 and Fig. 5.3, it is obvious ttie# Freundlich equation better fits the
experimental Mn uptake data than the Langmuir egoaflherefore, Frendlich isotherm
parameters have been incorporated in the modetiegaa

5.3.2 k (liquid to solid mass transfer coefficient)

The value of kwas calculated by using correlations developed vimious water flow
conditions proposed by Suzuki (199@hich uses the Sherwood number,)(SThe
appropriate criteria condition was determined bguwating Schmidt number (Sc= kinematic
viscosity of water divided by the bulk liquid diffivity (D_gi) at particular temperature).
Suzuki (1990) developed various equations to cateuSherwood number at various flow
regimes as shown in Equation 5.12 and Equation. 55i®e, the experimental study was
under laminar flow regime (Re<100), ®as determined using Equation 5.12. Thereatfter,
calculated $was used to determingeksing Equation 5.14 (Suzuki, 1990).

S:=(1.09kg) SR [for 0.0015<Re<100] (5.12)
S=1.1 S¢*R0® [for Re>100] (5.13)
Sh:(kf/dp)/ DL’diff (5.14)

Where

k¢ = Liquid to solid mass transfer coefficient (m/s)
d, = particle diameter (m)
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Do i = bulk liquid diffusivity (nf/s) = 2.34x10 m?s at 28C temperature of water.

Sh = Sherwood number (dimensionless)
Re = Reynolds number (= Udgy/
v = kinematic viscosity of water (f#s) = 0.8372x18 m?s at 28C temperature of water

5.3.3 k (Oxidation rate constant)

Estimated Freundlich isotherm constants for Mn kptanto the green sand media under
experimental condition was the key to the modelffprts. With the K and 1/n values
available and other model parameters being dirgutdyided as input or calculated (e.g., k
calculated by Suzuki, 1990 correlations) the ominown parameter in the model was k
which is related to the rate of surface oxidatibMm by DO. Therefore, it was possible to
calculate the appropriate value ofy fitting the bulk-water Mn removal profiles geated
from the laboratory multi-port column studies (coottd under various experimental
conditions of HLR, pH, initial influent Mn conceation) and the model output.

The main objective to develop the model was to iptdtie soluble Mn removal along the
depth of Mn-oxide coated column under differentdibans. However, the model had to be
calibrated to find out the value of ly curve fitting in various operating conditiomspredict
soluble Mn removal. The experimental data colledi®an the multi-port column study
served as a good baseline for the model calibration

The steady-state model equations (Equations 5)2+bete coded into anopen source
statistical software called “R”. In the model, tb@luble Mn concentration was found to be
non-linearly dependent on the unknown parameteHknce, the best-fit parameter was
determined by the process of minimization of thaestesquare vectorZ) returned by the
function which predicted the soluble Mn concentmatat various depths of the multi-port
column. However, the minimization had to proceedraiively since the non-linear
dependence, i.e., trial value (0.00003/(mol.sec)) was initially given for the unknown
parameter kand then a procedure was applied that improvetritiesolution. The procedure
was then repeated untR value effectively stopped decreasing. The proeedised for
solving the non-linear model was a variation of tevenberg-Marquardt method (Press
al., 2002). The best-fit estimate of dbtained was the one which resulted in a close matc
between the actual Mn removal profiles (plottednfrexperimental data) and the model
predicted Mn removal profiles across the multi-pastumn depth. The kvalues obtained
under different flow rates, pH values, and initdh concentrations were compared to
identify the trend.

5.3.3.1 k at various flow rate conditions

Figures 5.4, 5.5, and 5.6 show model fit to expertal data of bulk-water Mn profile in

green sand media at different flow rates (experialeresults described earlier in Section
4.3.1), keeping the other conditions (noted in €ahll) nearly similar. In all of the figures
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“bulk Mn removal profile (experimental data)” refeto the actual data of bulk-water Mn
profile obtained from the experiment and “bulk Mamoval profile (model output)” refers to
the model output of bulk water Mn profile obtainkey fitting the model with experimental
data. All of the figures show that the model fittexperimental Mn removal profile well.
The results for the best-fit; lobtained from the model fitting for the above citiods are
tabulated in Table 5.3. Based on these resultajag observed that under experimental
conditions, the kvalues increased with an increase in flow ratas T$because higher flow
rate increases the availability of soluble Mn peit time (by increasing linear driving force)
to be adsorbed and finally be oxidized. This reagtees well with the findings of Merkle et.
al. (1997b), where a higher flow rate (2.5-10 gpfh4ind lower influent Mn concentration
(0.15-0.7 mg/l) with hypochlorous acid (HOCI) asdizing agent had been used. Figure 5.7
illustrates the variation of,kas a function of flow rate under experimental ¢bod. The
figure presents that under experimental conditimower equation (y=6x1x’**) trend
line well predicts the relationship betwegrakd flow rate with Rvalue of 0.997.

Table 5.3: Model fit k. values at various flow rate conditions

Initial M~ Alkalini efﬁe;taft';grb
Flow rate  concentrat tyas DO perat y Standard
. . pH the model
ml/(min.cn?) ion CaCQ (mg/L) ure (m¥(mol.se error
(mal/l) (mall) (°C) o) '
1 4.2 254+5  7.240.1 7.5+0.1 28  6.030x10 1.102x10®
2 4.83 254+5  7.2+0.1 7.5+0.1 28  8.373x10 2.589x10%®
3 4.5 254+5  7.2+0.1 7.5+0.1 28  9.790x10 3.525x1d°

To check the robustness of the model and validith® established relationship, the value of
k. was calculated by using the established correlaic=6E-05X**Y at flow rate of 4
ml/(min.cnf) to generate data for plotting bulk-water Mn piefpredicted by model (as
shown in figure 5.8). Another bulk-water Mn remoyabfile was drawn in the same figure
generated by the experimental data (as shown indf®ga) conducted at similar operating
conditions used to generate the model d&igure 5.8 shows that under experimental
conditions, both of the soluble Mn removal profilesodel predicted and experimental) fits
very well, indicating that the established relasioip of k and flow rate could be effectively
used to predict Mn removal profile under experinaérondition. However, the applied
water conditions studied here were in laminar flegion (Reynolds number, Re< 100);
hence, more tests should be run at higher flow t@tealidate this relationship in turbulent
flow region.
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Depth of Media (inches)
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—&— Bulk Mn removal profile
(Model Output)

© -
Best fit kr= 0.00006030
A Bulk Mn removal profile
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Figure 5.4: Model fit to experimental data of bulkwater Mn profiles in green sand
media at a flow rate of 1 ml/min.cnf

—=&— Bulk Mn removal profile
{Model Output)

Best fit kr=0.00008373
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4
1

A Bulk Mn removal profile
(Experimental Data)

Bulk Mn Concentration (mg/l)

Figure 5.5: Model fit to experimental data of bulkwater Mn profiles in green sand
media at a flow rate of 2 ml/min.cnf
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Figure 5.6: Model fit to experimental data of bulkwater Mn profiles in green sand
media at a flow rate of 3 ml/min.cnf
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Figure 5.7: Oxidation rate constant, k (calculated from model fitting) as a function of
flow rate (Initial Mn concentration= 4.2-4.83 mg/l,Alkalinity as CaCO3=254+5 mg/l,
pH=7.2+0.1, DO=7.5%£0.1, Temp=28C)
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—&— Bulk Mn removal profile
(Model Output)
(kr=0.00011104, calculated
from established correlation)

Depth of Media (inches)
4
1

A Bulk Mn removal profile
(Experimental Data)

1 T T T 1
0 1 2 3 4

Bulk Mn Concentration (mg/L)

Figure 5.8: Model result (with k; calculated from established correlation) to
experimental data of bulk-water Mn profiles in green sand media at a flow rate of 4
ml/min.cm?

5.3.3.2 k at various initial Mn concentration

Figures 5.9, 5.10 and 5.5 show model fit to expental data of bulk-water Mn profiles in
green sand media at different initial Mn concemndreg, keeping the other applied water
conditions (noted in Table 4.2) nearly similar. Tigures show that the model fitted the
experimental Mn profile very well. The results fine best-fit k obtained from the model
fitting for the above conditions are tabulated iable 5.4. Based on these results, it was
observed that under experimental conditions, theakues increased with an increase in
initial Mn concentration. This is because highettiah Mn concentration increases the
availability of soluble Mn (by increasing liner dimg force) to be adsorbed and finally be
oxidized. Figure 5.11 illustrates the variationkepfas a function of initial Mn concentration
under experimental condition. The figure shows tirader experimental condition, a power
equation (y=2x18%%"Y trend line well predicts the relationship betwéermnd flow rate
with R? value of 0.999.

64



65

Table 5.4: Model fit k, values at various initial Mn concentrations

.. Best fit kr

Initial Mn Flow rate Alkalini estimated b
. . ty as DO Tem y Standard

concentration (ml/(min.c cacq pH (mgll)  (°C) the model error
(mg/l) m2)) g (m¥/(mol.se
(mall)
C)

1.15 2 254+5 7.2+0.1 7.5+0.1 28  2.075x10 7.133x1d”
2.31 2 254+5 7.2+0.1 7.5+0.1 28  4.229x10 7.183x1d”
4.83 2 254+5 7.2+0.1 7.5+0.1 28  8.373x10 2.589x1d°

To check the robustness of the model and validith® established relationship, the value of
k. was calculated by using the established correlafp=2x10"x*%" at initial Mn
concentration of 11.2 mg/l to generate data fottiplg bulk-water Mn profile predicted by
model (as shown in figure 5.12). Another bulk-wakén profile was drawn in the same
figure generated by experimental data (as showrrign 4.13(a)) conducted at similar
operating conditions used to generate the modeh. daigure 5.12 shows that under
experimental conditions, both of the soluble Mnfiige (model predicted and experimental)
fits very well, indicating that the establishedatenship of k and initial Mn concentration
could be effectively used to predict Mn removal fijgounder experimental condition.
However, the applied water conditions studied hveeee in laminar flow region (Reynolds
number, Re< 100); hence, more tests should be trumgher flow rate to validate this
relationship in turbulent flow region.
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Figure 5.9: Model fit to experimental data of bulkwater Mn profiles in green sand
media with Initial Mn concentration of 1.15 mg/I
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Figure 5.10: Model fit to experimental data of bulkwater Mn profiles in green sand
media with initial Mn concentration of 2.31 mg/I
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Figure 5.11: Oxidation rate constant, k (calculated from model fitting) as a function of
initial Mn concentration (Influent water: Flow rate = 2 ml/min.cn?, Alkalinity as
CaC0s=254+5 mg/l, pH=7.2+0.1, DO=7.5+0.1, Temp=2§)

—&— Bulk Mn removal profile
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Figure 5.12: Model result (with k calculated from established correlation) to
experimental data of bulk-water Mn profiles in green sand media with initial Mn
concentration of 11.2 mg/I

5.3.3.3 k at different pH values
Figures 5.13, 5.5 (discussed earlier) and 5.14 simodel fit to experimental data of bulk-
water Mn profiles in green sand media at diffengidtconditions, keeping the other applied
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water conditions (noted in Table 4.3) nearly similEhe figures show that the model fitted
experiment Mn removal profile well. The results the best-fit k obtained from the model
fitting for the above conditions are presented abl€ 5.5. Based on these results, it was
observed that under experimental conditions, theakues increased with an increase in
influent water pH. Possibly, this is because all@lpH promotes adsorption by increasing
the amount of available Mn adsorption sites on Nhre oxide coated media (Morgan and
Stumm, 1964).

Figure 5.15 shows the variation gfds a function of influent water pH under experitaén
condition. The figure shows that under experimentaidition, a power equation (y = 2E-
07x2%% trend line well predicts the relationship betwéemnd flow rate with Rvalue of
0.990. However, more experimental data are needleltermine a large number of model
fitted k values to validate this relationship. Moreoveg #pplied water conditions studied
here were in laminar flow region (Reynolds numi&< 100); hence, more tests should be
run at higher flow rate to validate this relatiomsim turbulent flow region. It should be
noted that the Freundlich isotherm constants deteuhnin solution pH of 7.2+0.1 was used
to simulate the model for all influent water with @f 6.0+0.2, 7.2+0.1 and 8.0+£0.1 which
would introduce some error in fitted Walues. Since, Freundlich isotherm constants vary
with solution pH so they should be determined facheof type of solution pH by individual
experiments.

Table 5.5: Model fit k; values at various influent water pH

- Best fit kr
Alkalini . em .
Flow rate Initial Mn estimated by
. y as . DO perat Standard
pH (ml/(min.c concentratio the model
m2)) CaCQ n(mg/) (mg/L) ure (m¥/(mol.se error
(mg/h) o Ty
6.0+0.2 2 20015 5.14 7.5+#0.1 28  5.605x10 4.121x1d*°
7.2¢0.1 2 25445 4.83 7.5+0.1 28  8.373x10  2.589x1(°
8.0+0.1 2 30015 4.88 7.5+0.1 28  1.369x10 1.174x1d”
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Figure 5.13: Model fit to experimental data of bulkwater Mn profiles in green sand
media with influent water pH= 6.0£0.2
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Figure 5.14: Model fit to experimental data of bulkwater Mn profiles in green sand
media with influent water pH= 8.0+0.1
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Figure 5.15: Oxidation rate constant, k (calculated from model fitting) as a function of
pH of influent water (Influent water: Initial Mn co ncentration= 4.83-5.14 mg/l, HLR=2
ml/min.cm?, Alkalinity as CaCO3= 200-300 mg/l, DO=7.5+0.1, Temp=2&)

5.4 Sensitivity analysis

Knowledge of sensitivity of parameter of a modeingortant to gain an insight into the
dominant processes and important model paramétetisis study, sensitivity analysis of the
model with respect to various operational paramsetess performed using the data from
operating condition shown in Figure 5.5. For thmalgsis, the HLR, Freundlich isotherm
constants (K, n), oxidation rate constany,(kxial dispersion coefficient (), mass transfer
coefficient (k), and specific surface area of medig)(&ere each varied in turn. Each input
parameter was varied by approximateb0% of the original value used in the model (excep
specific surface area of media which were variedt®§%), keeping the other parameters
similar. The resulting bulk-water Mn concentratiprofiles were plotted with the original
profile for comparison. The results of the sengiianalysis are displayed as predicted bulk-
water Mn concentration profiles in Figures 5.1@tlgh 5.22.

As shown in Figure 5.16, flow rate (i.e., contanid) has a significant effect on the model
predicted bulk-water Mn concentration profile. Remloof Mn increases significantly with
decrease in flow rate and vice versa, which is supd by the experimental data presented
in Fig.4.10.

Freundlich isotherm constants (i.e., adsorptiomMaf onto the media surface), play a vital
role, as can be seen in Figures 5.17 and 5.18héwrsin Fig. 5.18, the removal system is
extremely sensitive to the Freundlich constaasrtlearly shown by the noticeable change in
shape of the predicted Mn concentration profilesnil&r effect was found in previous
research conducted by Bierlein (2012) who used rtiadel previously developed by
Zuravnsky (2006) with modifications. Interestinghyhen adjusting K and,kthe model

70



71

changes in a very similar manner (Figures 5.17 &t@); in fact, the profiles predicted by
adjusting Kby £50% are identical to those predicted by adpgsk by +50%. Similar result
was observed by Bierlein (2012) who explained ti@savior mathematically by establishing
an alternative mathematical form of equation 5.4n$idering the reaction term in that
alternative equation, it was clear that adjustiitbeg K or k by the same amount will have
the exact same effect on model output. Overal§ bi@havior suggests that as the adsorptive
capacity increases the oxidation rate becomesitigyitnd as the oxidation rate increases,
adsorption becomes limiting.

Axial dispersion coefficient, D(Figure 5.20), mass transfer coefficient(fkigure 5.21) and
specific surface area of media, Arigure 5.22) did not show any significant effect the
model output. Since, these parameters were estingt@mpirical relationships established
in Suzuki (1990) and Merkle et al. (1997b), it viaportant to note that they do not have a
significant effect on the model prediction, redacithe amount of error that could be
associated with the use of the estimated value &orpirical relationship.

- Flow rate, HLR
K (ml/min.cm?)

= == 1 ml/min.cm2

2 ml/min.cm2

Media Depth (inches)
N

S eeeeens 3 ml/min.cm2
8 T T T T

0 1 2 3 4 5
Bulk-water Mn Concentration (mg/l)

Figure 5.16: Effect of adjusting flow rate (HLR)[unit: ml/min.cm %] by +50% on the
model predicted bulk-water Mn concentration profile
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Figure 5.17: Effect of adjusting Freundlich isothem constant (K) [unit: (mol.kg™)
(mol.m®) %] by +50% on the model predicted bulk-water Mn corentration profile
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Figure 5.18: Effect of adjusting Freundlich isothem constant (n) [dimensionless] by
+50% on the model predicted bulk-water Mn concentraion profile
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Figure 5.20: Effect of adjusting Axial dispersion oefficient (D.) [unit: m?/s] by +50%
on the model predicted bulk-water Mn concentrationprofile
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Figure 5.21: Effect of adjusting mass transfer coétient (k) [unit: m/s] by £50% on the
model predicted bulk-water Mn concentration profile
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Figure 5.22: Effect of adjusting Specific surface @a of media (A) [unit: m? media/n?
media] by £20% on the model predicted bulk-water Mnconcentration profile

5.5 Summary

To predict the soluble Mn removal via adsorptiord aurface oxidation, a continuous
regeneration model previously developed by Zurayr(806) was used in this study with
modifications (using DO as oxidant to regenerate green sand media). The model
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equations were solved numerically. All the inputgraeters (except oxidation rate constant,
k;) to simulate the model were determined using latooy experiments and empirical
relationships. The kwas the only unknown parameter in this model whiels determined
by fitting the bulk-water Mn profiles derived fromodel output with experimental data from
the multi-port column study. The model was codedgian open-source statistical software
called “R”.

The developed model was used to fit experimenta (Mn removal profiles) under different
flow rates, pH values, and initial Mn concentratom order to determine the best-fit
estimates of kIn each case, the model fitted experimental Mnosahprofile well. The k
values obtained under different experimental comaot were analyzed to develop the
relationship of kwith flow rates, pH values, and initial Mn conaexions:

I.  The kvalue was found to increase with increase in flate.r This is because higher
flow rate increases the availability of soluble Mer unit time (by increasing linear
driving force) to be adsorbed and finally be oxétiz A power equation was
developed to express the relationship betweemé flow rate, and the validity of the
established relationship and the model was cheeg&ghating kvalue and predicting
Mn profile for a flow rate of 4 ml/min.ci and matching the predictions with
experimental data.

ii.  The k values increased with an increase in initial Mnagantration. This is because
higher initial Mn concentration increases the afallty of soluble Mn (by increasing
liner driving force) to be adsorbed and finally tsedized. A power equation has
been proposed to describe the relationship betweand initial Mn concentration,
and the validity of the established relationshigl ahe model was checked by
estimating kvalue and predicting Mn profile for an initial Mioncentration of 11.2
mg/l, and comparing the prediction with experimédta.

ili. The k values increased with an increase in influent watd. Possibly, this is
because alkaline pH promotes adsorption by inangasie amount of available Mn
adsorption sites on the Mn oxide coated media (siorgnd Stumm, 1964). A power
equation was able to relatednd with water pH.

Sensitivity analysis of the model with respect tarious operational parameters was
performed to gain an insight into the dominant peses and important model parameters.
Flow rate (i.e., contact time), Freundlich constaand k were found to have significant
effect on the model predicted bulk-water Mn concaian profile. In contrast, axial
dispersion coefficient (D, mass transfer coefficients{kand specific surface area of media
(Ay) did not show any significant effect on the mooleiput.
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CHAPTER 6: CONCLUSIONS

6.1 Introduction

The main objective of this study is to develop &ettinderstanding of the Mn removal
mechanism from ground water during filtration thgbuMn oxide coated media, and develop
a model to simulate adsorption and surface oxidatiboMn during filtration. This Chapter
presents the major conclusions from the presentysénd provides recommendations for
future research.

6.2 Conclusions
Based upon the results obtained in this reseatdh,fdllowing major conclusions were

drawn:

1. Experimental results suggest that in the absendgcafbonate in the influent water,
the removal of Mn during filtration through a Mnide coated media is characterized
by only adsorption, and the system gradually appres toward the breakthrough
point (when effluent Mn concentration becomes eqt@al the influent Mn
concentration). The removal capacity of the medraler such conditions, decreases
as the adsorption sites on the media are exhawstedhcreasing filter run time.

2. In the presence of Bicarbonate in the influent watén removal efficiency of Mn-
oxide coated media increases significantly and $yem does not approach the
breakthrough point. There are two possible reagmmhis phenomenon:

I.  Possible surface mediated oxidation (at the susfaté/in-oxide coated filter
media) of adsorbed Mn by DO in the presence of Bmaate, which
produces insoluble Mn-oxide and regenerates thawestbd media.

ii. Possible formation of insoluble MnG@) in the presence of Bicarbonate
which increases removal efficiency by removing Mithim the filter media
by precipitation.

3. Results of laboratory column experiments suggest e dominant mechanism for
the removal of Mn(ll) is continuous regenerationMri-oxide coated media, caused
by the surface mediated oxidation of adsorbed MnO®y in the presence of
Bicarbonate, rather than MnG@) precipitation. Results of multi-port column
experiments also support the concept of regenerafidin-oxide coated media.

4. Results of laboratory multi-port column experimeptsvided useful insights on the

effects of flow rate, initial Mn concentration ap#i on the removal of Mn within the
filter media:
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i.  Mn removal has been found to increase with deangaiow rate, which
promote longer contact time between the filter raedid water.

ii.  Mn removal capacity of the media has been fouriddmease with increase in
initial Mn concentration of the influent water. Bhis possibly due to the fact
that higher initial Mn concentration increases lihear driving forced (LDF),
which increases the soluble Mn mass transfer thraig liquid film and
hence, removal capacity of the media increases.

iii.  The Mn removal capacity has also been found tceas with increase in pH
value of influent water; it is well established ttthdn oxidation is favored in
higher pH range.

A model, primarily developed by Zuravnsky (2006)asvmodified to predict the
soluble Mn removal via adsorption and surfacedation onto Mn-oxide coated
media for steady state conditions under continunadia regeneration by DO. The
model was calibrated (to find out the value pb¥ curve fitting) using experimental
data under various operating conditions (flow ratetial Mn concentration of

influent water, pH of influent water), and subsetlyeused to predict soluble Mn
removal. The model was able to predict Mn remogakonably well.

The sensitivity analysis of the model suggest fl@aw rate, Freundlich isotherm
constants (K, n) and, khave a significant effect on the model predictetktvater
Mn concentration profile, while the effects of axiispersion coefficient (D, mass
transfer coefficient (i and specific surface area of medig)(are not significant.

6.2 Recommendations

1)

2)

3)

4)

Effect of DO and Bicarbonate concentration in waiarthe removal efficiency of
green sand media may be investigated by experiinehtdy, and the developed
model may be calibrated accordingly.

Scanning electron microscope (SEM) analysis ofntleelia surface can be performed
to find out the species formed during treatmenteioforce the concept of removal
mechanism identified in this study.

The experimental conditions applied in this studgrevin laminar flow region
(Reynolds number, Re< 100); hence, more tests earui at higher flow rate to
check the validity of the model in turbulent floagion.

Freundlich isotherm constants determined by baxgemment in this study may be
slightly different for conditions prevailing in aahn experiment, since, the linear
driving force (caused by the difference between dtlsorbate concentration in the
bulk solution and the concentration at the exteswaface of media) gets reduced
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with treatment time in batch experiment, while #mains fixed in column
experiment. Various combinations of column expenrtaecan be conducted to find
out values of Freundlich isotherm constants, aretkhf this value differs than the
batch experiment value determined in current stiidyaddition, effect of pH, Mn-
content of media, and temperature on the Freundiotherm constants may be
investigated by experimental study.

Experimental study can be carried out to assesgfthet of washing/ backwashing
on physic-chemical characteristics and stabilitg@fen sand media.

The calibrated model may be simulated to genehat@ésign data for depth of media
required to achieve desired removal efficiency atous applied water conditions.
Using the design data, a plant can be construatedtudy the validity of the
developed model to predict Mn removal in benchigsicale treatment system.
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APPENDIX A

This appendix outlines the derivation of mass badamrquations (Equations 5.2-5.4,
discussed in section 5.2.1) used in the model.

Development of a model to predict soluble Manganeseemoval via
adsorption and oxidation.

Derivation of the mass balance equation for Adsorbate (Mn) (Egn. 5.2)

To establish a differential material balance, d&edéntial volume element, dV 8z, of an
adsorber with the cross-sectional argaig\considered (Figure Al). It can be assumed that
the amount of adsorbate that is adsorbed onto dserlaent or accumulated in the void
fraction of the volume element must equal the d#ifee between the input and the output of
the volume element. Input and output occurs by eciitwe and axial dispersion. Accordingly,
the general material balance is given by Worch 2201

Naccut Nads= Ndisp + Nagv (A1)

Where N represents the change of the amount oflaatsowith time, and the indices indicate
the processes accumulation, adsorption, disperaimmhadvection.

z_=_{}
N
'
dN_|}dz
#
N —dN
X
z=h

Figure Al: Material balance around a differential volume eletved# the fixed-bed adsorber.

The accumulation of substance within the void faacof the volume element, dv, is given
by Worch (2012).
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0C1p(t,2)

Naccu SB AR dZ Clb(t Z) SB d at

(A2)
where:

eg =the bulk (bed) porosity or fractional pore volu(n@ water/n? bed)

Ar=bed cross-sectional area?jm

Cip = adsorbate concentration in the bulk solutionl{(md

t=time

The adsorption onto the adsorbent in the volumeeht can be written as (Worch, 2012)

Naas= po Ar dz702 = oy, dy 2 (A3)
Where:

pp = bulk density of adsorber (adsorbent) (kg mediatactor bed)

g = mean adsorbent loading (mol/Kg)

According to Worch (2012), to describe the advectibe difference between the amount of
adsorbate fed to and released by the volume elepeeninit of time has to be considered.

Nadv= VFAR Cin(t,2) - veAr Cap(t, z+d2z)

where:
Ve = The linear filter velocity or superficial velogi{m/s)

In differential form, the above Equation becomes

0Cyp(tz
Nagv= - VFAR—lgz( ddz =

0C1p(tz)
0z

- \wdv——=—= (A4)

Under the condition that the axial dispersion candescribed by Fick’s first law, the
difference between input and output caused by dsgpeis given by Worch (2012).

Nd'SP = DL e AR [0C1b © Z)]z+dz DL eg Ar [0C1b G Z)]

Where:
D, = the axial (longitudinal) dispersion coefficignt®/s)

In differential form, this equation becomes

9? Clb(t z)

Naisp= Dy £ Ag Zao(t2) 288 4z = O ep dv (A5)
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Introducing Equations A2, A3, A4, and A5 into Eqoat Al and dividing the resulting
equation by dv gives the differential material Ipaka equation in its general form

2
+pb%- D. Sguzo (AG)

0z2

0C1p dC1p
+¢g
oz Bat

VF
The film diffusion (also referred to as externaffuiion) comprises the transport of the
adsorbate from the bulk liquid to the external acef of the adsorbent particle (Worch,
2012). As long as the state of equilibrium is redahed, the concentration at the external
adsorbent surface is always lower than in the liglkd due to the continuing adsorption
process. As a consequence, a concentration gradisults that extends over a boundary
layer of thickness. The difference between the concentration in thi& bolution, Gy, and
the concentration at the external surfacg, &cts as a driving force for the mass transfer
through the boundary layer. Merkée al. (1997b) also assumed the soluble adsorbate (Mn)
flux to be driven by a linear driving force (LDRnd sorptive equilibrium at the surface with
transport through a film or boundary layer regioithwio internal mass transport resistance.
Figure A2 shows the typical concentration profibe the limiting case where the adsorption
rate is determined only by film diffusion and th&usion within the particle is very fast (q =
Os, NO gradient within the particle). Note that th#sarbent loading, {is the equilibrium
loading related to the concentrationg@t the external surface of the adsorbent particle

..t:i ,‘* . Bnundﬂr}' layer (film)

Adsarbent particie Bulk sofution

Cib [t}

1 alt)=aslt) | |
g, Cib :
2]

I

Figure A2: Concentration profiles in the case of rate-limitifiign diffusion (no internal
mass transfer resistance) (Worch, 2012).
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Based on the principle discussed above, the foligwwhe mass transfer equation for film
diffusion can be established (Merldeal., 1997b; Worch, 2012)

_ ke Ay (1-¢p)

= (€ -G (A7)

where:
= Specific surface of the media (adsorbent) fmedia/ni media)
ks = liquid to solid mass transfer coefficient (m/s)
C,< Adsorbate concentration at the external adsorlsentace or liquid-solid interface
(mol/m®)

The Freundlich equilibrium isotherm needs to beliadmt the media (adsorbent) surface to
describe the relationship between the aqueous-pw@eble adsorbate concentration at the
surface and the adsorbed adsorbate concentratitre@urface as shown in Equation A8.

C1s= (CisdK) " (A8)

Where,
C1sa= adsorbed-phase adsorbate concentration on ttia surface (mol/kg)
K, n = Freundlich isotherm constants

Substituting the value of &from Eqn. A8 in Egn. A7 gives

dq _ KAy (1-¢p)

it - (Cuw '[%] ") (A9)

Substituting the differential quotie%% in Egn. A6 by the mass transfer equation for film
diffusion (Eqn. A9) gives

ac ac ke Ay (1— Cisa 0?
Ve it ep 2t + pp =t (Coy [5]") - Dy e 5= 0 (AL0)

After dividing the both side of the equation ¢y material balance equation becomes

0C1b
ot

62

~u %y p Zom g, ) (Crp - [22]) (A11)

Where,
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U= Effective flow velocity or pore water velocityn(s) = (W ¢g)

At steady state

dC1p
ot

—0= U"ClB

+D, 258, =) (Cio - [2247) (A12)

Derivation of the mass balance equation for adsorbed adsorbate (Mn) (Eqn. 5.4)

For a differential volume element, dvaé (Figure Al), with continuous oxidation of
adsorbed adsorbate by oxidant (i.e., regeneraticadsorbent), it can be assumed that the
amount of adsorbate that is adsorbed onto the laelsormust equal to the amount of
adsorbed adsorbate oxidized and not oxidized (ibpbsits in the surface of adsorbent)

Nads Noxid +Ndep (A13)

Where N represents the change of the amount oflaatsowith time, and the indices indicate
the processes adsorption, oxidation and deposition.

According to Egn. A9 the adsorption onto the adsntbn the volume element dv can be

written as

kAv (=ep) (o, _Cusapm (A14)
Pp K

aq(t,
Nads= ppdv q;zz) = ppdv

The change in the amount of adsorbed adsorbaté&zegithy the oxidant can be written as
Noxia= pb dV g (Kr C1saCob) (A15)
Where,

k. = Oxidation rate constant flmed/mol * s)
C.p= bulk aqueous-phase oxidant concentration (nil/m

The change in the amount of the adsorbed adsorb@teoxidized by the oxidant and
therefore, deposition on the adsorbent surfacéeanmritten as

aC1sa

Naeg= pp dv—> (A16)

Introducing Equations Al4, A15, A16 into Equatiod3\and dividing the resulting equation
by ppdV gives the differential mass balance equation as

k 4 - sa
%(Q [C1 =221M -k eg Crsdlob =

aC1sa

(A17)
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Assuming steady state condition with complete axixeof adsorbed adsorbate and also
considering no addition species are present thgihtnmterfere with adsorption and oxidation
(i.e., no increase in media diameter or adsorptapacity due to deposited adsorbate).

0Cisa _
ot =0 (A18)

Introducing Eqn. A18 in Egn. A17 gives

KRS (Crp [5]") - ke Cusian = 0 (A19)
Derivation of the mass balance equation for oxidant (Egn. 5.3)

For a differential volume element, dV géz (Fig. Al) it can be assumed that the amount of
oxidant that take part in oxidation or accumulatehe void fraction of the volume element
must equal the difference between the input andatieut of the volume element. Input and
output occurs by advection and axial dispersiorcoddingly, the general material balance is
given by Worch (2012).

Maccut Moxid = Mdisp + Magy (A20)

Where M represents the change of the amount ofaoxigith time, and the indices indicate
the processes accumulation, oxidation, dispersind,advection.

The change in the amount of oxidant that takesiparxidation can be written as

Moxis= pb AV eg (Kr C1saCan) (A21)

Where,
k. = Oxidation rate constant flmed/mol * s)

C.p= bulk aqueous-phase oxidant concentration (nmil/m

Based on the similar concept described in prevsaasion, the following relationships can be
established

(?Czb(tz) dC,p(t,2)

Maccu gBA d SB dV It (A22)
Magy= - Ve Ap 285807 = -y dy 222202 (A23)
Maisp= D g5 Ar =282 d7 = D) g dy 2222 (A24)
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Introducing Egns. A21, A22, A23, and A24 into Egh20 and dividing the resulting

equation by dv&g gives

aCyp 0Csp aZCZb
k +—22=- +D
pb Kr C1saCob ot U 9z L 5,2

Where,

U= Effective flow velocity or pore water velocityn(s) = (\Weg)

At steady state

0Cp _ ~ 0Cy 9%Cyp
ot — 0 — U 9z + DL aZZ pbkr ClsaCZb
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APPENDIX B

Table B1: Batch experiment data for determination & Mn uptake capacity of green
sand at pH=7.2+0.1 and temperature of Z& (Data shows the results of 52 hours of
treatment time)

Initial Mn  Green Sample Final Final Mn mg Mn mol Mn
. n adsorbed/kg
concentration sand volume conc., adsorbed/gn

(mg/l) (gm)  (ml) cone. c(mol/n?)  green sand green sand,  Ciq,
(mg/l) q kg /m3

3.39 1.0 50 0.06 0.00110091 0.1665 0.00305504 0.36036

3.39 0.7 50 0.2 0.00366972 0.2279 0.00418165 0.877578

3.29 0.4 50 0.52 0.00954128 0.34625 0.00635321 1.501805

12.91 1.0 50 1.24 0.02275229 0.5835 0.01070642 2.125107

5.52 0.4 50 1.25 0.02293578 0.53375 0.00979357 2.34192

12.03 1.0 50 1.4 0.02568807 0.5315 0.00975229 2.634055

12.91 0.5 50 3.6 0.06605504 0.925 0.01697247 3.891892

100.0

95.0 - P
90.0 -
85.0 -

80.0 -

% Mn Remoal

75.0 -

70.0 T T T

46 48 50 52 54
Filter runtime (hour)

Fig B1: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration= 3.39 mg/I and
green sand= 0.7gm)
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Fig B2: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration= 3.39 mg/l and
green sand=1 gm)
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Fig B3: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration= 12.91 mg/l and
green sand= 0.5 gm)
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Fig B4: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration= 3.29 mg/I and
green sand= 0.4 gm)
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Fig B5: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration=5.52 mg/I and
green sand= 0.4 gm)
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Fig B6: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration= 12.91 mg/l and
green sand=1 gm)

100.0

95.0 -

90.0 -

85.0 -

80.0 -

% Mn Remoal

75.0 -

70.0 T T 1

46 48 50 52 54
Filter runtime (hour)

Fig B7: %Mn removal as a function of filter runtime for the batch experiment to
determine Mn uptake capacity of green sand [InitialMn concentration= 12.03 mg/l and
green sand=1 gm)
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Figure B8: Mn adsorption capacity per weight of gren sand at pH=7.2+0.1 over a
range of soluble Mn concentrations to determine Frendlich isotherm constants.

Figure B9: Collecting effluent sample from glass brette during laboratory column
experiment to calculate Mn concentration
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Figure B10: Collecting effluent sample during laboatory multi-port column
experiment to calculate Mn concentration.

96

96



