
 
 

 
 

 
 

IMPACT OF MANGANESE ON CORROSION CONTROL AND BIOFILM 

FORMATION IN DISTRIBUTION SYSTEMS 

 

 
 
 

by 
 

 
 
 

Brittany Schae Gregory  
 

 
 

Submitted in partial fulfilment of the requirements 

for the degree of Master of Applied Science 

 
 

at 

 
 

Dalhousie University 

Halifax, Nova Scotia 

August 2017 

 

 
 

 
 
 

 
© Copyright by Brittany Schae Gregory, 2017 

 
 
 

 
 



  

 ii 

TABLE OF CONTENTS 

LIST OF TABLES  ............................................................................................................ vi 

LIST OF FIGURES  ......................................................................................................... vii 

ABSTRACT ....................................................................................................................... ix 

LIST OF ABBREVIATIONS AND SYMBOLS USED  .................................................x 

ACKNOWLEDGEMENTS  ............................................................................................ xii 

Chapter 1: INTRODUCTION............................................................................................. 1 

1.1 PROJECT RATIONALE .......................................................................................... 1 

1.2 RESEARCH OBJECTIVES ..................................................................................... 2 

Chapter 2: LITERATURE REVIEW.................................................................................. 3 

2.1 OCCURRENCE OF MANGANESE IN NATURE ................................................. 3 

2.2 MANGANESE IN DRINKING WATER DISTRIBUTION ................................... 4 

2.3 ACCUMULATION MECHANISMS ...................................................................... 5 

2.3.1 Physical and Chemical Accumulation of Manganese in Distribution ............... 6 

2.3.2 Biological Accumulation of Manganese in Distribution ................................... 7 

2.4 CO-OCCURENCE OF MANGANESE WITH TRACE INORGANICS ................ 9 

2.4.1 Adsorption Mechanisms .................................................................................... 9 

2.4.2 Co-occurrence of Manganese with Lead ......................................................... 10 

2.4.3 Application of Phosphate Based Corrosion Inhibitors..................................... 11 

2.5 RESUSPENSION OF MANGANESE AND SUBSEQUENT ISSUES  ................ 12 

2.5.1 Physical Release............................................................................................... 12 

2.5.2 Chemical Release ............................................................................................. 12 

2.5.3 Biological Release............................................................................................ 13 

2.5.4 Taste and Odour ............................................................................................... 13 

2.5.5 Neurotoxicity in School-aged Children ........................................................... 14 



  

 iii 

2.6 MANGANESE DRINKING WATER GUIDELINES........................................... 15 

Chapter 3: MATERIALS AND METHODS .................................................................... 16 

3.1 Source Water and Site Description ......................................................................... 16 

3.2 Annular Reactor Operation ..................................................................................... 16 

3.3 Sample Collection and Water Quality Analysis ..................................................... 17 

3.3.1 General Water Quality Analysis ...................................................................... 18 

3.3.2 Manganese and Lead Analysis......................................................................... 18 

3.3.3 Phosphate Analysis .......................................................................................... 18 

3.3.4 Natural Organic Matter Analysis ..................................................................... 19 

3.4 Biofilm Collection and Analysis............................................................................. 19 

3.4.1 Adenosine Triphosphate Analysis ................................................................... 19 

3.4.2 Manganese Oxidizing Bacteria Enumeration .................................................. 20 

3.4.3 Manganese Analysis ........................................................................................ 20 

3.4.4 DNA Extraction and Sequencing ..................................................................... 20 

3.4.5 Scanning Electron Microscopy and Energy Dispersive Spectrometry ............ 21 

3.5 Statistical Analysis .................................................................................................. 21 

Chapter 4: MANGANESE-BIOFOULING OF RAW WATER TRANSMISSION 

PIPELINES ....................................................................................................................... 22 

4.1 INTRODUCTION .................................................................................................. 22 

4.2 MATERIALS AND METHODS............................................................................ 23 

4.2.1 Experimental Design & Set-Up ....................................................................... 23 

4.3 RESULTS AND DISCUSSION ............................................................................. 26 

4.3.1 Source Water Chemistry .................................................................................. 26 

4.3.2 Confirmation of Manganese-Biofouling in the Raw Water Transmission  

Pipe............................................................................................................................ 27 

4.3.3 Impact of System Changes on Biofilm Accumulation .................................... 31 



  

 iv 

4.3.3.1 Impact of Flow Rate Increase on Biofilm Accumulation ......................... 33 

4.3.3.2 Impact of Cold Water Conditions on Biofilm Accumulation ................... 34 

4.3.3.3 Impact of Oxidation Enhancement on Biofilm Accumulation ................. 35 

4.4 CONCLUSIONS..................................................................................................... 37 

Chapter 5: IMPACT OF PHOSPHATE AND MANGANESE ON BIOFILM 
ACCUMULATION ONTO POLYCARBONATE SURFACES ..................................... 39 

5.1 INTRODUCTION .................................................................................................. 39 

5.2 MATERIALS AND METHODS............................................................................ 40 

5.2.1 Experimental Design & Set-Up ....................................................................... 40 

5.3 RESULTS AND DISCUSSION ............................................................................. 43 

5.3.1 Source Water Chemistry .................................................................................. 43 

5.3.2 Impact of Manganese and Phosphate on Biofilm Accumulation..................... 43 

5.3.3 Proposed Role of Phosphate on Manganese and Biofilm Formation .............. 49 

5.3.3.1 Removal of Bulk Water Manganese ......................................................... 50 

5.3.3.2 Comparison of Nitric Acid Preservation and Nitric Acid Digestion ........ 52 

5.4 Conclusions ............................................................................................................. 54 

Chapter 6: IMPACT OF RESIDUAL PHOSPHATE AND MANGANESE ON 

DOWSTREAM LEAD PIPES.......................................................................................... 56 

6.1 INTRODUCTION .................................................................................................. 56 

6.2 MATERIALS AND METHODS............................................................................ 57 

6.2.1 Experimental Design & Set-Up ....................................................................... 57 

6.3 RESULTS AND DISCUSSION ............................................................................. 59 

6.3.1 Source Water Chemistry .................................................................................. 59 

6.3.2 Impact of residual manganese and phosphate on flowing water in lead  

pipes .......................................................................................................................... 59 

6.3.3 Impact of residual manganese and phosphate on stagnated lead pipes  ........... 62 



  

 v 

6.4 Conclusions ............................................................................................................. 65 

Chapter 7: CONCLUSION ............................................................................................... 67 

7.1 Synthesis and Conclusions...................................................................................... 67 

7.2 Recommendations ................................................................................................... 68 

REFERENCES ................................................................................................................. 70 

 

  



  

 vi 

LIST OF TABLES 

Table 3.1 Average raw and finished water quality at the JD Kline Water Supply Plant. . 16 

Table 4.1 Average raw water quality conditions measured from May 2016 to April  
2017 at the pumping station and pilot plant intakes.  ................................................ 26 

Table 4.2 Average atomic composition (%) of the pumping station and pilot plant’s 
polycarbonate coupon surface elements obtained through EDS analysis. ................ 30 

Table 4.3 Average atomic composition (%) of the control and pumping station  

reactors’ polycarbonate coupon surface elements obtained through EDS analysis. . 36 

Table 5.1 Summary of the experimental conditions and timeline for each annular  

reactor........................................................................................................................ 41 

Table 5.2 Average influent water quality of the eight experimental conditions. .............. 43 

Table 5.3 Average atomic composition (%) of the polycarbonate coupon surface  

elements obtained through EDS analysis for the 0.7 and 1.2 mg-PO4/L doses. ....... 46 

Table 5.4 Comparison of average manganese concentrations measured from nitric  

acid preservation and nitric acid digestion methods.  ................................................ 52 

Table 6.1 Average lead pipe influent water quality for each experimental condition.  ..... 59 

Table 6.2 Average turbidity and bulk water lead concentrations for each experimental 

condition sampled from the flowing water effluent and following the 6-hour 
stagnation. ................................................................................................................. 64 

Table 7.1 Key findings from each experimental approach. .............................................. 67 

 

  



  

 vii 

LIST OF FIGURES 

Figure 2.1 Manganese accumulation and release mechanisms in distribution.  .................. 5 

Figure 4.1 Annular reactors operating in (A) the pumping station and (B) the pilot  
plant at the JD Kline Water Supply Plant.  ................................................................ 24 

Figure 4.2 Summary of the experimental conditions for each annular reactor. ................ 25 

Figure 4.3 Raw water manganese and DOC trends at the pumping station and pilot  
plant intakes from May 2016 to April 2017.............................................................. 27 

Figure 4.4 The percent reduction in bulk water manganese observed across the raw  
water transmission pipe throughout the experiment.  ................................................ 28 

Figure 4.5 Biofilm accumulation on the polycarbonate coupons.  .................................... 29 

Figure 4.6 Biofilm analysis of total manganese, manganese oxidizing bacteria and 
tATP, measured on the surface of the polycarbonate coupons over the course of  

the experiment........................................................................................................... 30 

Figure 4.7 Total manganese and manganese oxidizing bacteria densities, measured  

on the surface of the polycarbonate coupons during each experimental phase.  ....... 32 

Figure 4.8 Manganese accumulation onto the polycarbonate surfaces over time,  
separated by experimental phase. .............................................................................. 33 

Figure 4.9 Biomass accumulation measured on the surface of the polycarbonate  
coupons for each experimental phase.  ...................................................................... 34 

Figure 5.1 The experimental set-ups for both experimental phases. Phase 1 required  
the addition of phosphate, while phase 2 required the removal of phosphate  
through ferric (oxyhydr)oxide) filter columns.  ......................................................... 42 

Figure 5.2 Biofilm accumulation on the polycarbonate coupons following 8-weeks  
of treatment under all experimental conditions. ........................................................ 44 

Figure 5.3 Total manganese and manganese oxidizing bacteria surface densities, 
measured on the polycarbonate coupons for each experimental condition.  ............. 45 

Figure 5.4 Matched data points for manganese densities and plate counted manganese 

oxidizing bacteria measured on the polycarbonate coupon surfaces.  ....................... 47 

Figure 5.5 Biomass accumulation, measured on the surface of the polycarbonate  

coupons for each experimental condition. Error bars represent the 95%  
confidence interval.  ................................................................................................... 49 



  

 viii 

Figure 5.6 Conceptual drawing of the effect of low phosphate (A) and high  
phosphate (B) doses on bulk water manganese and the formation of biofilm.  ......... 50 

Figure 5.7 Estimated percent of manganese removed from the bulk water phase for  
each experimental condition. .................................................................................... 51 

Figure 5.8 Estimated mass of unaccounted for manganese for each experimental 
condition, calculated through system mass balances.  ............................................... 52 

Figure 5.9 Unaccounted for manganese and adjusted manganese mass balances, 

comparing nitric acid preservation and nitric acid digestion methods.  .................... 53 

Figure 6.1 The harvested lead-pipe sections (A), and the experimental set-up, with 

annular reactor discharge being fed into the lead-pipe sections (B).  ........................ 58 

Figure 6.2 The evolution of effluent manganese and lead over the experimental 
period measured under the 6-hour stagnation, high manganese, 1.2 mg-PO4 

condition.................................................................................................................... 60 

Figure 6.3 Distribution of (A) bulk water manganese concentrations and (B) bulk  

water lead concentrations for each flowing water experimental condition.  ............. 61 

Figure 6.4 Distribution of (A) bulk water manganese concentrations and (B) bulk  
water lead concentrations for each 6-hour stagnation experimental condition.. ....... 63 

Figure 6.5 Turbidity samples measured from (A) the flowing pipe discharge and (B)  
the 6-hour stagnation period obtained under the low manganese, 0.7 mg-PO4/L 

experimental condition. ............................................................................................. 64 

  



  

 ix 

ABSTRACT 

Manganese in drinking water has typically been viewed as an aesthetic nuisance, owing 

to its tendency to cause water discoloration in its oxidized form. However, public health 

concerns regarding manganese is growing. Not only have manganese deposits been 

shown to scavenge a variety of trace inorganics, but emerging epidemiological studies 

have correlated manganese in drinking water with neurotoxicity in children. Accordingly, 

Health Canada has finalized new drinking water guidelines, lowering the aesthetic 

objective from 50 g/L to 20 g/L and creating a maximum acceptable concentration of 

120 g/L.  

The fate of manganese in distribution, along with its potential impact on biomass 

accumulation and lead release was investigated in two distinct bench scale experiments. 

A study at the JD Kline Water Supply Plant in Halifax, Nova Scotia used untreated 

source water to confirm manganese-biofouling of their raw water transmission pipeline, 

demonstrating the importance of manganese oxidizing bacteria on the accumulation of 

manganese in distribution. A second experimental study investigated the impact of 

phosphate and manganese concentrations on manganese-biofilm accumulation in 

distribution. Lead pipe sections were run in series of this study, to determine the impact 

of residual manganese and phosphate on lead release. 

Bench scale results found manganese accumulation increased from 32.67 g/cm2 to 

115.93 g/cm2 across the JD Kline Water Supply Plant’s raw water transmission 

pipeline. Manganese oxidizing bacteria were strongly correlated with these deposits  

(ρ = 0.880, P<0.0001), confirming manganese-biofouling of the pipeline. Increasing 

phosphate doses reduced manganese accumulation onto polycarbonate surfaces by 

91.3%, decreasing from 32.8 g/cm2 to 2.9 g/cm2. Lead pipes exposed to manganese 

experienced greater lead release, with lead concentrations increasing from 573 g/L at 

the low manganese level to 1048 g/L at the high manganese level. Following stagnation, 

these lead concentrations increased to 7121 g/L and 13 754 g/L, respectively. Lead 

release was shown to decrease with increasing phosphate dose; however, the differences 

were not found to be significant. These results demonstrate the complex role of 

manganese in distribution systems, emphasizing the importance of manganese removal 

during treatment.   
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Chapter 1: INTRODUCTION 

 

1.1 PROJECT RATIONALE  

 

Following iron, Manganese (Mn) is the second most abundant transition metal on earth 

and is a common constituent in surface and groundwater systems due to weathering and 

leaching of Mn-bearing rocks (Groschen et al., 2009; Post, 1999). In the past, Mn 

regulatory limits for drinking water quality have been based on its ability to cause black 

water events at concentrations greater than the current Guidelines for Canadian Drinking 

Water Quality (GCDWQ) aesthetic objective (AO) of 50 g/L (Health Canada, 2017). 

However, Mn has been shown to accumulate in distribution at influent concentrations as 

low as 20 g/L (Kohl & Medlar, 2006) and can re-enter the bulk water phase with 

hydraulic or chemical changes in the system.  

 

Public health concerns regarding Mn are rising, as it has been shown to be an efficient 

scavenger of trace inorganics including chromium, copper, strontium and lead (Dong et 

al., 2003; Manceau et al., 1992; McKenzie, 1980; Nelson et al., 1999; Villalobos et al., 

2005) and an increasing number of studies have linked Mn in drinking water with 

neurotoxicity in school-aged children (Bhang et al., 2013; Bouchard et al., 2011; Henn et 

al., 2012; Khan et al., 2011; Kim, et al., 2009). Accordingly, Health Canada has finalized 

new Mn guidelines, lowering the AO to 20 g/L to better manage Mn accumulation in 

distribution and creating a maximum acceptable concentration (MAC) of 120 g/L to 

mitigate any potential health risks (Health Canada, 2016).  

 

With a more stringent Mn guideline on the horizon and mounting public concern, a better 

understanding the fate of Mn in distribution and its interactions with inorganics, bacteria 

and added constituents like corrosion inhibitors is clearly necessary. While a variety of 

studies have investigated Mn accumulation in full scale distribution systems (Cerrato et 

al., 2006; Gerke et al., 2016; Schock et al., 2008, 2014; Sly et al., 1988, 1990), there has 

been limited research at the bench scale investigating the effects of various distribution 

conditions on Mn accumulation in a controlled setting.  
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1.2 RESEARCH OBJECTIVES   

 

The fate of Mn in distribution was investigated at bench-scale using annular reactors 

(AR) and lead (Pb) pipe sections in two separate experimental designs. The first set-up 

used untreated source water at the JD Kline Water Supply Plant (JDKWSP) to confirm 

Mn-biofouling of their raw water transmission pipe. This set-up will demonstrate the 

importance of manganese oxidizing bacteria (MOB) in the accumulation of Mn in 

distribution, as well as the impact of water quality and hydraulic changes on biofilm 

densities. A second AR set-up used de-chlorinated tap water to study the impact of 

phosphate (PO4) and Mn concentrations on Mn and biomass accumulation. Effluent from 

these reactors were fed directly into Pb-pipe sections to determine the effect of residual 

Mn and PO4 on downstream Pb-pipes. In the past, Mn distribution research has 

predominantly focused on full-scale investigations. By preforming experiments in a 

controlled setting, the impact of a variety of system conditions could be investigated, 

which can then be broadly applied to other distribution systems.  

 

The research objectives of this study are summarized below: 

1. Evaluate manganese-biofouling of the JD Kline Water Supply Plant raw water 

transmission pipe and explore the impact of water quality and hydraulic changes 

on manganese and biomass accumulation; 

2. Investigate the impact of various influent phosphate and manganese doses on 

manganese and biomass accumulation onto polycarbonate surfaces in distribution; 

and 

3. Investigate the downstream impacts of residual phosphate and manganese on 

stagnant and flowing water in lead pipe.  
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Chapter 2: LITERATURE REVIEW 

 

2.1 OCCURRENCE OF MANGANESE IN NATURE 

 

Comprising 0.1% of the earth’s crust, Mn is the second most abundant transition metal on 

earth and is prevalent in rock, soil and water (NAS, 1973). While it is not found in its 

elemental state in nature, Mn will form compounds over a wide range of oxidation states 

from -2 to +7, with Mn(II), Mn(IV) and Mn(VII) being the most commonly occurring 

species (Nealson et al., 1988). Mn occurs in both surface and groundwater through the 

weathering and leaching of Mn-bearing rocks and soils, and through anthropogenic 

activities such as ferroalloy production, smelting, fertilizing and landfill leaching (Kohl 

& Medlar, 2006; Stokes et al., 1988). 

 

Thermodynamically, Mn(II) is the most stable state in fresh water and is a highly soluble 

and mobile species. However, the oxidation state of Mn is easily transformed depending 

on a variety of water quality properties such as pH, oxidation reduction potential (ORP), 

temperature, dissolved oxygen (DO) concentrations, and the presence of bacteria, 

organics, oxidants and other water constituents (Kohl & Medlar, 2006; Stokes et al., 

1988). Under oxidizing conditions, soluble Mn(II) will convert to Mn(IV) which readily 

precipitates out of solution to form various manganese oxides and hydroxides 

(Brandhuber et al., 2015; Friedman et al., 2010; Kohl & Medlar, 2006; Sawyer et al., 

2001). Changes in water quality can disrupt the stability of these precipitated Mn-oxides, 

resulting in the reduction of solid Mn(IV) to Mn(II), causing it to re-suspend in water 

(Hill et al., 2010). 

 

Owing to a greater reduction potential within aquifers, dissolved Mn concentrations are 

typically higher in groundwater systems compared to surface waters. However, surface 

water Mn concentrations and speciation is far more variable and tends to fluctuate 

throughout bodies of water, especially during seasonal stratification. Following 

stratification, increased Mn(II) concentrations are observed below the thermocline, due to 

the low oxygen environment. Anoxic conditions promote the dissolution of Mn-oxides at 

the sediment-water interface, which can be facilitated by both chemical reactions and by 
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metal reducing bacteria (Nealson & Saffarini, 1994). Above the thermocline, oxygen at 

the air-water interface causes insoluble Mn(II) to oxidize to Mn(IV) and precipitate out of 

solution (Kohl & Medlar, 2006; MWH, 2005).  

 

2.2 MANGANESE IN DRINKING WATER DISTRIBUTION 

 

Due to its prevalence in groundwater and surface water, Mn is a common constituent in 

drinking water sources and must be removed through treatment prior to entering 

distribution. However, improper treatment techniques can also introduce Mn into the 

system through potassium permanganate (KMnO4) oxidation, which is commonly used 

for Mn and iron removal (Kohl & Medlar, 2006). Mn concentrations well below the AO 

limit of 50 g/L can be achieved through many treatment processes such as chemical 

oxidation followed by filtration, greensand adsorption or biofiltration (Tobiason et al., 

2016). Residual Mn from water treatment facilities is available for release and 

accumulation in distribution systems (Kohl & Medlar, 2006; Sly et al., 1990). 

 

The occurrence of Mn in distribution systems is well established in literature, 

demonstrating the widespread existence of Mn related issues. Sly et al. (1990) correlated 

Mn deposition with Mn bulk water concentrations and found that significant deposition 

occurred at Mn(II) concentrations as low as 30 g/L. Kohl & Medlar (2006) compared 

Mn concentrations in distribution to those leaving treatment facilities and found that the 

average Mn concentration exiting treatment was 22 g/L, regardless of treatment type, 

with a 90th percentile concentration of 50 g/L. In both studies, Mn bulk water 

concentrations decreased with distance from point of entry, implying the accumulation of 

Mn in distribution. 

 

Manganese has been shown to accumulate on a variety of pipe material including lead 

(Gerke et al., 2016; Schock et al., 2008, 2014), iron (Cerrato et al., 2016; Peng et al., 

2010) and polyvinyl chloride (PVC) (Cerrato et al., 2006; Peng et al., 2010; Sly et al., 

1988, 1990), with its prevalence as a dominant scale component confirmed through the 

chemical analysis of scales detached from excavated distribution pipes. Peng et al. (2010) 
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found Mn to be the seventh most abundant element in iron and PVC pipe scales, with a 

median concentration of 790 g/g, predominantly deposited as Mn-oxyhydroxides. An 

extreme case discovered by Friedman et al. (2010) found a high-density polyethylene 

(HDPE) pipe exposed to 0.05 mg-Mn/L over an 8-year period resulted in a thick, friable 

deposit comprised of 23.2% Mn by weight. Analyses of Pb-pipe sections found  

Mn-oxyhydroxide deposits ranging from 0.01 to 400 m in thickness (Gerke et al., 2016) 

and Mn concentrations consistently over the reporting limit, reaching levels as high as 

177 200 g/g (Schock et al., 2008). An additional study by Schock et al. (2014) found 

Mn to account for 10% by weight of scale composition and that its presence hindered the 

formation of protective pattnerite minerals within the scales.  

 

2.3 ACCUMULATION MECHANISMS   

 

As depicted in Figure 2.1, the accumulation of Mn in distribution can be facilitated by a 

combination of physical, chemical and biological processes. The dominant mechanism is 

governed by system conditions, which in turn influences the rate and magnitude of Mn 

deposition. These governing conditions include, system hydraulics and water quality, the 

concentration and speciation of Mn in the bulk water, and the composition and properties 

of the solid substrate (Hill et al., 2010). 

 

 

Figure 2.1 Manganese accumulation and release mechanisms in distribution.  
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2.3.1 Physical and Chemical Accumulation of Manganese in Distribution  

 

Physical-chemical deposition and accumulation of Mn can occur through physical 

sedimentation by gravity, sorption and chemical precipitation (Hill et al., 2010). Mn(IV) 

deposits occur as a wide range of Mn oxides and hydroxides, all of which have open 

crystal structures. The open crystal structure allows for large surface areas that are 

extremely negative, resulting in high adsorption capacities. Mn(IV) solids readily partake 

in oxidation-reduction reactions and control the movement of Mn and its associated 

elements in distribution systems (Post, 1999; Tebo et al., 2004). These characteristics 

allow Mn oxides and hydroxides to be one of the strongest naturally occurring oxidizing 

compounds, aside from oxygen, in water (Tebo et al., 2004).  

 

Particulate Mn(IV) can be physically deposited due to gravity under low-flow conditions, 

commonly found at dead-end and far-reaching sections within distribution systems 

(Brandhuber et al., 2015; USEPA, 2006). However, Mn bulk water concentrations are 

typically below the saturation limit for mineral phases (USEPA, 2006); therefore, 

physical sedimentation alone is unlikely to occur in distribution, unless accompanied by 

chemical oxidation as well.  

 

Sorption encompasses both the adsorption of soluble Mn(II) onto solid phase substrates 

and absorption, the retention of Mn(II) within the structure of the substrates. Sorption is 

controlled by physical and electrostatic forces, as well as the chemical interactions 

between Mn(II) and solid surfaces like corrosion scales, sediment, precipitated Mn-

oxides and biofilms (Brandhuber et al., 2015; Friedman et al., 2010; Schock, 2005). pH 

strongly influences surface charge and electrostatic interactions between Mn(II) and solid 

substrates, which in turn impacts the kinetic rate and extent of sorption. Bulk water 

Mn(II) concentrations and the presence of co-occurring contaminants will also affect the 

accumulation of Mn(II) by sorption. Co-occurring contaminants will compete with 

Mn(II) for surface space, which consequently reduces the substrate’s capacity for Mn(II) 

ions (Friedman et al., 2010). 
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Chemical precipitation occurs when soluble Mn(II) becomes oxidized in distribution 

through increases in pH, ORP and DO, and in the presence of oxidizing agents such as 

ozone, chlorine disinfectants and KMnO4 residuals. Once oxidized, Mn(II) converts to 

Mn(IV), which will precipitate out of the bulk water phase to form a variety of Mn oxides 

and hydroxides (Friedman et al., 2010; Knocke et al., 1990; Kohl & Medlar, 2006; Sly et 

al., 1990) and deposit onto interior pipe surfaces, corrosion scales and biofilms (Cerrato 

et al., 2006; Manceau et al., 1992; Schock et al., 2014). Co-precipitation is also a 

common accumulation mechanism, in which Mn(II) is adsorbed and enmeshed within the 

structure of an actively precipitating substrate (Friedman et al., 2010).  

 

2.3.2 Biological Accumulation of Manganese in Distribution  

 

Microorganisms such as bacteria, fungi and algae are known to oxidize Mn(II) in solution 

to Mn(III) and Mn(IV) (Ghiorse, 1984), and do so at a faster rate than oxidation 

facilitated by abiotic surface reactions (Hastings & Emerson, 1986; Nealson et al., 1988; 

Tebo, et al., 2004). The dominance of biologically mediated reactions over abiotic 

reactions in natural waters is likely due the high activation energy required for the 

oxidation of Mn(II) (Tebo et al, 2004). The bacteria known to catalyze the oxidation of 

Mn(II) in water are phylogenetically diverse; however, three model organisms are more 

frequently studied: the sheath forming Leptothrix discophora strain SS-1 (Ghiorse, 1987; 

Nelson et al., 1999), the spore forming Bacillus sp. (Cerrato et al., 2010; Dick et al., 

2008; Hastings & Emerson, 1986; Mandernack et al., 1995) and Pseudomonas putida 

MnB1 and GB-1 (Villalobos et al., 2006; Caspi et al., 1998). 

 

The oxidation of Mn(II) ions by MOB can occur through both direct and indirect 

oxidation processes. Bacteria may facilitate indirect Mn(II) oxidation by modifying pH 

and redox conditions in a localized area, or through the release of by-products that 

consequently cause chemical oxidation (Hullo et al., 2001; Tebo et al., 2004; Richardson 

et al., 1988). Direct oxidation processes occur through enzymatic intercellular oxidation, 

adsorption onto cell membrane surfaces and extracellular oxidation by excreted 

polysaccharides (Adams & Ghiorse, 1984; van Veen et al., 1978) or proteins (Ehrlich, 
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1968; Larson et al., 1999). Genetic sequencing of the three model organisms revealed that 

the genes used for Mn(II) oxidation share a sequence similar to those involved with 

multicopper oxidase enzymes (Dick et al., 2008; Francis et al., 2002).  

 

While MOB have been shown to be resilient to a wide range of water conditions (Cerrato 

et al, 2010; Mandernack et al., 1995), their productivity is highly susceptible to water 

quality parameters such as pH, temperature, DO, and disinfectant concentrations. These 

parameters, along with a system’s hydraulic conditions can affect the amount and 

diversity of MOB available to form active biofilms (Garny et al., 2008, Kohl & Dixon, 

2012; Sly et al, 1988,1990). The impact of water velocity on MOB oxidation was 

demonstrated by Sly et al. (1988), who observed active Mn(II) oxidation at a velocity of 

0.5 m/s; despite the bacteria being unable to do so at a velocity of 0.01 m/s. The low 

velocity microbial communities developed in mono-layers and had a greater diversity in 

comparison to the high velocity communities that formed in clumps and were encrusted 

in Mn-oxides.  

 

Biogenic Mn-oxides produced by MOB vary by species, with L discophora producing 

sheaths, Bacillus sp. forming spores and P. putida producing biofilms (Tebo et al., 2004). 

The general structure of biogenic Mn-oxides has been shown to be layered 

phyllomanganates, with poor crystallinity and very high surface areas, most closely 

resembling vernadite (-MnO2) or acid birnessite (Miyata et al., 2007; Post, 1999; Tebo 

et al., 2005). Due to their structure, these biogenic Mn-oxides have an extremely high 

sorption capacity for metal cations and can efficiently oxidize numerous inorganic and 

organic compounds (Miyata et al., 2007).  

 

Despite the existence of MOB and the oxides they produce being well established in 

literature, the physiological function behind the oxidation process is still largely 

unknown. One theory speculates that MOB become encrusted in Mn-oxides that may 

serve as a form of protection from toxic metals, reactive oxygen, ultraviolet, predation 

and viruses (Ghiorse, 1984; Tebo et al., 2005). Biofilms encrusted in Mn have been 

shown to accumulate biomass at a faster rate than biofilms lacking Mn (Parikh et al., 
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2005). Others have proposed that Mn oxidation has energy production benefits. Sunda & 

Kieber (1994) demonstrated that Mn-oxides degrade Humic substances to compounds 

that promote microbial growth and Tebo et al. (2005) suggested Mn(II) oxidation is 

energetically favourable, allowing that MOB to utilize the energy that is produced. 

 

2.4 CO-OCCURENCE OF MANGANESE WITH TRACE INORGANICS 

 

Manganese-oxides are known for their cation exchange capacity; accordingly, numerous 

studies have demonstrated Mn to be an effective scavenger of trace inorganics in water 

(Dong et al., 2003; Feng et al., 2007; McKenzie, 1980; Manceau et al., 1992; Nelson et 

al., 1999; O’Reilly & Hochella, 2003; Puppa et al., 2013; Wang et al., 2012; Zhao et al., 

2010). Of the studies ranking the adsorption capacity of various trace metals onto metal 

oxides, a preferred association between Pb with Mn-oxides was observed over all other 

heavy metal and oxide substrate combinations (Feng et al., 2007; Manceau et al., 1992; 

McKenzie, 1980; O’Reilly & Hochella, 2003; Puppa et al., 2013; Wang et al., 2012).  

 

2.4.1 Adsorption Mechanisms   

 

Sorption of trace metals occurs within Mn-oxides to compensate for a negatively charged 

surface. These sorption mechanisms include adsorption onto the surface edges, the 

absorption into vacant sites or the substitution of Mn within the crystal lattice (O’Reilly 

& Hochella, 2003; Villalobos, 2005; Wang et al., 2012). Sorption is typically enhanced 

with increasing pH and when competitive cation concentrations are minimal. Zhao et al. 

(2010) found adsorption of Pb(II) onto -MnO2 was dependant on pH, with adsorption 

increasing between pH 2-7, plateauing between 7-10 and sharply decreasing at pH greater 

than 10. Chen et al. (2000) found a similar Pb(II) adsorption dependence with pH, in 

addition to other factors such as ORP, exposure time, temperature, and the presence of 

competing cations and MOB as well. 

 

 

 



  

 10 

2.4.2 Co-occurrence of Manganese with Lead   

 

Wang et al. (2012) quantified the adsorption of Pb onto Mn-oxides to be 1.6 to 3.9 times 

greater than any of other the metals investigated. McKenzie (1980) found that the 

adsorption of Pb by synthetic Mn-oxides was up to 40 times greater than by iron-oxides. 

He also found no evidence of Pb oxidation or the formation of Pb-Mn minerals during 

adsorption. Similar studies found that Pb adsorption capacity of Mn-oxides exceeded that 

of iron-oxides by nearly an order of magnitude (Dong et al., 2003) and Pb binding 

capacity was greater on Mn-oxides compared to iron-oxides, regardless of their surface 

areas (Nelson et al., 1999; O’Reilly & Hochella, 2003).  

 

Compared to those chemically produced, biogenic Mn-oxides adsorb a considerably 

greater amount of Pb. Sorption of Pb to Mn-oxides produced by L. discophora SS-1 was 

determined to be two to five times greater than to those chemically precipitated by 

KMnO4 or commercially purchased (Nelson et al., 1999, 2002). Surface area was 

determined to be the contributing factor of Pb sorption, as the biogenic Mn-oxide 

produced by L. discophora had the largest specific surface area of 224 m2/g due to its low 

crystallinity. By contrast, the chemically produced Mn-oxides surface area was 58 m2/g 

and the commercial Mn-oxides ranged from 0.048-4.7 m2/g (Nelson et al., 2002). 

 

In Pb-service lines, Mn scale deposits have been shown to adsorb and mobilize Pb 

particles into distribution, resulting in increased Pb and Mn concentrations at consumer 

taps (Schock et al., 2014). Trueman & Gagnon (2016) were able to prove a similar 

mechanism between iron colloids and lead particles using high molecular weight elution 

profiles. These profiles demonstrated an apparent linear dependence (R
2 = 0.82) between 

the two, indicating iron rich colloids were mobilizing Pb. Since Pb has been shown to 

have a much higher affinity for Mn over iron, the same mechanism may be occurring 

between Pb and Mn. 
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2.4.3 Application of Phosphate Based Corrosion Inhibitors  

 

Phosphates are effective corrosion inhibitors in drinking water distribution (Cartier et al., 

2012; Kogo et al., 2017; Lytle & Schock, 1996; McNeill & Edwards, 2004; Volk at al., 

2010; Woszczynski et al., 2015), with 56% of American water utilities reporting its 

application for corrosion control in 2001 (McNeill & Edwards, 2002). While typically 

applied for Pb control, phosphate can also be used to sequester Mn by preventing 

oxidation. Heintze (1968) confirmed the formation of manganese-orthophosphate 

compounds (Equation 1) that allow Mn to remain in solution and inhibits colloids from 

forming larger particles (Knocke et al., 1987; Kohl & Medlar, 2006; Sommerfield, 1999).  

 

3Mn2+ + 2H2PO4
− + 4OH− ⇌  Mn3 (PO4)24H2O        (Equation 1) 

 

The application of polyphosphates in combination with chlorine is the most commonly 

reported method employed to sequester Mn (Friedman et al., 2010; Kohl & Medlar, 2006; 

Lytle & Schock, 2002; Sommerfield, 1999). Mn-oxides can obscure the role of 

phosphates in distribution, as they have been shown to exert a competitive demand on the 

phosphate ions, limiting its effectiveness as a corrosion inhibitor (Dalvi et al., 2015; Lytle 

& Snoeyink, 2002; Zhang et al., 2007). While the efficacy of phosphate as a corrosion 

inhibitor may be reduced in the presence of Mn-oxides, it has been shown to reduce the 

adsorption of heavy metals onto these oxides (Dalvi et al., 2015; Zhang et al., 2007).  

 

Phosphate based corrosion inhibitors may have unintended consequences as a nutrient 

source for bacteria, enhancing bacterial cell growth in distribution (Chu et al., 2005; Jang 

et al., 2012; Lehtola et al., 2002; Payne, 2013; McNeill & Edwards, 2002). Increasing 

phosphorus has also been found to cause thicker, less homogenous biofilms with 

increased diversity, regardless of pipe material (Fang et al., 2009; Jang et al., 2012; 

Payne, 2013). While Fang et al. (2009) determined that bacterial cell counts increased 1-

log with the addition of 30 g/L of phosphorus, they also noticed a decrease in 

extracellular polymeric substance production. This leads to biofilms with larger surface 
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areas available for nutrient uptake; however, the weaker structure also makes them more 

susceptible to disinfection.  

 

2.5 RESUSPENSION OF MANGANESE AND SUBSEQUENT ISSUES  

 

Most accumulation mechanisms are fully reversible through physical disruptions, 

chemical dissolution, desorption, and biofilm inactivation (Figure 2.1). This can lead to 

contaminant release into drinking water, causing concentrations that may exceed the 

current drinking water quality guidelines and be of public health concern at customer 

taps. These release events have been observed and documented in several studies 

(Clement & Carlson, 2004; Reiber & Dostal, 2000; Reiber & Giani, 2005; Schock et al., 

2008).  

 

2.5.1 Physical Release 

 

Sediments, chemical precipitates and biofilms can be dislodged by hydraulic and physical 

disturbances that entrain the solids in the bulk water phase (Friedman et al.; Hill et al., 

2010). Physical release is often reported as the primary release mechanism in distribution 

(Clement & Carlson, 2004; Lytle et al., 2010; Schock, 2005) and can be caused by abrupt 

velocity increases, flow reversals, pressure transients, main breaks, earthwork and 

construction work (Friedman et al., 2003). Physical release is often identified through 

aesthetic quality deterioration, such as increased turbidity and discoloration. However, 

smaller scale releases, could result in elevated contaminant concentrations at the tap, with 

no visible aesthetic issues (Schock, 2005).  

 

2.5.2 Chemical Release  

 

The dissolution of precipitates occurs when changes in water chemistry disrupt the 

conditions in which the solids were formed, causing mineral instability. Treatment 

adjustments to pH, and disinfectant and phosphate concentrations can cause mineral 

transformation, scale instability and Mn-dissolution until equilibrium is re-established. 
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Large sections of distribution may be effected by dissolution over an extended period, 

with little to no aesthetic issues (Hill et al., 2010).  

 

Manganese-oxide release through desorption occurs through competitive displacement 

and surface substitution by compounds of similar physical and electrochemical forms 

(USEPA, 2006). Switching water sources, blending water, treatment modifications and 

seasonal effects can cause the desorption and release of Mn (Hill et al., 2010). Mn has 

been shown to be associated with orthophosphate as well as organic and mobile fractions 

that can cause desorption through competitive displacement reactions (Friedman et al., 

2010; Peng & Korshin, 2011). Co-precipitated or buried sediments may be more resilient 

to desorption into the bulk water phase (Shock, 2005).  

 

2.5.3 Biological Release  

 

Established biofilms are vulnerable to inactivation caused by temperature fluctuations 

and disinfection. Ginige et al. (2011) found biofilm activity on glass surfaces increased 

during the late summer and early fall, which corresponded with an increase in Mn 

deposition. Testing during the cooler months however, showed biofilm activity decreased 

by an order of magnitude, which subsequently lowered Mn biofilm concentrations as 

well. The same study showed that Mn incorporated in biofilms was susceptible to release 

upon inactivation through disinfection. Biofilm reactors dosed with Mn were exposed to 

chlorination which resulted in a ten-fold decrease in adenosine triphosphate (ATP) 

biofilm concentrations within a ten-day period. 

 

2.5.4 Taste and Odour 

 

Customer perception of safe drinking water is associated with taste, smell and 

appearance, with Mn being attributed to black-brown water, fixture and clothing staining, 

and a bitter metallic taste (Kohl & Medlar, 2006). Sain et al. (2014) studied the visual and 

taste thresholds for both Mn(II) and Mn(IV) at concentrations ranging from 0.005 to  

506 mg/L and found that water dosed with 0.05 mg/L Mn(II) and Mn(IV) could not be 

distinguished by taste from distilled water. It was also found that the taste population 
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threshold for Mn(II) is 75-100 mg/L and that Mn(II) in solution remained visually 

undetectable at concentrations up to 506 mg/L. Mn(IV) on the other hand, is visually 

detectable at a concentration of 0.005 mg/L, clearly demonstrating the importance of Mn 

speciation on visual and taste thresholds.  

 

2.5.5 Neurotoxicity in School-aged Children  

 

Toxic exposure to Mn can cause manganism with symptoms similar to Parkinson’s 

disease, and is typically associated with occupational settings (Brandhuber et al., 2015). 

However, a growing number of epidemiological studies have linked Mn consumption in 

drinking water with neurotoxicity in school-aged children (Bhang et al., 2013; Bouchard 

et al., 2011; Henn et al., 2012; Khan et al., 2011; Kim et al., 2009; Shin et al., 2015). 

Therefore, Mn release in distribution is not only problematic aesthetically, but also due to 

possible health concerns related to Mn consumption and its associated trace metals.  

 

Bouchard et al. (2011) examined the relationship between Mn exposure from drinking 

water with children’s intelligence quotient (IQ) scores. Comparisons of Mn exposure 

routes showed that Mn intake from water consumption is far more bioavailable than 

through food consumption, with IQ results showing that a ten-fold increase in Mn water 

concentrations, was associated with a 2.4 IQ point decrease. Other studies focusing on 

behavioural issues related to Mn consumption from drinking water found increased Mn 

concentrations were significantly associated with attention-deficit hyperactivity disorder 

(Shin et al., 2015) and withdrawn, anxious and aggressive behaviours (Khan et al., 2011).  

 

Due to its affinity to scavenge trace inorganics, several studies have examined the impact 

of the co-exposure of Mn and Pb drinking water on neurotoxicity. When comparing 

blood Mn and Pb levels, with the IQ scores of school-aged children, an additive effect 

modification was found in one study (Kim et al., 2009) and a synergistic on 

neurodevelopmental problems were found in another (Henn et al., 2012). These results 

indicate that Pb toxicity could potentially increase among children already exposed to 

high Mn concentrations.  
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2.6 MANGANESE DRINKING WATER GUIDELINES 

 

Due to its ability to cause black water events, and issues related to taste and odour, the 

current guideline for Mn in the GCDWQ is an AO of 50 g/L. However, this guideline 

was last updated in 1987, and advances in water treatment and mounting public health 

concerns regarding Mn has led Health Canada to revaluate this contaminant limit. Health 

Canada has recently finalized new guidelines, lowering its AO to 20 g/L and creating a 

MAC of 120 g/L. By lowering the AO, Health Canada is hoping to reduce the number 

of dirty water complaints caused by Mn and improve consumer confidence in drinking 

water quality. The MAC will help mitigate potential health risks associated with drinking 

water consumption as research continues to develop on the topic (Federal-Provincial-

Territorial Committee on Drinking Water, 2016). 

  



  

 16 

Chapter 3: MATERIALS AND METHODS 

 

3.1 Source Water and Site Description  

 

Both the untreated and finished water used throughout this study was obtained from the 

J.D. Kline Water Supply Plant in Halifax, Nova Scotia. The JDKWSP uses Pockwock 

Lake, located within a protected watershed, as its source water supply. As shown in  

Table 3.1, Pockwock Lake is characterized by having a low pH, low alkalinity, and low 

turbidity (Halifax Water, 2016). The plant services 201 000 customers and has a design 

capacity of 220 ML/day, though the average daily intake is approximately 90 ML/day 

(Halifax Water, 2010). The JDKWSP operates as a direct filtration plant, using 

coagulation with alum followed by dual media filtration consisting of sand and anthracite 

as its main forms of treatment. Filtered water is then dosed with chlorine for disinfection, 

sodium hydroxide for pH adjustment and zinc orthophosphate for corrosion control. The 

average finished water quality parameters, prior to distribution, are also listed below in 

Table 3.1.  

 

Table 3.1 Average raw and finished water quality at the JD Kline Water Supply Plant. 

Parameter Raw Water Treated Water 

Alkalinity (as CaCO3) <1.0 mg/L 22.5 mg/L 

Hardness (as CaCO3) 4 mg/L 11.2 mg/L 

pH 5.8 7.3 

Turbidity 0.3 NTU < 0.09 NTU 

Colour 16 NTU < 3.0 NTU 

TOC 2.6 mg/L 1.5 mg/L 

Iron < 0.06 mg/L < 0.05 mg/L 

Manganese 0.034 mg/L 0.008 mg/L 

Lead < 0.6 g/L < 0.5 g/L 

 

3.2 Annular Reactor Operation   

 

Annular reactors are often used for biofilm accumulation studies to simulate drinking 

water distribution systems at the bench scale (Camper et al., 2003; Fang et al., 2009; 
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Gagnon et al., 2005; Garny et al., 2008; Jang et al., 2012; Payne, 2013; Rand et al., 2007; 

Rygel, 2006). The annular reactors (Biosurfaces Technologies Inc., Bozeman, MT) are 

completely mixed reactors consisting of an inner rotating polycarbonate drum surrounded 

by an outer glass cylinder. Shear stresses comparable to those found in distribution are 

controlled by a variable speed motor that rotates the inner drum, while the hydraulic 

retention times are controlled by the volumetric flow rate of the influent water. To 

support biofilm growth, 20 coupons are flush mounted on the inner rotating drum, which 

can later be removed for analysis.  

 

Prior to their use, the annular reactors and coupons were cleaned and sterilized. First, the 

annular reactors and coupons were scrubbed with phosphorus free soap and rinsed with 

deionized water (DI). The coupons were then soaked in a 10% nitric acid solution to 

remove any remaining metals and rinsed with DI. The sterilization procedure for the 

annular reactors was adapted from multiple studies (Fang et al., 2009; Payne, 2013; 

Rygel, 2006). The reactors were assembled, with the coupons in place, and autoclaved at 

121C for 15 minutes. The tubing was then set up, and the reactors were flushed with 

70% ethanol for 24 hours and rinsed with DI. Following sterilization, flow breaks were 

added to prevent back flow contamination and all the non-opaque surfaces were covered 

with aluminum foil to reduce phototrophic growth within the reactors (Gagnon et al., 

2005; Rand et al., 2007; Rygel et al., 2006). 

 

3.3 Sample Collection and Water Quality Analysis  

 

All aqueous samples were collected in 500 mL HDPE bottles, which were soaked in a 

10% nitric acid solution for 24 hours and rinsed 3 times with DI water prior to their use. 

Samples collected from the JDKWSP were stored in an ice-packed cooler for transport to 

Dalhousie University for further analysis.  
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3.3.1 General Water Quality Analysis 

 

Temperature and pH were measured immediately following sampling using an Accumet 

XL-60 double junction electrode (Fisher Scientific, MA, USA). A three-point calibration 

at pH 4, 7 and 10 was performed each day prior to its use. Turbidity was measured using 

a turbidimeter (2100N Turbidimeter, HACH, CO, USA), according to the manufacturer’s 

instructions.  

 

3.3.2 Manganese and Lead Analysis  

 

Manganese and lead were analyzed using inductively coupled plasma mass spectrometry 

(ICP-MS) (X-Series 2 ICP-MS, Thermo Fisher Scientific, MA, USA), which has a 

minimum detection level of 0.4 g/L for lead and 0.8 g/L for manganese. Water 

samples were transferred to 14 mL polyethylene vials and acidified with trace metal nitric 

acid to a pH < 2 for preservation. Samples collected form the Pb-pipe sections often had a 

turbidity greater than 1-NTU; therefore, were prepared for analysis using nitric acid 

digestion in accordance to Standard Methods 3030E (APHA, 2012). A portion of the 

samples were processed by AGAT Laboratories (Dartmouth, Nova Scotia) using ICP-MS 

in accordance to Standard Method 3125. The laboratory’s reporting detection level for 

manganese and lead were 2 g/L and 0.5 g/L, respectively. 

 

3.3.3 Phosphate Analysis 

 

Phosphate was measured using ion chromatography (761 Compact IC, Metrohm, 

Herisau, Switzerland), which has a method detection limit of 0.7 mg/L. Samples below 

this detection limit were occasionally analyzed with a HACH DR5000 (HACH, CO, 

USA) using the PhosVer 3 method (#8048), which can detect orthophosphate at 

concentrations between 0.02 and 2.50 mg/L.  

 

 

 



  

 19 

3.3.4 Natural Organic Matter Analysis 

 

Natural organic matter was measured as total organic carbon (TOC), dissolved organic 

carbon (DOC) and as colour. TOC samples were collected in 40-mL glass vials with zero 

headspace and preserved with phosphoric acid to pH < 2. DOC samples were filtered 

through preconditioned 0.45-μm cellulose filter membranes prior to collection and 

preservation. Samples were then analyzed using a Shimadzu TOC-VCSH TOC Analyzer 

(Shimadzu, Kyoto, Japan) using the combustion catalytic oxidation/NDIR TOC-V 

method. The minimum detection limit of organic carbon is 0.25 mg/L. True colour was 

measured with a HACH DR5000 (HACH, CO, USA) using the Platinum-Cobalt Standard 

Method (#8025).  

 

3.4 Biofilm Collection and Analysis  

 

Annular reactor coupons were acclimated for a 30-day period prior to sample collection, 

to ensure stable biofilm growth (Gagnon et al., 2015; Rand et al., 2007; Payne, 2013). 

The coupons were aseptically removed with a flame sterilized metal hook and 

immediately placed in autoclaved 150 mL test tubes. Coupons removed from the 

JDKWSP were placed in autoclaved 150 mL test tubes filled with effluent water to 

prevent the biofilm from drying out. The tubes were then stored in an ice-packed cooler 

for transport to Dalhousie University for further analysis. All microbiological analyses 

were performed in a biosafety cabinet to limit sample contamination. Following analysis, 

the coupons were rinsed with DI and sterilized with 70% ethanol. Once dried, they were 

returned to the annular reactor.  

 

3.4.1 Adenosine Triphosphate Analysis 

 

Adenosine Triphosphate analysis was performed on one third of the coupon surface, 

measuring approximately 7.5 cm2, using LuminUltra Technologies’ (New Brunswick, 

Canada) Deposit & Surface Analysis Test Kit. The analyses were conducted in 

accordance to the manufacturer’s surface swab protocol. Relative light units were 
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measured using a Kikkoman C-100 LumiTester (Tokyo, Japan) and were converted to 

pg/cm2 using the manufacturer’s provided formula.  

 

3.4.2 Manganese Oxidizing Bacteria Enumeration 

 

Manganese oxidizing bacteria were quantified using one third of the coupon surface,  

measuring approximately 7.5 cm2. As described by Payne (2013) biofilm was gently 

scraped into sterilized test tubes using an autoclaved spatula, and rinsed with 1 mL of 

sterilized phosphate buffered solution (PBS). The suspended biofilm was then vortexed to 

homogenize the solution. Ten-fold dilutions to 10-4 were spread plated, in triplicate, using 

0.1 mL of sample in accordance with Standard Methods 9215C (APHA, 2012). The 

culture media was composed of R2A agar spiked with 17 mg/L MnSO4 (Fisher Scientific, 

ON) to encourage MOB growth as described by Burger et al. (2008). The plates were 

then incubated in the dark for a 30-day period at room temperature, after which time 

black MOB colonies could be identified and enumerated.  

 

3.4.3 Manganese Analysis  

 

The remaining third of the biofilm was gently scraped from the coupons into 50-mL test 

tubes and rinsed with 50 mL of DI. The samples were prepared for analysis using nitric 

acid digestion in accordance to Standard Methods 3030E (APHA, 2012), with the 

manganese analysis being performed with an X-Series 2 ICP-MS (Thermo Fisher 

Scientific, MA, USA). 

 

3.4.4 DNA Extraction and Sequencing  

 

Upon experimental completion, coupons were aseptically removed from the reactors for 

biofilm DNA extractions. The coupons were gently scrapped with an autoclaved spatula 

into sterilized test tubes and rinsed with 10 mL of sterilized DI. The samples were then 

centrifuged at 10 000 x g for 30 seconds and the supernatant was decanted. The cells 

were rinsed an additional three times following the same procedure. After the final rinse, 

the supernatant was decanted and the DNA was extracted from the pellet using the 
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MoBio PowerBiofilm DNA Isolation kit (MoBio Laboratories, Inc., California, USA) in 

accordance with the manufacturer’s protocol. Following DNA extraction and 

quantification, the samples were sent to the Centre of Comparative Genomics and 

Evolutionary Bioionformatics at Dalhousie University for 16s rRNA sequencing and 

species identification. 

 

3.4.5 Scanning Electron Microscopy and Energy Dispersive Spectrometry  

 

An additional coupon was removed from the reactors at the end of the experimental 

period and placed in a desiccator for future scanning electron microscopy and energy 

dispersive spectrometry (EDS) analysis. Preparations for analysis included cutting and 

plating the coupons and coating them with 27 nanometers of gold. The scanning electron 

microscope (Hitachi S-4700 FE-SEM, Hitachi Ltd, Tokyo, Japan) includes an energy 

dispersive X-ray analysis system, which was used to analyze the atomic and weight 

percent composition of three locations on each of the coupon surfaces.  

 

3.5 Statistical Analysis  

 

Microsoft Excel® (Microsoft, Redmond, WA, U.S.A.) was used for data organization, 

analysis and the calculation of confidence intervals. All other statistical analyses were 

performed using Minitab Express ® software (MINITAB Inc., State College, PA, USA), 

which included mean comparisons using paired t-tests and Tukey’s method, as well as 

Pearson correlation testing. All statistical analyses were conducted at the 95% confidence 

level. 
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Chapter 4: MANGANESE-BIOFOULING OF RAW WATER TRANSMISSION 

PIPELINES 

 

4.1 INTRODUCTION 

 

Water quality samples taken from the JD Kline Water Supply Plant’s pumping station 

and treatment plant intakes revealed that bulk water Mn concentrations were decreasing 

between the two locations. Manganese accumulation, caused by biofouling of the supply 

plant’s raw water transmission pipe, was blamed for the observed reduction. The 48-inch 

pipe, which is 1051 m in length and constructed of lined concrete, is used to transport raw 

water from the pumping station to the supply plant for treatment prior to distribution. 

Halifax Water, the operators of the supply plant, expressed interest in confirming Mn-

biofouling of the transmission pipe and exploring the impact of water quality and 

hydraulic changes on Mn and biomass accumulation. 

 

The accumulation of Mn in distribution has been well established in literature, 

demonstrating the widespread occurrence of Mn related issues in drinking water systems. 

Studies investigating the fate of Mn in distribution found the concentration of bulk water 

Mn decreased with distance from its point of entry, implying deposition within the 

system (Kohl & Medlar, 2006; Sly et al., 1990). This accumulation has been confirmed 

by studies examining the chemical composition of excavated pipe scales, with results 

showing Mn to be a dominant component in scales obtained from pipes composed of Pb 

(Gerke et al., 2016; Schock et al., 2008, 2014), iron (Cerrato et al., 2016; Peng et al., 

2010) and PVC (Cerrato et al., 2006; Peng et al., 2010; Sly et al., 1988, 1990). In terms of 

abundance, Schock et al. (2014) found Mn to account for 10% by weight of scale 

removed from lead pipes, while Friedman et al. (2010) found Mn to account for 23.2% by 

weight of scale from an HDPE pipe exposed to 50 g/L over an 8-year period.  

 

Depending on the water quality and hydraulic conditions within a system, Mn 

accumulation can be facilitated by a combination of physical, chemical and biological 

processes. Other important factors impacting the rate of deposition include the 

concentration and speciation of bulk water Mn and the composition of the solid substrate 
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(Hill et al., 2010). These factors are particularly important in surface waters, as Mn 

concentrations and speciation tend to fluctuate throughout bodies of water, especially 

during seasonal stratification (Kohl & Medlar, 2006; MWH, 2005). Since the source 

water is not disinfected prior to entering the transmission pipe at the JDKWSP, biogenic 

oxidation is likely the principle accumulation mechanism in this system. Oxidation 

facilitated by bacteria has been shown to dominate abiotic reactions in natural waters 

(Hastings & Emerson, 1986; Nealson et al., 1988; Tebo et al., 2004), likely due to the 

high activation energy required for the oxidation of Mn(II) (Tebo et al, 2004). 

 

The issue with Mn accumulation in distribution arises from its tendency to re-enter the 

bulk water phase through physical disruptions, chemical dissolution, desorption, and 

biofilm inactivation (Clement & Carlson, 2004; Reiber & Dostal, 2000; Reiber & Giani, 

2005; Schock et al., 2008). While this would be problematic on its own, the affinity for 

Mn-oxides to scavenge trace inorganics in water exacerbates the issue even further (Dong 

et al., 2003; Feng et al., 2007; McKenzie, 1980; Manceau et al., 1992; Nelson et al., 

1999; O’Reilly & Hochella, 2003; Puppa et al., 2013; Wang et al., 2012; Zhao et al., 

2010). At the JDKWSP, the release of accumulated Mn within the raw water 

transmission pipe could cause unexpected spikes in Mn requiring treatment, along with 

its associated bacteria and trace inorganics.  

 

4.2 MATERIALS AND METHODS 

 

4.2.1 Experimental Design & Set-Up  

 

To confirm Mn-biofouling of the raw water transmission pipe, an annular reactor was set 

up at the JDKWSP pumping station intake to simulate the transmission pipe’s hydraulic 

conditions. A second reactor was set up following the transmission pipe at the JDKWSP 

pilot plant, to compare Mn and biofilm densities between the two locations. These 

reactors operated under the same hydraulic conditions throughout the experiment, 

simulating the transmission pipe’s low demand flow rate of 65 million liters per day. 

Within the reactors, this flow rate was equivalent to a 27.2-minute hydraulic retention 

time, operating at a speed of 217 RPM, as determined by the manufacturer’s operations 
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manual. Influent water in the pumping station was drawn from the raw water intake, 

whereas the pilot plant reactor was fed water from the pilot plant’s influent over flow 

(Figure 4.1). 

 

 

Figure 4.1 Annular reactors operating in (A) the pumping station and (B) the pilot plant at 
the JD Kline Water Supply Plant. 

 

In addition to the confirmation of Mn-biofouling of the raw water transmission pipe, the 

impact of four experimental conditions on Mn and biomass accumulation were 

investigated during this study (Figure 4.2). This required the employment of a third 

annular reactor, operating in parallel to the pumping station reactor to compare the effects 

of system changes on biofilm growth. During the first phase of the experiment, the 

reactor was operated under JDKWSP’s low demand flow rate condition of 65 million 

liters per day for a period of ten weeks. The impact of flow rate increases was then 

investigated by operating the reactor under JDSKWSP’s high demand flow rate of  

100 million liters per day over a 17-week period. This flow rate was simulated with a 

17.7-minute hydraulic retention time, at an operating speed of 407 RPM, as determined 

by the manufacturer’s operations manual. As water temperatures dropped below 14°C, 

the impact of cold water temperatures on Mn and biomass accumulation could be studied. 

During this 15-week phase, the reactor was operated under the low demand flow rate. 

The final condition studied was the impact of oxidant enhancement on Mn accumulation 

taking place over a 7-week period. Sodium hypochlorite (NaOCl) was dosed at 0.15 mg-

Cl2/L, as determined through breakpoint testing of the source water. The sodium 
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hypochlorite stock solutions were prepared using autoclaved DI water and was replaced 

weekly.  

 

 

 
Phase 1 

10 weeks 

Phase 2 

17 weeks 

Phase 3 

15 weeks (Winter) 

Phase 4 

7 weeks 

AR 1 Low Demand (65 million L/day) 

AR 2 
Low Demand 

(65 million L/day) 

High Demand 

(100 million L/day) 

Low Demand 

(65 million L/day) 

Low Demand  

Oxidant Enhancement 

AR 3 Low Demand (65 million L/day) 

Figure 4.2 Summary of the experimental conditions for each annular reactor. 

 

Polycarbonate coupons were used during this study as a substitute to lined-concrete, as it 

is an inert material and often used in biofilm reactor studies (Sharp, 2001; Garny, et al., 

2008; Graham et al., 2005, Camper, 2005; Fang et al., 2009, Rand et al., 2007). Results 

obtained using polycarbonate coupons serve as a conservative estimate to the results that 

would have been obtained with lined concrete coupons, as studies have shown 

polycarbonate accumulates the least amount of biomass compared to other pipe materials 

(Camper et al., 2003; Gagnon et al., 2005).  

 

The coupons were removed bi-weekly for sampling, with the exception of December-

March. During this time, coupon sampling occurred monthly, as Mn concentrations 

(Granger, 2013) and biomass activity (Ginige, 2011; Kohl & Medlar, 2006; Lauderdale et 

al., 2016) have been shown to decrease under cold water conditions. Coupons were 

transported to Dalhousie University in sterile test tubes filled with effluent water and later 
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analyzed for Mn, MOB and tATP, as described in Chapter 3: Following experimental 

completion, scanning electron microscopy, EDS and DNA extraction for future 

sequencing were also performed on the coupons. Influent and effluent bulk water samples 

were collected weekly for pH, temperature, turbidity and total manganese analysis, while 

additional analyses of TOC, DOC and colour were performed on a bi-weekly basis. 

During the cold-water phase, bulk water sampling was reduced to a bi-weekly basis. 

Temperature, pH and turbidity were analyzed immediately following sampling at the 

JDKWSP lab, while the remaining analyses were performed at Dalhousie University. All 

materials and methods used during this study are detailed in Chapter 3: 

 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 Source Water Chemistry 

 

Raw water from the pumping station and pilot plant intakes were sampled and 

characterized over a 49-week period from May 2016 to April 2017, with the results 

summarized in Table 4.1. 

 

Table 4.1 Average raw water quality conditions measured from May 2016 to April 2017 

at the pumping station and pilot plant intakes. 

Parameter Pumping Station Pilot Plant 

Manganese (g/L) 34.02 ± 14.62 29.63 ± 25.08 

Temperature (°C) 14.9 ± 4.1 15.8 ± 3.4 

pH 5.25 ± 0.43 5.10 ± 0.53 

Turbidity (NTU) 0.790 ± 0.51 0.733 ± 0.50 

DOC (mg/L) 3.260 ± 0.33 2.99 ± 0.361 

TOC (mg/L) 3.530 ± 0.49 3.08 ± 0.741 

Colour (NTU) 14 ± 10 15 ± 14 

 

At both intakes, Mn concentrations were typically below the AO limit of 50 g/L, 

excluding a few unexpected spikes at the pilot plant as shown in Figure 4.3. These spikes 

are likely the result of biofilm resuspension in the transmission pipe, as there were no 

corresponding Mn increases observed at the pumping station intake during these events. 

Temperatures at the pumping station varied from 7.0°C in January to 21.4°C in August, 
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averaging 14.9°C, while the pilot plant intake was slightly warmer, averaging 15.8°C. Mn 

concentrations varied somewhat over the course of the experiment, with a 10 g/L 

increase observed at the beginning of November. DOC results followed a very similar 

trend, reaching a minimum concentration at the beginning of November. By sampling 

over the winter months, the impact of cold water temperatures on MOB efficiency and 

Mn accumulation could be evaluated.  

 

 

Figure 4.3 Raw water manganese and DOC trends at the pumping station and pilot plant 

intakes from May 2016 to April 2017. 

 

4.3.2 Confirmation of Manganese-Biofouling in the Raw Water Transmission Pipe 

 

Upon discovering an apparent decrease in bulk water Mn concentrations across the raw 

water transmission pipe at the JDKWSP, Halifax Water began testing Mn at the pumping 

station and treatment plant intakes on a semi-regular basis using the HACH  

1-(2-Pyridylazo)-2-Naphthol PAN Method (#8149). The results of Halifax Water’s data 
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collection, as well as the data collected throughout the study were used to confirm the 

reduction in bulk water Mn across the pipe, as shown in Figure 4.4. 

 

 

Figure 4.4 The percent reduction in bulk water manganese observed across the raw water 

transmission pipe throughout the experiment. 

 

The majority of the sampling events saw a reduction in Mn across the transmission pipe 

(62.9% from the Halifax Water data and 88.3% from the experimental data), with an 

observed average reduction of 6.3 g/L. However, only the experimental data was found 

to have a significant difference in Mn across the transmission pipe (P=0.0333), perhaps 

due to the larger data set or the use of different analytical methods. The reduction in bulk 

water Mn between the two intakes suggests Mn is accumulating within the transmission 

pipe, which is supported by previous distribution studies that found bulk water Mn 

concentrations decreased with distance from the point of entry due to Mn accumulation 

(Sly et al., 1990; Kohl & Medlar, 2006). 
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Polycarbonate coupons have been shown to accumulate the least amount of biomass 

when compared to other pipe materials (Camper et al., 2003; Gagnon et al., 2005); 

therefore, were used as a conservative proxy for the transmission pipe material in this 

study. A visible inspection of the coupons, as seen in Figure 4.5, indicate Mn 

accumulation occurred within each system. Black dots, identified as Mn deposits, can be 

observed on all three coupon surfaces, with the pilot plant coupons amassing the greatest 

amount of biofilm over the course of the experiment. 

 

 

Figure 4.5 Biofilm accumulation on the polycarbonate coupons. 

 

Confirmation of Mn accumulation onto polycarbonate surfaces was achieved through 

chemical analysis of the accumulated biofilms. Figure 4.6 shows the Mn surface density 

results within the pumping station and pilot plant reactors over the course of the 

experiment. An average Mn surface density of 10.96 g/cm2 was observed within the 

pumping station, reaching a final density of 32.67 g/cm2. In comparison, the average 

pilot plant surface density was significantly higher (P=0.0003) at 36.16 g/cm2, reaching 

a final density 115.93 g/cm2. An EDS analysis of the coupon surfaces also confirmed 
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the presence of Mn within the biofilm (Table 4.2). Results show an average percent 

atomic composition of 1.03% in the pumping station reactor, which more than doubled to 

2.53% within the pilot plant reactor.  

 

 

Figure 4.6 Biofilm analysis of total manganese, manganese oxidizing bacteria and tATP, 

measured on the surface of the polycarbonate coupons over the course of the experiment. 

Error bars represent the 95% confidence interval. 

 

Table 4.2 Average atomic composition (%) of the pumping station and pilot plant’s 

polycarbonate coupon surface elements obtained through EDS analysis.  

%  Atomic Composition 

 C N O Al  Si Cl Mn Fe  

Pumping Station  62.91 4.37 29.54 0.33 0.58 0.05 1.03 1.18 

Pilot Plant  53.31 6.10 36.03 0.64 0.19 0.00 2.53 1.19 
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Culturable MOB within the biofilm were enumerated through spread plating to confirm 

biologically facilitated Mn oxidation. The spread plate results, seen in Figure 4.6, show 

that the average MOB surface density increased significantly following the raw water 

transmission pipe (P < 0.0001), increasing by nearly 80% to 178 CFU/cm2. A Pearson 

correlation coefficient showed a significant (ρ = 0.880, P<0.0001) relationship between 

Mn and MOB surface densities on the coupon surfaces. This strong correlation suggests 

MOB are facilitating the oxidation of Mn onto the polycarbonate surfaces, especially 

given the unfavourable oxidation conditions caused by the acidic pH. Ginige et al. (2011) 

found a significantly positive correlation between biological activity and Mn deposition 

in distribution. Granger (2013) also found a similar positive correlation between 

heterotrophic plate counts and increased Mn removal in biofilters, concluding that 

removal was likely due to biological oxidation.  

 

Biological oxidation would explain how the pilot plant reactor accumulated more than 

triple the amount of Mn compared to the reactor located in the pumping station, despite 

having significantly lower influent Mn concentrations. The MOB present within the pilot 

plant reactor likely originated from the transmission pipe, where established active 

biofilms can easily be removed by hydraulic disturbances. For example, Halifax Water 

performs quarterly line flushes, which could dislodge biofilm within the transmission 

pipe biofilm and transport it to the pilot plant reactor where it can quickly re-establish 

active MOB colonies. This would allow for MOB and Mn to accumulate at a faster rate 

compared to the pumping station reactor, which would have to establish MOB colonies 

from planktonic bacteria. 

 

4.3.3 Impact of System Changes on Biofilm Accumulation 

 

The impact of water quality and hydraulic changes on biofilm accumulation was 

observed through an increase in flow rate, operation under cold water conditions and 

oxidant enhancement. The average cumulative Mn and MOB results obtained from each 

experimental phases are displayed in Figure 4.7, while Figure 4.8 shows Mn 
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accumulation over time in both reactors to compare deposition rates under each 

experimental condition.  

 

Figure 4.7 Total manganese and manganese oxidizing bacteria densities, measured on the 
surface of the polycarbonate coupons during each experimental phase. Error bars 

represent the 95% confidence interval. 

 

0

50

100

150

200

250

300

350

0

5

10

15

20

25

30

35

Control Pumping

Station

Control Pumping

Station

Control Pumping

Station

Control Pumping

Station

Low Demand High Demand Cold Temperatures Oxidation

M
O

B
 A

cc
u

m
u

la
ti

o
n

 (
C

F
U

/c
m

2
)

M
a
n

g
a
n

e
se

 A
cc

u
m

u
la

ti
o
n

 (


g
/c

m
2
)

Manganese MOB



  

 33 

 

Figure 4.8 Manganese accumulation onto the polycarbonate surfaces over time, separated 

by experimental phase. 

 

4.3.3.1 Impact of Flow Rate Increase on Biofilm Accumulation  

 

During the low demand flow rate, the biofilm analyzed from the pumping station and 

control reactors were statistically similar (Figure 4.7). However, following the flow rate 

increase to high demand, Mn and MOB surface densities were significantly lower than 

those measured from the control coupons. When compared to the low demand results, the 

increased flow rate coupons accumulated a quarter of the Mn and 7.4 times less MOB. 

The increased flow rate also resulted in Mn accumulating at a much slower rate compared 

to the control. As seen in Figure 4.8, Mn accumulated at a rate of approximately  

0.69 g/cm2 per week within the control reactor, while only accumulating 0.12 g/cm2 

per week at the higher flow rate.  

 

As hydraulic disturbances are commonly cited as a primary removal mechanism in 

distribution (Clement & Carlson, 2004; Lytle et al., 2010; Schock, 2005), the decrease in 

biofilm was likely the result of physical removal caused by the increase in shear stress. 

Friedman et al. (2003) came to a similar conclusion, finding that diurnal demand patterns 

0

5

10

15

20

25

30

35

0 5 10 15 20 25 30 35 40 45 50

M
a
n

g
a
n

e
se

 A
cc

u
m

u
la

ti
o
n

 (


g
/c

m
2
)

Week

Control Pumping Station

Low Demand High Demand Cold 

Temperatures
Oxidation



  

 34 

can mobilize loose biofilm on pipe surfaces. The lower rate of accumulation following 

the flow rate increase was likely due to the high shear stress and low hydraulic retention 

time in the system, creating less favourable conditions for biofilm growth.   

 

4.3.3.2 Impact of Cold Water Conditions on Biofilm Accumulation  

 

The optimum temperature for MOB growth is approximately 30°C (Ghirose, 1984; 

Mandernack et al., 1995; Kielemoes, et al., 2002), although the optimum range has been 

described to be as wide as 15-30°C (Tipping, 1984). Unsurprisingly, as water 

temperatures dropped to as low as 7.0°C during the winter phase, bacterial growth was 

negatively impacted. MOB concentrations were decimated within the pumping station 

reactor, while concentrations decreased significantly from 103 CFU/cm2 to 56 CFU/cm2 

in the control. A similar decrease in bacterial growth from 170 CFU/cm2 to 121 CFU/cm2 

was observed in the pilot plant reactor during this time. tATP results, which indicate 

microbial population, also showed no significant bacterial growth during this phase 

(Figure 4.9).  

 

Figure 4.9 Biomass accumulation measured on the surface of the polycarbonate coupons 
for each experimental phase. Error bars represent the 95% confidence interval.  
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These results coincide with other studies that found MOB to be negatively impacted by 

colder water temperatures. Ginige et al. (2011) found that during cooler months, biofilm 

activity in distribution decreased by an order of magnitude, with Mn concentrations also 

decreasing significantly during this time. A case study investigating Mn removal through 

biofiltration found ATP concentrations to be notably lower during their cold-water 

experiments (Lauderdale et al., 2016); however, it should be noted their cold-water 

conditions were consistently above 11°C. Kohl and Medlar (2006), also found that 

decreased water temperature resulted in slower oxidation reactions, limiting the 

efficiency of Mn removal in biofilters.  

 

Despite the adverse impact of the cold-water temperatures on biomass accumulation, Mn 

continued to deposit in both reactors. Mandernack et al. (1995) found that Bacillus strain 

SG-1 continued to oxidize Mn(II) onto -MnO2 at temperatures as low as 3°C; therefore, 

MOB still active in the biofilm could potentially be oxidizing Mn in these systems. 

However, as seen in Figure 4.8, Mn accumulation rates remained steady between the cold 

temperature phase and the previous high demand phase, despite the significant decrease 

in MOB populations. Since the Mn accumulation rates did not decrease in response to 

decreasing MOB, biogenic adsorption onto previously established biofilm is likely the 

primary mechanism behind Mn accumulation at these temperatures.  

 

4.3.3.3 Impact of Oxidation Enhancement on Biofilm Accumulation  

 

Visually, as seen in Figure 4.5, oxidant enhancement resulted in an increase in biofilm 

accumulation and the appearance of black Mn deposits on the coupon surface. Biofilm 

analyses of the oxidant enhanced coupons showed that the addition of NaOCl resulted in 

Mn surface densities more than doubling to 6.93 g/cm2, in addition to the return of 

MOB colonies. However, these increases were not statistically significant and it is 

difficult to determine whether the increases were simply the result of warmer water 

temperatures.  
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A comparison of the Mn accumulation rates during this phase may provide a better 

insight on the effect of oxidant enhancement on Mn deposition (Figure 4.8). In the 

pumping station reactor, the rate of Mn accumulation increased by 89% following the 

addition of NaOCl. In comparison, the rate of Mn accumulation remained consistent in 

the control, decreasing only slightly from 0.80 g/cm2 per week to 0.77 g/cm2 per week. 

This large rate increase observed in the oxidant enhanced reactor suggests NaOCl 

contributed to increased Mn accumulation; however, the re-appearance of MOB with 

warmer water temperatures still may have played an important factor on Mn 

accumulation during this phase.  

 

While the oxidation of Mn by chlorine has been observed in distribution (Sly et al., 

1990), Mn is not easily oxidized by chlorine at a pH less than 9.5 (Brandhuber et al., 

2013; Knocke et al., 1990). This is especially true in the presence of co-occurring metals 

such as iron, which oxidize more readily when compared to Mn. Therefore, the oxidant 

demand for these co-occurring metals must be fulfilled before any substantial oxidation 

of Mn can take place (Brandhuber et al., 2013). An EDS analysis of the coupon surfaces 

suggests that NaOCl may have been preferentially oxidizing iron over Mn in the pumping 

station reactor (Table 4.3). Following the addition of NaOCl, the average percent atomic 

composition of Mn increased by just 0.09%, whereas iron increased by 0.77%, nearing 

the percent composition of iron found on the control coupon surface.  

 

Table 4.3 Average atomic composition (%) of the control and pumping station reactors’ 

polycarbonate coupon surface elements obtained through EDS analysis.  

%  Atomic Composition 

 C N O Al  Si Cl Mn Fe  

Control 62.91 4.37 29.54 0.33 0.58 0.05 1.03 1.18 

Pumping Station 

(Flow Increase) 
86.22 0.00 13.72 0.00 0.00 0.03 0.03 0.00 

Pumping Station 

(Post Oxidant)  
82.69 0.00 16.06 0.15 0.20 0.01 0.12 0.77 
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4.4 CONCLUSIONS  

 

The purpose of this chapter was to confirm manganese-biofouling of the JD Kline Water 

Supply Plant’s raw water transmission pipe and to explore the impact of water quality 

and hydraulic changes on manganese and biomass accumulation. The study was 

performed at bench scale at the JDKWSP, using annular reactors to simulate the 

transmission pipe’s hydraulic conditions. Reactors on either side of the transmission pipe 

were used to confirm manganese-biofouling, while a third reactor was run in parallel to 

the pumping station reactor to investigate the impact of flow rate increases, cold water 

conditions and oxidant enhancement on Mn-biomass accumulation. Key findings from 

these experiments include: 

 

• A significant reduction in bulk water manganese was observed across the raw 

water transmission pipe, suggesting manganese accumulation in the system.  

 

• Manganese accumulation across the transmission pipe was found to be 

statistically significant, with a final manganese surface density of 32.67 g/cm2 

observed in the pumping station reactor and 115.93 g/cm2 in the pilot plant 

reactor.  

 

• Acidic conditions and low bulk water manganese concentrations suggest 

manganese accumulation was biologically facilitated. This was confirmed by the 

strong Pearson correlation (ρ=0.880, P<0.0001) between manganese and MOB 

surface densities accumulated on the polycarbonate surfaces.  

 

• Increased flow demand resulted in significant biofilm removal, with 4 times less 

manganese and 7.4 times less MOB accumulating on the coupon surface during 

this phase. In addition, the manganese accumulation rate was found to 5.8 times 

less at high demand, likely due to the higher shear stress and lower hydraulic 

retention time. 
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• Biomass was significantly reduced under the cold water conditions; however, 

manganese continued to accumulate in all three reactors during this time. Since 

manganese accumulation rates did not decrease in response to decreasing MOB, 

biogenic adsorption onto previously established biofilm was likely the primary 

accumulation mechanism. 

 

• Manganese accumulation more than doubled to 6.93 g/cm2 through the addition 

of NaOCl as an oxidant, with accumulation rates increasing by 89% compared to 

the previous phase. However, it is difficult to determine whether this was simply 

the result warmer water temperatures, which resulted in the re-appearance of 

MOB colonies. 
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Chapter 5: IMPACT OF PHOSPHATE AND MANGANESE ON BIOFILM 

ACCUMULATION ONTO POLYCARBONATE SURFACES 

 

5.1 INTRODUCTION 

 

In relation to drinking water, Mn has long been considered an aesthetic nuisance owing to 

its tendency to cause water discoloration in its oxidized form. However, public health 

concerns regarding Mn in drinking water are rising. Not only have Mn-oxides been 

shown to effectively scavenge trace inorganics (Dong et al., 2003; Feng et al., 2007; 

McKenzie, 1980; Manceau et al., 1992; Nelson et al., 1999; O’Reilly & Hochella, 2003; 

Puppa et al., 2013; Wang et al., 2012; Zhao et al., 2010), but a growing number of 

epidemiological studies have linked Mn consumption from drinking water with 

neurotoxicity in school-aged children (Bhang et al., 2013; Bouchard et al., 2011; Henn et 

al., 2012; Khan et al., 2011; Kim et al., 2009; Shin et al., 2015). In response, Health 

Canada has finalized new Mn drinking water guidelines, lowering its AO from 50 to  

20 g/L and creating a MAC of 120 g/L. With impending stricter guidelines, a better 

understanding of the fate of Mn in distribution is necessary.  

 

Manganese has been shown to accumulate in distribution at concentrations well below  

50 g/L (Kohl & Medlar, 2006; Sly et al., 1990) and is facilitated by a combination of 

physical, chemical and biological processes (Friedman et al., 2010; Hill et al., 2010). 

Alkaline conditions, the presence of strong oxidants and bacterial reactions tend to 

accelerate the oxidation of Mn, with biological oxidation shown to be favored over 

abiotic processes (Hastings & Emerson, 1986; Nealson et al., 1988; Tebo, et al., 2004). 

The problem with Mn accumulation arises when these deposits re-enter the bulk water 

phase through chemical or hydraulic disturbances (Clement & Carlson, 2004; Schock et 

al., 2008). The release of accumulated Mn not only causes dirty water events, but can 

increase the concentration of the trace metals and bacteria associated with these deposits 

at consumer taps. While aesthetic deterioration, such as increased turbidity and colour are 

often markers used to identify these events, small scale releases can still result in elevated 

contaminant concentrations with no visible aesthetic issues (Schock, 2005). 
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While typically employed as a corrosion inhibitor for Pb control in distribution (Cartier et 

al., 2012; Kogo et al., 2017; Lytle & Schock, 1996; McNeill & Edwards, 2004; Volk at 

al., 2010; Woszczynski et al., 2015), phosphate can also be used to sequester bulk water 

Mn by delaying oxidation and preventing colloids from forming larger particles (Knocke 

et al., 1987; Kohl & Medlar, 2006; Sommerfield, 1999). Therefore, the presence of Mn in 

distribution can reduce phosphate’s effectiveness as a corrosion inhibitor by exerting a 

competitive demand on the ions (Dalvi et al., 2015; Lytle & Snoeyink, 2002; Zhang et al., 

2007). Phosphates may also have unintended consequences as a nutrient source for 

bacteria, enhancing bacterial cell growth in distribution (Chu et al., 2005; Jang et al., 

2012; Lehtola et al., 2002; Payne, 2013; McNeill & Edwards, 2002). Increasing 

phosphorus has been found to cause thicker, less homogenous biofilms with increased 

diversity, regardless of pipe material (Fang et al., 2009; Jang et al., 2012; Payne, 2013). 

 

Halifax Water has recently adjusted their corrosion control treatment at the JDKWSP, 

increasing their phosphate objective from 0.5 mg-PO4/L to 1 mg-PO4/L in the hopes of 

reducing lead corrosion in distribution. Phosphate is dosed prior to release using a zinc 

orthophosphate blend (Carus 3150, Carus Chemical Company, LaSalle, IL). The goal of 

this study is to investigate the unintended impacts of increasing phosphate doses on Mn 

and biomass accumulation in distribution. This study was performed at bench scale using 

four phosphate doses (0.7-, 1.2-, 1.7- and 2.2 mg-PO4/L) at two Mn levels (6 g/L and 

250 g/L). 

 

5.2 MATERIALS AND METHODS 

 

5.2.1 Experimental Design & Set-Up 

 

Annular reactors were used in this study to simulate drinking water distribution at the 

bench scale. Four annular reactors were operated in parallel at a rotational speed of  

50 rpm to achieve a shear stress of 0.25 N/m2. This shear stress models a flow rate of  

0.3 m/sec in a 100-mm diameter smooth pipe and is consistent with other studies 

modeling domestic plumbing systems (Gagnon et al., 2005; Garny et al., 2008; Jang et 



  

 41 

al., 2012; Rygel, 2006; Sharp et al., 2001). Flow rates resulting in a hydraulic retention 

time of 2-hours were maintained, which have been shown to promote biofilm formation 

while minimizing planktonic growth (Camper et al., 2003; Sharp et al., 2001). 

Polycarbonate coupons were used to accommodate biofilm growth within the reactors, so 

that biofilm formation would not be influenced by corrosion products (Camper et al., 

2003; Fang et al., 2009; Garny, et al., 2008; Graham et al., 2005; Rand et al., 2007; 

Sharp, 2001). As summarized Table 5.1, four phosphate doses at two Mn levels were 

investigated during this study.  

 

Table 5.1 Summary of the experimental conditions and timeline for each annular reactor. 

 Acclimation 
4 weeks 

Phase 1 
8 weeks 

Acclimation 
4 Weeks 

Phase 2 
29 Weeks 

AR 1 
Low Manganese (< 6 𝞵g/L) 

1.7 mg-PO4/L 0.7 mg-PO4/L 

AR 2 
Low Manganese (< 6 𝞵g/L) 

2.2 mg-PO4/L 1.2 mg-PO4/L 

AR 3 
High Manganese (250 𝞵g/L) 

1.7 mg-PO4/L 0.7 mg-PO4/L 

AR 4 
High Manganese (250 𝞵g/L) 

2.2 mg-PO4/L 1.2 mg-PO4/L 

 

Tap water obtained from Halifax Water was passed through a granulated activated carbon 

filter for chlorine removal prior to its use in this study (Figure 5.1). The reactors 

operating under the high Mn level were dosed with MnSO4 (Fisher Scientific, ON) to 

obtain an influent concentration of approximately 250 g-Mn/L, while the low Mn level 

reactors operated under the Mn concentrations entering through the tap water. Phosphate 

doses of 1.7 and 2.3 mg-PO4/L were applied as phosphoric acid over an 8-week period at 

both Mn levels. Following this phase, the impact of 0.7 and 1.2 mg-PO4/L doses were 

investigated over a 29-week period. Phosphate doses of 0.7 mg-PO4/L were obtained by 

passing the influent water through ferric (oxyhydr)oxide filter columns to reduce 

phosphate concentrations. No treatment alterations were required to obtain the  

1.2 mg-PO4/L dose, as it was the average concentration of the incoming tap water. 



  

 42 

Biofilm sampling during this phase commenced following a 4-week acclimation period 

between high and low phosphate doses. 

 

 

Figure 5.1 The experimental set-ups for both experimental phases. Phase 1 required the 

addition of phosphate, while phase 2 required the removal of phosphate through ferric 
(oxyhydr)oxide) filter columns.  

 

Influent and effluent bulk water samples were collected weekly, and were analyzed for 

pH, temperature, turbidity, phosphate and total manganese and lead. Additional analyses 

of TOC, DOC and colour were performed on a bi-weekly basis. A coupon from each 

reactor was removed and analyzed for ATP, MOB and Mn surface densities every two 

weeks. Upon experimental completion, scanning electron microscopy, EDS and DNA 

extraction for future sequencing were also performed on the coupons. All materials and 

methods used during this study are described at length in Chapter 3: 
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5.3 RESULTS AND DISCUSSION 

 

5.3.1 Source Water Chemistry 

 

De-chlorinated tap water drawn from the Clean Water Lab at Dalhousie University was 

used as source water throughout this experiment, which ran from May 2016 to April 

2017. Two Mn concentration levels and four PO4 concentration levels were examined, 

requiring eight different influent waters. The average influent water quality results for 

each experimental condition are displayed in Table 5.2. It should be noted that DOC was 

unintentionally reduced at the 0.7 mg-PO4/L dose by the ferric (oxyhydr)oxide filters 

used for PO4 removal.  

 

Table 5.2 Average influent water quality of the eight experimental conditions. 

AR Conditions 
Mn (g/L) 

PO4 

(mg/L) 
Temp (°C) pH 

Turbidity 

(NTU) 

DOC 

(mg/L) Mn PO4 

Low 

0.7-

mg/L 
4.08 ± 5.82 0.84 ± 0.44 21.3 ± 1.5 7.08 ± 0.41 0.13 ± 0.08 0.87 ± 0.36 

1.2-

mg/L 
6.67 ± 6.18 1.84 ± 0.30 20.2 ± 2.0 7.21 ± 0.17 0.21 ±0.20 1.90 ± 0.28 

1.7-

mg/L 
9.68 ± 10.3 1.91 ± 1.16 22.0 ± 2.1 7.34 ± 0.09 0.22 ± 0.15 2.13 ±0.46 

2.2-

mg/L 
8.57 ± 6.26 2.35 ± 0.87 22.0 ± 1.9 7.31 ± 0.08 0.21 ± 0.10 2.11 ±0.34 

High 

0.7-

mg/L 
214 ± 74.0 0.66 ± 0.22 21.1 ± 1.7 7.11 ± 0.36 0.18 ± 0.21 0.90 ± 0.42 

1.2-

mg/L 
217 ± 76.0 1.25 ± 0.31 20.2 ± 1.9 7.2 ± 0.24 0.17 ± 0.19 1.78 ± 0.22 

1.7-

mg/L 
208 ±20.6 1.65 ± 0.60 22.1 ± 2.1 7.43 ± 0.08 0.18 ±0.07 1.96 ± 0.21 

2.2-

mg/L 
180 ± 30.7 2.13 ± 0.62 21.9 ± 2.1 7.36 ± 0.08 0.17 ± 0.06 1.88 ± 0.20 

 

5.3.2 Impact of Manganese and Phosphate on Biofilm Accumulation 

 

A visual inspection of the polycarbonate coupons removed following 8-weeks of 

treatment can be seen in Figure 5.2. These images show the qualitative impact of Mn and 

PO4 doses on biofilm accumulation. The accumulation of Mn appears to be greater under 
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the high Mn level, as indicated by the dark black-brown appearance of the biofilm. Under 

both Mn conditions, the biofilm appears to lighten in colour and perhaps increase in 

density with increasing PO4 doses. These results suggest that PO4 is reducing the amount 

of bulk water Mn being oxidized and deposited on to the coupon surfaces, which would 

result in lighter coloured biofilms. 

 

 

Figure 5.2 Biofilm accumulation on the polycarbonate coupons following 8-weeks of 

treatment under all experimental conditions. 

 

The biofilm accumulated on the coupon surfaces were aseptically removed and analyzed 

for Mn, MOB and tATP surface densities on a bi-weekly basis. The Mn and MOB results 

are displayed in Figure 5.3, while the tATP results are shown in Figure 5.5. 
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Figure 5.3 Total manganese and manganese oxidizing bacteria surface densities, 
measured on the polycarbonate coupons for each experimental condition. Error bars 

represent the 95% confidence interval. 

 

Both Mn and PO4 were shown to have a significant impact on Mn accumulation onto 

polycarbonate surfaces (P < 0.0001). The addition of Mn resulted in a significant increase 

in Mn accumulation, with a 93.5% difference observed between the two doses. In 

contrast, increasing PO4 doses resulted in a significant decrease in Mn accumulation 

under both Mn conditions. The accumulation difference between PO4 doses was 

substantial, with an 88.7% reduction observed across the low Mn condition and 91.3% 

reduction observed across the high Mn condition. However, there may be a limit at which 

PO4 can effectively sequester Mn, as there is no significant difference in Mn 

accumulation following the 1.7 mg-PO4/L dose. 

 

These results are consistent with those found in literature, stating that Mn colloids may 

exert a competitive demand on phosphate ions intended for iron and Pb sequestering 

(Lytle & Snoeyink, 2002), and that oxidized cations such as iron and Mn show an 

apparent affinity to adsorb and co-precipitate with phosphate (Friedman et al., 2010). 
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Other studies investigating the impact of anions on metal adsorption found that the 

presence of phosphate significantly decreased metal accumulation onto Mn-oxides (Dalvi 

et al., 2015; Zhang et al., 2007). Zhang et al. (2007) for example, determined that over 

the other anions studied, PO4 caused the largest interference on arsenic adsorption onto 

Fe-Mn oxides, likely due to the competitive sorption brought on by phosphate ions. 

Similar results with cations were obtained by Payne (2013) who found that the addition 

of PO4 resulted in a decrease in Pb adsorption onto polycarbonate surfaces. 

 

The biofilm accumulated on the coupon surfaces at the 0.7 and 1.2 mg-PO4/L conditions 

were analyzed by EDS (Table 5.3). The results corroborate the Mn biofilm results, 

showing that the coupon surface was composed of 1.42% Mn by weight under the high 

Mn, 0.7 mg-PO4/L dose and only to 0.63% Mn at the 1.2 mg-PO4/L dose. Under the low 

Mn conditions, the coupon surface contained less than 0.1% Mn by weight. A study 

investigating Mn accumulation onto PVC pipes obtained similar results, finding that the 

pipe scale formed by water containing 282 g-Mn/L was comprised of 6.12% Mn by 

weight (Cerrato et al., 2005). The EDS analysis also showed that the biofilms contained 

more phosphorus by weight under the 1.2 mg-PO4/L condition. This indicates PO4 may 

have been forming passivating scales at the higher doses, resulting in less Mn 

accumulation.  

 

Table 5.3 Average atomic composition (%) of the polycarbonate coupon surface elements 

obtained through EDS analysis for the 0.7 and 1.2 mg-PO4/L doses. 

%  Atomic Composition 

Condition C N O Al P Ca Mn Fe 

Low Mn 

0.7 mg/L 

PO₄ 
79.56 0.00 19.75 0.19 0.09 0.01 0.07 0.33 

1.2 mg/L 

PO₄ 
83.75 1.21 14.66 0.05 0.22 0.00 0.03 0.07 

High Mn 

0.7 mg/L 

PO₄ 
81.76 0.00 16.19 0.04 0.03 0.00 1.42 0.57 

1.2 mg/L 

PO₄ 
65.77 1.22 27.56 3.05 0.35 0.18 0.63 1.25 
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The accumulation of MOB was also shown to be significantly impacted by both Mn and 

PO4 concentrations (P < 0.001). As seen in Figure 5.3, the addition of Mn resulted in a 

significant increase in MOB surface densities, with the bacteria appearing to be more 

productive in oxidizing Mn under the high Mn condition. Increasing PO4 dose resulted in 

a decrease in MOB; however, this difference was determined to be insignificant between 

the two highest doses. As seen in Figure 5.4, Mn and MOB were found to be significantly 

correlated in the biofilm, with a Pearson correlation coefficient of 0.957, (P < 0.0001). 

This strong correlation suggests MOB are facilitating the oxidation of Mn onto the 

coupon surfaces. Clustered results from the various PO4 and Mn doses further proves 

their significant impact on Mn-biofilm formation. Similar results were obtained by 

Ginige et al. (2011) that found a significant positive correlation between biofilm activity 

and Mn deposition onto glass surfaces.  

 
Figure 5.4 Matched data points for manganese densities and plate counted manganese 

oxidizing bacteria measured on the polycarbonate coupon surfaces. Drawn boxes indicate 
major trends from the experimental conditions. Box A denotes the high manganese and 
0.7 mg-PO4/L dose results, while box B denotes high manganese and 1.2 mg-PO4/L dose 

results. 
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Biofilm tATP was also measured over the course of the experiment as a secondary 

assessment of microbial population. Results in Figure 5.5 show tATP surface densities 

increasing in response to the addition of PO4. Both PO4 and Mn proved to have a 

statistically significant impact on tATP accumulation (P < 0.0001); however, tATP was 

only significantly different following the 0.7 mg-PO4/L dose. While these results are in 

contrast with the trends observed with the MOB and Mn surface densities, they coincide 

with the results obtained by Payne (2013), who observed increasing ATP microbial 

activity at higher phosphate doses. Other studies observed a similar trend with 

heterotrophic plate counts, where the number of colonies increased with the addition of 

phosphorus (Chu et al., 2005; Fang et al., 2009; Jang et al., 2012; Payne, 2013). 

 

These results indicate that phosphate is likely acting as a nutrient source, resulting in 

increased microbial populations. As a bacterial nutrient, phosphorus would likely lead to 

the preferential growth of heterotrophic bacteria, as MOB have been shown to grow at a 

much slower rate (Rygel, 2006). The preferential growth of faster growing bacteria would 

explain how tATP activity increased with PO4 dose, despite the decrease in MOB 

populations. The sequestering of Mn by phosphate would also result in a similar 

outcome. By sequestering Mn, the amount available to MOB is reduced, which could 

result in heterotrophic bacteria out-competing MOB within the biofilm. In either case, 

phosphate being used as a nutrient source or as a sequestering agent could be limiting its 

efficacy in its intended role as a corrosion inhibitor. 
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Figure 5.5 Biomass accumulation, measured on the surface of the polycarbonate coupons 

for each experimental condition. Error bars represent the 95% confidence interval. 

 

5.3.3 Proposed Role of Phosphate on Manganese and Biofilm Formation  

 

The results obtained from biofilm analysis suggests PO4 performs two mechanisms under 

the investigated conditions, Mn sequestering and bacterial growth through nutrient 

enhancement. As illustrated in Figure 5.6 B, the addition of PO4 allows for the formation 

of manganese-orthophosphate compounds, which prevent bulk water Mn from being 

chemically oxidized (Heinzte, 1968; Knocke et al., 1987; Kohl & Medlar, 2006; 

Sommerfield, 1999), allowing them to pass through the system. Manganese-

orthophosphate compounds may also limit the bioavailability of Mn(II) for MOB 

oxidation, further reducing Mn accumulation in the biofilms. The role of PO4 as a 

nutrient source would explain how the addition of PO4 resulted in increased microbial 

populations, despite the decrease in MOB. As illustrated in Figure 5.6 B, the addition of 

PO4 could result in the preferential growth of heterotrophic bacteria, which would out-

compete the slower growing MOB within the biofilm (Rygel, 2006).  
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Figure 5.6 Conceptual drawing of the effect of low phosphate (A) and high phosphate (B) 

doses on bulk water manganese and the formation of biofilm.  

 

The proposed roles of PO4 in these systems as a sequestering agent and as a bacterial 

nutrient source, are not mutually exclusive. However, they both lead to the same 

outcomes for biofilm formation: a decrease in Mn accumulation and an increase in 

microbial population.   

 

5.3.3.1 Removal of Bulk Water Manganese  

 

In response to the biofilm results and the proposed role of PO4 as a sequestering agent, 

the removal of Mn from the bulk water phase was expected to decrease with increasing 

PO4 dose. However, as seen Figure 5.7, the opposite trend was observed, where a greater 

amount of Mn was removed at the higher PO4 doses. Considering the increase in bulk 

water Mn removal did not correspond with an increase in Mn accumulation on the 

coupon surfaces, there must be Mn that was unaccounted for within the systems.  
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Figure 5.7 Estimated percent of manganese removed from the bulk water phase for each 

experimental condition.  

 

By estimating the total mass of Mn entering and leaving the reactors, as well as the amount 

accumulated on the coupon surfaces, a Mn mass balance for each experimental condition 

could be calculated. The results shown in Figure 5.8 confirm a substantial Mn discrepancy 

within each system, suggesting Mn concentrations were underestimated either in the bulk 

water phase or within the accumulated biofilm. Unaccounted for Mn was found to increase 

with PO4 dose and was more pronounced under the high Mn condition. These results could 

be explained by the association of Mn and PO4 in the effluent waters, which may have 

resulted in the need for nitric acid digestion to recover representative Mn concentrations. 
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Figure 5.8 Estimated mass of unaccounted for manganese for each experimental 
condition, calculated through system mass balances. 
 

5.3.3.2 Comparison of Nitric Acid Preservation and Nitric Acid Digestion  

 

While effluent turbidity never exceeded 1 NTU, the threshold in which nitric acid 

digestion is required by Standard Methods 3030E (APHA, 2012), the use of nitric acid 

preservation was suspected to be inadequate in recovering representative Mn 

concentrations during metal analysis. To confirm, a comparison of the two methods was 

conducted at the 0.7 and 1.2 mg-PO4/L doses, to determine if nitric heat digestion 

resulted in Mn concentrations that were statistically different. These results, along with 

the average sample turbidity are summarized in Table 5.4.  

 

Table 5.4 Comparison of average manganese concentrations measured from nitric acid 

preservation and nitric acid digestion methods.  

Experimental Conditions 
Turbidity 

(NTU) 

Nitric 

Preservation 

(g/L) 

Nitric Heat 

Digestion 

(g/L) 

Paired T-

Test P-

Value 

Low Mn 0.7 mg/L PO₄ 0.432 3.96  0.44 5.03  0.66 0.046 

Low Mn 1.2 mg/L PO₄ 0.285 5.60  1.33 8.43  1.80 0.012 

High Mn 0.7 mg/L PO₄ 0.351 160.17  1.92 164.01  2.90 0.039 

High Mn 1.2 mg/L PO₄ 0.158 155.93  2.90 160.87  4.29  0.022 
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Under all experimental conditions, paired t-tests showed that Mn concentrations 

increased significantly with use of nitric acid heat digestion. This confirms that despite 

turbidity being well below 1 NTU throughout the experiment, nitric acid digestion was 

required to obtain representative Mn concentrations in the effluent waters. These results 

are consistent with the findings of others (Payne, 2013; Triantifyllidou et al., 2007), who 

demonstrated particulate lead was significantly underestimated by nitric acid 

preservation, regardless of turbidity.  

 

To account for the underestimation of Mn in the effluent waters, an adjustment factor was 

calculated by dividing the nitric acid digestion and nitric acid preservation results. This 

factor was then applied to the Mn mass balance calculations. The results, displayed in 

Figure 5.9, show that the adjustments substantially reduced the amount of unaccounted 

for Mn in the systems. For example, following the adjustment, a 75% decrease in 

unaccounted for Mn was observed under the high Mn, 1.2 mg- PO₄ /L experimental 

condition. This supports the idea that effluent waters required nitric acid digestion for 

analysis and should be considered for all future Mn analyses, regardless of the sample’s 

turbidity.  

 

 

Figure 5.9 Unaccounted for manganese and adjusted manganese mass balances, 
comparing nitric acid preservation and nitric acid digestion methods.  
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5.4 Conclusions 

 

The objective of this chapter was to investigate the impact of phosphate and manganese 

doses on the accumulation of manganese and biomass onto polycarbonate surfaces. This 

work was conducted at the bench scale using annular reactors to simulate distribution. 

The impacts of four phosphate doses (0.7, 1.2, 1.7 and 2.2 mg-PO4/L) at two manganese 

levels (< 6 g/L and 250 g/L) were investigated during this study. The main findings of 

this work include:  

 

• The addition of manganese resulted in a significant increase in manganese 

accumulation onto polycarbonate surfaces, while increasing phosphate doses 

resulted in a significant decrease in manganese accumulation.  

 

• Manganese and manganese oxidizing bacteria were found to be strongly 

correlated within the biofilm (ρ = 0.957, P<0.0001), suggesting the oxidation of 

manganese was biologically facilitated.  

 

• Biofilm microbial populations were shown to increase with increasing phosphate 

dose, confirming its role as a nutrient source.  

 

• Results suggest PO4 is acting as a sequestering agent, reducing bulk water 

manganese oxidation, as well as acting as a nutrient source, allowing for the 

preferential growth of heterotrophic bacteria, which out-compete the slow 

growing manganese oxidizing bacteria within the biofilm.  

 

• Increased manganese removal from the bulk water phase did not correspond with 

an increase in manganese accumulation onto the polycarbonate surfaces, 

suggesting manganese was being underestimated somewhere within the system.  
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• A comparison of nitric acid preservation and nitric acid digestion determined 

effluent manganese was being significantly underestimated by nitric acid 

preservation, resulting in unaccounted for manganese in the effluent bulk water.  
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Chapter 6: IMPACT OF RESIDUAL PHOSPHATE AND MANGANESE ON 

DOWSTREAM LEAD PIPES 

 

6.1 INTRODUCTION 

 

Historically, lead was a common component in drinking water systems and was used in 

lead service lines, lead-tin solder and brass faucets. While the use of lead service lines 

has been banned since 1975 and lead solder since 1990 in Canada (Health Canada, 2009), 

previously installed leaded components are still of public health concern in older 

buildings. The release of lead into drinking water occurs through the dissolution of leaded 

materials, and is influenced by the age of the service line or fixture, stagnation times and 

the water quality within the system. The presence of lead in domestic plumbing poses a 

significant risk to public health, as lead consumption, even at low concentrations, has 

been shown to cause neurological deficiencies in school-aged children (Evens, et al., 

2015). 

 

Phosphate based corrosion control treatments are commonly used in drinking water 

systems, with 56% of American water utilities reporting its application for corrosion 

control in 2001 (McNeill & Edwards, 2002). Phosphates effectively reduce lead release 

in distribution (Kogo et al., 2017; Lytle & Schock, 1996; Woszczynski et al., 2015), by 

forming protective insoluble scales, which passivate the surface of the pipe (Schock, 

1989; USEPA, 2011). However, phosphate has been shown to interact with other 

constituents in the water, limiting its efficacy as a corrosion inhibitor. For example, 

phosphorus is an essential nutrient in bacterial growth, and has been shown to increase 

microbial populations in biofilms (Chu et al., 2005; Jang et al., 2012; Lehtola et al., 2002; 

Payne, 2013; McNeill & Edwards, 2002). 

 

While typically employed for Pb control, phosphates can also be applied to sequester Mn 

in distribution. Sequestering prevents the oxidation of Mn and inhibits colloids from 

forming larger particles (Knocke et al., 1987; Kohl & Medlar, 2006; Sommerfield, 1999). 

Therefore, the presence of Mn in distribution may exert a competitive demand on the 

phosphate ions, reducing its availability for corrosion control (Dalvi et al., 2015; Lytle & 
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Snoeyink, 2002; Zhang et al., 2007). Lead has been shown to have a preferred association 

with Mn-oxides over a variety of heavy metal and oxide substrate combinations (Feng et 

al., 2007; Manceau et al., 1992; McKenzie, 1980; O’Reilly & Hochella, 2003; Puppa et 

al., 2013; Wang et al., 2012); leading to the mobilization of lead in distribution. A recent 

study by Schock et al. (2014) suggested that the presence of Mn obstructs the formation 

of insoluble Pb(IV) scales, resulting in increased lead dissolution in distribution.  

 

The relationship between Pb and Mn in distribution is still largely unknown, and is even 

more obscured in the presence of phosphates. With the implementation of new drinking 

water guidelines on the horizon, a better understanding of Mn interactions in distribution 

is necessary. The purpose of this study is to investigate the downstream impacts of 

residual phosphate and manganese on stagnated and flowing water in lead pipes. This 

study was performed at bench scale, using the effluent waters from the annular reactors in 

operation for the Chapter 5: experiments. The impact of two phosphate doses (0.7 and  

1.2 mg-PO4/L) at two Mn levels (< 6 g/L and 250 g/L) were investigated during this 

study. 

 

6.2 MATERIALS AND METHODS 

 

6.2.1 Experimental Design & Set-Up 

 

To investigate the downstream impacts of residual phosphate and manganese on lead 

pipes, discharge from the annular reactors in operation for the Chapter 5: study, were fed 

directly into lead pipe sections (Figure 6.1). Four harvested lead pipes from a lead service 

line replacement in Halifax, Nova Scotia were soaked in 10% nitric acid solution to 

remove pre-existing pipe scale. The pipe sections were then directly fed effluent water 

from the annular reactors and allowed to acclimate over a four-month period to ensure 

metal stabilization (Knowles et al., 2015). Four of the 8 experimental conditions 

investigated in Chapter 5: were examined under both flowing and stagnant conditions, 

two phosphate doses (0.7 mg-PO4/L and 1.2 mg-PO4/L) at two Mn levels (< 6 g/L and  

250 g/L). 
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Figure 6.1 The harvested lead-pipe sections (A), and the experimental set-up, with 

annular reactor discharge being fed into the lead-pipe sections (B). 

 

Following the conditioning period, flowing water samples were collected weekly and 

analyzed for pH, temperature, turbidity, phosphate, manganese and lead. The pipe 

sections were then filled and stagnated for a 6-hour period, which is the stagnation period 

recommended by Health Canada prior to lead sampling. Stagnated samples were 

analyzed for pH, temperature, turbidity, TOC, phosphate, manganese and lead. At the end 

of the experimental period, the pipes were filled and shaken at 200 RPM for 24 hours to 

dislodge any formed scales. These samples were then pelleted for DNA extractions and 

future sequencing. A full description of methods and materials are outlined in Chapter 3: 
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6.3 RESULTS AND DISCUSSION 

 

6.3.1 Source Water Chemistry 

 

To investigate the impact of residual PO4 and Mn on downstream Pb-pipes, discharge 

from Chapter 5:’s annular reactors were fed directly into Pb-pipe sections. As a four-

month acclimation period was required to condition the Pb-pipes, only four of the eight 

experimental conditions studied in Chapter 5: could be investigated during this study, 

which ran from September 2017 to April 2017. The average water quality for each 

experimental condition is summarized in Table 6.1. There is a statistically significant 

difference in DOC observed between PO4 doses due to the unintentional removal of DOC 

by the ferric (oxyhydr)oxide filter columns used to reduce PO4 concentrations.  

 

Table 6.1 Average lead pipe influent water quality for each experimental condition. 

Condition Mn 

(g/L) 

PO4
 

(mg/L) 

Pb 

(g/L) 

Temp 

(°C) 
pH 

Turbidity 

(NTU) 

DOC 

(mg/L) Mn PO4 

Low 

0.7-

mg/L 

2.94  

± 1.84 

0.55  

± 0.25 

58.5  

± 45  
20.9  

± 1.5 

7.00  

± 0.39 

0.65  

± 0.16 

0.83  

± 0.40 

1.2-

mg/L 

4.61  

± 4.18 

1.29  

± 0.30 

35.4  

± 30 
20.5  

± 1.5 

7.20  

± 0.17 

0.33 

±0.19 

1.79  

± 0.25 

High 

0.7-

mg/L 

207.3  

± 70.2 

0.61  

± 0.28  

35.6 

 ± 61 
21.0  

± 1.4 

7.00 

 ± 0.36 

0.37  

± 0.25 

0.84  

± 0.39 

1.2-

mg/L 

207.8 

 ± 68.4 

1.27  

± 0.32 

16.6  

± 16  
20.7 

± 11.5 

7.16  

± 0.18 

0.23  

± 0.12 

1.51  

± 0.45 

 

6.3.2 Impact of residual manganese and phosphate on flowing water in lead pipes  

 

Over the course of the experiment, flowing water samples were collected from the  

Pb-pipe sections and was analyzed for both Mn and Pb. Incoming Pb was found to 

represent a small fraction of the total Pb measured in the effluent bulk water (1.4 – 6.7%), 

whereas incoming Mn represented a substantial amount of the Mn measured in the 

effluent (41.2 – 88.2%). This implies that most the Pb measured in the effluent bulk water 

was the result of Pb-release, while much of the effluent Mn originated from the influent 

water. Figure 6.2 shows the evolution of effluent Mn and Pb over the experimental period 

under the most extreme condition: 6-hour stagnation period, at the high Mn level and  

1.2 mg-PO4/L dose. These results follow the same general trend of the other experimental 
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conditions, where bulk water Mn concentrations increased over time, while bulk water Pb 

concentrations decreased over time, possibly due to the formation of passivated scales 

(Schock, 1989). 

 

 

Figure 6.2 The evolution of effluent manganese and lead over the experimental period 
measured under the 6-hour stagnation, high manganese, 1.2 mg-PO4 condition.  

 

The bulk water results for all of the experimental conditions are summarized in boxplots, 

as the data was not found to be normally distributed under many of the experimental 

conditions (Figure 6.3)  
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Figure 6.3 Distribution of (A) bulk water manganese concentrations and (B) bulk water 
lead concentrations for each flowing water experimental condition. In each box plot, the 
median value is indicated by the horizontal line, outliers by asterisks and the 95% 

confidence interval by the dashed line. In the presence of outliers, vertical lines represent 
1.5 times the interquartile range, otherwise they indicate minimum and maximum values.  

 

As seen in Figure 6.3 B, the addition of Mn resulted in an increase in bulk water Pb 

concentrations. A comparison of the medians show that the effect of Mn was more 

pronounced at the 1.2 mg-PO4/L level, with Pb concentrations increasing by 83.1% 

across the 1.2 mg-PO4/L dose and by only 13.4% across the 0.7 mg-PO4/L dose. To assist 

in statistically comparing the medians, 95% confidence intervals were calculated using an 

equation outlined by McGill, Tukey and Larsen (1978): median  1.58 x IQR / n. The 

confidence interval results indicated that the increase in bulk water Pb due to the addition 

of Mn was only significant at the 1.2 mg-PO4/L dose. 

 

The increase in Pb release suggests Mn particles are mobilizing Pb into the bulk water 

phase. Trueman & Gagnon (2016) determined that iron rich colloidal particles were 
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mobilizing Pb through strongly correlated elution profiles. Since Pb has shown a 

preferred association with Mn over all other heavy metal and oxide substrate 

combinations (Feng et al., 2007; Manceau et al., 1992; McKenzie, 1980; O’Reilly & 

Hochella, 2003; Puppa et al., 2013; Wang et al., 2012), it is likely that Mn particles can 

mobilize Pb in distribution as well. Mn could also be obstructing the formation of 

insoluble Pb(IV) scales, which would result in an increase in Pb dissolution, as suggested 

by Schock et al. (2014).  

 

While PO4 was shown to have no meaningful impact on bulk water Mn concentrations 

(Figure 6.3 A), it was shown to decrease Pb-release under both Mn conditions. Under the 

low Mn condition, PO4 significantly reduced the median Pb concentrations by 80.1%. At 

the high Mn level, the difference in bulk water Pb concentrations was found to be 

insignificant, decreasing by only 11.9% with the addition of PO4. These results are 

consistent with other studies that found Pb release in premise plumbing was significantly 

reduced through the addition of PO4 (Kogo et al, 2017; Lytle & Schock, 1996; 

Woszczynski et al., 2013). Furthermore, Trueman et al. (2017) demonstrated that PO4 

reduces Pb release in iron-lead galvanic systems; however, in the presence of interfering 

agents such as natural organic matter, PO4 becomes less effective as a corrosion control 

inhibitor. The additional PO4 likely increased the Pb-pipe surface’s passivity by forming 

a less soluble surface, preventing Pb dissolution into the bulk water phase (Schock, 

1989). The lower effectiveness of PO4 at the high Mn concentration suggests that Mn is 

interacting with PO4; therefore, reducing its ability to passivate the Pb-pipe surfaces.  

 

6.3.3 Impact of residual manganese and phosphate on stagnated lead pipes 

 

To investigate the impact of Mn and PO4 on stagnated Pb-pipes, bulk water Mn and Pb 

concentrations were measured following a 6-hour stagnation period (Figure 6.4).  
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Figure 6.4 Distribution of (A) bulk water manganese concentrations and (B) bulk water 

lead concentrations for each 6-hour stagnation experimental condition. Median values are 
indicated by horizontal lines, outliers by asterisks, and the 95% confidence intervals by 

dashed lines. In the presence of outliers, vertical lines represent 1.5 times the interquartile 
range, otherwise they indicate minimum and maximum values. 

 

Following stagnation, bulk water Mn concentrations were only found to be significantly 

different at the low Mn dose (P < 0.0001). Bulk water Pb on the other hand, significantly 

increased under all experimental conditions following stagnation. Several studies have 

found Pb-release to significantly increase following stagnation periods. Lytle and Schock 

(2000) determined Pb release increased exponentially over a 90-hour stagnation period, 

with 50-70% of Pb being released in the first 10-hours. Woszczynski et al. (2015) also 

found Pb release to be significantly higher following a 24-hour stagnation period. While 

Kogo et al. (2017) found Pb-release increased significantly following a 6-hour stagnation 

period, the increase in Pb-release was found to be insignificant in the presence of 

orthophosphate.  
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Aesthetically, effluent water deteriorated significantly following the 6-hour stagnation 

period, as seen in Figure 6.5. While turbidity increased significantly in the flowing water 

discharge, turbidity and colour increased dramatically following stagnation (Table 6.2). 

The turbidity measured from the stagnated water increased by over an order of 

magnitude, with large lead particles being visually detectable in the bulk water. This 

decline in aesthetic water quality with increasing lead concentrations corroborates the 

findings of Pieper et al. (2017), who concluded that increasing water discoloration was 

predictive of high lead levels in a residence in Flint, Michigan.  

 

 

Figure 6.5 Turbidity samples measured from (A) the flowing pipe discharge and (B) the 
6-hour stagnation period obtained under the low manganese, 0.7 mg-PO4/L experimental 

condition. 

 

Table 6.2 Average turbidity and bulk water lead concentrations for each experimental 

condition sampled from the flowing water effluent and following the 6-hour stagnation. 

Condition Turbidity (NTU) Lead Concentrations (/L) 

Mn PO4 Influent 
Flowing 

Water 

6-hour 

stagnation 

Flowing 

Water 

6-hour 

stagnation 

Low 
0.7-mg/L 0.65 ± 0.16 1.74 ± 1.4 20.5 ± 13.2 869 ±381 10982 ± 6097 

1.2-mg/L 0.33 ± 0.19 1.58 ± 1.6 22.9 ± 8.7 601 ± 388 7246 ± 3558 

High 

0.7-mg/L 0.37 ± 0.25 2.55 ± 2.6 27.3 ± 10.8 1421 ± 539 19308 ± 7077 

1.2-mg/L 0.23 ± 0.12 2.65 ± 2.0 29.1 ± 13.4 1147 ± 462 14943 ± 5904 
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As shown in Figure 6.4, similar trends observed during the flowing conditions were 

observed following the stagnation period. Based on the 95% confidence intervals, the 

addition of Mn significantly increased bulk water Pb concentrations at both PO4 levels, 

with Pb release increasing by 64.3% at the 0.7 mg-PO4/L dose and by 93.2% at the  

1.2 mg-PO4/L dose. Under both Mn conditions, PO4 was shown to decrease Pb-release; 

however, the reduction was not found to be significant at either level. Comparing the 

median Pb concentrations, PO4 was shown to be less effective in reducing bulk water Pb 

concentrations at the high Mn dose. Under the low Mn condition, PO4 reduced Pb-release 

by 41.8%, while only reducing it by 20.7% under the high Mn condition. These results 

further indicate that Mn is obstructing the formation of insoluble Pb scales, increasing Pb 

dissolution into the bulk water phase. The addition PO4 was shown to have no significant 

impact on bulk water Mn concentrations.  

 

6.4 Conclusions  

 

The focus of this chapter was to study the downstream impacts of residual phosphate and 

manganese on stagnated and flowing water in lead pipes. This experiment was performed 

at bench scale using clean lead pipe sections, using the annular reactor effluent from 

Chapter 5:’s experiments as the source water. The effect phosphate doses (0.7 mg-PO4/L 

and 1.2 mg-PO4/L) at two manganese levels (< 6 g/L and 250 g/L) on lead release 

were investigated during this experiment, under both stagnated and flowing water 

conditions. Key results from this chapter include: 

 

• Influent lead was found to represent only a small fraction of the total lead 

measured in the effluent waters (1.4 – 6.7%), implying most of the lead measured 

in the pipe discharge stemmed from lead release.  

 

• The addition of manganese resulted in an increase in lead release, with median 

bulk water lead concentrations increasing by 13.4% at the 0.7 mg-PO4/L dose and 

83.1% at the 1.2 mg-PO4/L dose. These results suggest manganese is obstructing 
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the formation of insoluble Pb(IV) scales and is possibly mobilizing lead into 

solution.  

 

• PO4 significantly decreased lead release under the low manganese condition only. 

An 80.1% reduction in lead release was observed at the low manganese level, 

with only an 11.9% reduction observed at the high manganese level. The reduced 

efficacy of PO4 under the high manganese condition suggests manganese is 

interacting with phosphate and is reducing its ability to passivate Pb-pipe 

surfaces.  

 

• Under all experimental conditions, stagnation was shown to significantly increase 

bulk water lead concentrations by over an order of magnitude. Stagnation also led 

to significant increases in turbidity, discoloration and the presence of visually 

detectable lead particles in the bulk water.  

 

• Similar trends observed during the flowing water conditions were observed 

following the 6-hour stagnation period. The addition of manganese significantly 

increased bulk water lead concentrations, while decreases observed with the 

addition of PO4 were found to be insignificant.  
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Chapter 7: CONCLUSION 

 

7.1 Synthesis and Conclusions 

 

The purpose of this study was to investigate the fate of manganese in distribution and its 

potential impact on biomass accumulation and lead release. Experiments were conducted 

at the bench-scale using annular reactors and lead pipe sections in two independent 

experimental designs. A study located at the JD Kline Water Supply Plant used untreated 

source water to confirm biofouling of their raw water transmission pipe. This 

experimental approach examined the importance of manganese oxidizing bacteria on the 

accumulation of manganese in distribution, along with the impact of hydraulic changes, 

cold water conditions and oxidant enhancement on biofilm densities. A second 

experimental study investigated the impact of orthophosphate and manganese 

concentrations on manganese and biomass accumulation in distribution. Lead pipe 

sections were run in series of these reactors to study the impact of residual manganese 

and phosphate on lead pipes. The key findings from these experimental approaches are 

summarized in Table 7.1. 

 

Table 7.1 Key findings from each experimental approach. 

Chapter 
Experimental 

Approach 
Key Findings  

Chapter 4: 

Manganese-

biofouling of 

raw water 

transmission 

pipelines 

Annular 

reactors 

• Significant manganese accumulation occurred across the 

transmission pipe, reaching a final density of 115.93 g/cm2.  

• A strong Pearson correlation between MOB and manganese surface 

densities confirmed biologically facilitated oxidation.  

• Biofilms were shown to be vulnerable to increases in flow rate and 

decreases in water temperature.  

• The rate of manganese accumulation increased by 89% with oxidant 

enhancement; however, increased water temperatures may have 

been a contributing factor.  

Chapter 5: 

Impact of 

phosphate and 

manganese on 

biofilm 

accumulation 

on 

polycarbonate 

surfaces 

Annular 

reactors 
• Increasing phosphate doses resulted in a decrease in manganese and 

manganese oxidizing bacteria accumulation. 

• Biofilm manganese and MOB densities were strongly correlated, 

suggesting biologically facilitated oxidation. 

• Biofilm microbial populations increased with increasing phosphate 

dose, confirming its role as a nutrient source.  

• Results suggest phosphate also acted as a sequestering agent, 

reducing the oxidation of bulk water manganese. 
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Chapter 
Experimental 

Approach 
• Key Findings  

Chapter 6: 

Impact of 

residual 

phosphate and 

manganese on 

downstream 

lead pipes 

Annular 

reactors & 

lead pipe 

sections 

• The addition of manganese resulted in an increase in lead release, 

with median bulk water concentrations increasing by up to 81%. 

• Phosphate significantly decreased lead release at the low manganese 

level. 

• Stagnation increased bulk water lead by over an order of magnitude 

and was accompanied by aesthetic deterioration.  

• The results suggest manganese is competing with phosphate ions, 

reducing its ability to passivate pipe surfaces.  

.  

7.2 Recommendations  

 

With the confirmation of manganese-biofouling of the JD Kline Water Supply Plant’s 

raw water transmission pipe, mitigation options now need to be explored. The removal of 

biofilm caused by the flow rate increase suggests that periodic unidirectional flushing 

could be the most cost effective option for Halifax Water. Other options warranting 

further research include determining the water chemistry and hydraulic conditions that 

promote the greatest biofilm stability and perhaps the inactivation of biofilm through 

chlorine disinfection. Cold water temperatures were also found to have a negative effect 

on manganese oxidizing bacteria during this study. Future research could investigate 

optimization strategies to improve biological manganese oxidation under cold water 

conditions in the hope of reducing the release of manganese and bacteria into the bulk 

water phase during inactivation. This research which would also be beneficial to facilities 

using biofiltration treatment for Mn and organic removal under cold water conditions.  

 

The presence of manganese in drinking water warrants public health concern, as lead 

release was significantly increased by the addition of manganese within lead pipe 

sections. Manganese concentrations as low as 6 g/L were shown to accumulate in 

appreciable quantities in this study; therefore, water treatment facilities should prioritize 

manganese removal to reduce the amount of manganese entering distribution. Future 

research should investigate the relationship between manganese and lead within biofilms, 

especially in the presence of phosphate based corrosion inhibitors. Optimum phosphate 

doses should also be explored, as phosphate was shown to interact with both bacteria as a 
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nutrient source and with manganese as sequestering agent. The competition of phosphate 

with water constituents other than lead is likely limiting its efficacy as a corrosion 

inhibitor.  
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