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Introduction

Pursuant to the Water Resources Research Act of 1964, the Water Resources Center (WRC) is the
federally-authorized and state-designated Water Resources Research Institute (WRRI) for the State of Ohio.
The WRC was originally established in 1959 as part of the Engineering Experiment Station, College of
Engineering, OSU, and conducted an extensive program of research on water and wastewater treatment
processes. The Center continues to be administered through the College of Engineering and has maintained a
tradition of placing special emphasis on encouraging and supporting research in the area of physical,
chemical, and biological treatment processes for water and wastewater. The mission of WRC is to promote
innovative, water-related research in the State of Ohio through research grant competitions, coordination of
interdisciplinary research proposals, and educational outreach activities.
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Statement of Critical Regional or State Water Problem 
The behavior of colloid-sized particles is of significant importance in natural and engineered 
systems.  In natural systems, colloids comprised of singular and aggregated mineral, biological 
and organic components are ubiquitous in surface and subsurface waters.  Due to their propensity 
to sorb otherwise sparingly soluble contaminants or in the case of biocolloids, inherent risk, their 
presence in water poses a potential health risk (McDowell-Boyer et al. 1986; McCarthy and 
Zachara 1989; Ryan and Elimelech 1996).  Colloidal interactions are also important in water and 
wastewater treatment, chromatographic separation, oil production, extractive metallurgy, 
lubrication, coating and cleaning (Osipow 1962; Yao et al. 1971; Hiemenz 1986).  Consequently, 
the physical and chemical processes that govern colloid interactions with surfaces have been 
extensively studied, and significant progress toward identifying processes responsible for colloid 
deposition has been made (e.g., Elimelech and O'Melia 1990; Song and Elimelech 1993; Lenhart 
and Saiers 2002; Lenhart and Saiers 2003; Tufenkji and Elimelech 2005).  However, 
considerable uncertainty remains about the mechanisms that govern colloid interactions under 
unfavorable conditions, characterized by systems with like-charged surfaces, particularly with 
regard to mechanisms responsible for reversible deposition and colloid release in porous media 
(Kretzschmar et al. 1999).  Knowledge of the fundamental processes that control the deposition, 
release and subsequent transport of colloidal particles and associated contaminants is crucial to 
maintaining the quality of ground water that the nearly five million residents of the Ohio 
(OhioEPA 2000) rely on for their daily needs.  

Research Objective 
The objective of this research is to evaluate the extent and kinetics of colloid release in water-
saturated porous media under conditions selected to promote unfavorable DLVO interactions.  
The work will couple laboratory-scale experimental work with mathematical models to test 
existing theory and approaches to model colloid transport.  Results of this research will be used 
to (1) evaluate the importance of the secondary minimum in reversible colloid deposition in 
systems with like-charged surfaces, (2) test the influence of system conditions (e.g., porous 
media, porewater velocity, porewater composition and colloid size) on reversible deposition, and 
(3) test the rigor of existing approaches that account for non-DLVO deposition (e.g., Tufenkji 
and Elimelech 2004) and examine their application to describe colloid release.  Such information 
is needed to accurately predict colloid mobility and appropriately evaluate filtration technologies 
for their removal from source waters. Two overarching questions drive this research.  They are:   
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• To what extent does reversible deposition depend upon the presence of the secondary 
minimum?  

• How do system conditions (e.g., grain size, solute composition) influence reversible 
deposition? 

 
Methods and Procedures 
The deposition and mobilization of colloids will be evaluated in a series of bench-scale column 
experiments.  Each experiment will consist of two stages, a deposition stage and a mobilization 
stage.  During the deposition stage, a solution comprised of the colloids, suspended in a solution 
containing simple electrolytes (e.g., 0.01 M NaCl at pH 8), will be introduced into the column as 
a pulse.  The concentration of the electrolyte and the valence of the cation in the influent 
suspension will be varied between experiments and a suite of experimental conditions will be 
tested in order to prepare columns that have different retained colloid profiles.  Colloids 
deposited in the column during the first stage will be mobilized through a single, or through 
successive step-changes in the porewater electrolyte in the second stage.  At the conclusion of 
each experiment, and for some experiments at the conclusion of the deposition stage the porous 
media will be extruded from the column and the profile of retained colloids will be measured. 

Preparation and Characterization of Experimental Materials.  Soda-glass beads and/or quartz 
sand will be used as the porous medium in all experiments.  At least two fractions will be 
isolated for use with nylon sieves.  As received, the media may be coated with metal oxides (Fe, 
Al and Ti) and trace quantities of organics.  These impurities will be removed because they may 
influence surface charge characteristics and thus may promote colloid deposition (Litton and 
Olson 1993).  Upon cleaning, the size and surface charge of the media will be evaluated via 
scanning electron microscopy and electrophoretic mobility measurements of native colloids (or 
streaming potential), respectively. 

Surfactant-free fluorescent spherical latex particles will be used in all experiments as the 
colloidal phase.  Carboxyl-modified surfaces are commonly used and the sizes chosen will 
depend upon whether deposition within the primary or secondary minima is to be accentuated.  
For example, Tufenkji and Elimelech (2005) evaluated the transport of 63, 320 and 3000 nm 
latex particles through 328 μm soda glass beads as a function of pH and ionic strength.  Their 
results suggest that deposition within the primary minimum is highly unlikely for the 3000 nm 
particles, but possible for the same particles within secondary minimum.  For the 63 nm 
particles, however, it is expected that conditions favor deposition within the primary minimum.  
Based on this interpretation, I suspect that compared to the 63 nm particles that the 3000 nm 
particles would be more amenable to release. 

The manufacturer-reported diameter will be confirmed by dynamic light scattering.  Latex 
colloid suspensions will be prepared by adding aliquots of a concentrated stock to the electrolyte 
solution to achieve the target colloid concentration.  The average zeta-potential of the colloids in 
the different electrolyte solutions will also be determined on the basis of measured 
electrophoretic mobilities and the tables of Ottewill and Shaw (1972) or the Smoluchowski 
equation (Hunter 1981). 

Column Design.  Experiments on the transport of the latex microspheres follow the methods 
outlined by Lenhart and Saiers (2003).  Glass chromatography columns with an internal diameter 
of 4.8 cm or 2.4 cm and PTFE end fittings will be used to contain the porous media.  Depending 
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upon the desired flowrate a digital peristaltic pump or liquid chromatography pump will be used 
to control the flow of colloid and electrolyte solutions.  The pump will be positioned at the base 
of the vertically oriented columns and the flow will be directed downward.  Each experiment will 
use a fresh column prepared by wet-packing methods (Lenhart and Saiers 2003).  The column 
will be packed to a predetermined height, and vibration will be used during packing to minimize 
air entrapment and the formation of layers.  The porosity and pore-volume of each packed 
column will be measured using standard methods. 

Column Experiment Methodology - Stage 1: Colloid Deposition.  Each packed column will be 
pre-equilibrated with the electrolyte solution by pumping approximately 10 – 20 pore volumes of 
colloid-free electrolyte solution through the column prior to commencing the experiment.  
Colloid concentrations will be monitored in the column effluent during this period to verify that 
native colloid mobilization is negligible.  The equilibration period will cease when the effluent 
pH matches that of the influent solution.  Following column pre-equilibration, a suspension of 
latex colloids in electrolyte solution will be pumped into the column for a specific period of time 
(e.g., 2.5 pore volumes), whereupon the colloid-free electrolyte solution will be redirected into 
the column.  Effluent colloid concentrations will be monitored in effluent samples collected with 
a fraction collector based upon fluorescence intensity or UV/Vis absorption, depending upon the 
particle size.  Experiments will be conducted for different packing heights, electrolyte 
concentrations, porewater velocity and colloid concentration. 

Column Experiment Methodology - Stage 2: Colloid Mobilization.  Colloid mobilization will be 
induced at the conclusion of the deposition stage, when the effluent colloid concentrations return 
to baseline levels, by perturbing the composition of the electrolyte solutions to increase repulsive 
double-layer interactions between the colloid and media surfaces (e.g., by diluting electrolyte 
concentration). Successive perturbations will be examined, depending upon the initial conditions, 
as will the magnitude of the change in the electrolyte composition. The concentration of the 
electrolyte in the effluent will be monitored using a conductivity probe or specific ion electrode. 

Measuring Retained-Colloid Profile.  At the conclusion of each experiment the columns will be 
drained, disassembled, and the column packing will be extruded in order to measure the profile 
of retained colloids.  A procedure developed by Bolster et al. (1999) will be followed.  Upon 
extrusion, the porous media will be separated into sections approximately 1-cm in depth.  These 
sections will be transferred into centrifuge tubes and appropriate volumes of 1 mM NaOH will 
be added.  The samples will be equilibrated end-over-end for several hours to effect colloid 
release and then vigorously shaken using a vortex mixer to disperse the colloids throughout the 
solution.  Aliquots of the supernatant will be removed, filtered (if necessary) and analyzed by 
fluorescent emission or UV/vis absorption.  The solids will then be rinsed several times, oven-
dried and weighed. 

Interaction potential.  The basic framework used in estimating the net or total potential energy 
between suspended colloidal particles or between colloidal particles and collector surfaces 
follows DLVO theory by summing van der Waals forces (φVDW) and electrostatic double layer 
forces (φEDL) (Derjaguin and Landau 1941; Verwey and Overbeek 1948).  Hogg et al. (1966) 
derived expressions for electrostatic double layer interactions (φEDL) between two surfaces 
separated by a solution containing dissolved ions using a linearized approximation of the 
Poisson-Boltzmann equation.  Although Hogg et al. (1966) stipulate the approximation is 
appropriate for surface potential less than 60 mV, Russel et al. (1989) state that it remains valid 
up to electrolyte concentrations of 1 M and surface potentials of 200 mV.  Equations are 
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available for both sphere-plate and sphere-sphere interactions, and the expression for two non-
identical spheres is given by (Hogg et al. 1966).  Van der Waals forces, resulting from the 
interaction of dipoles, can be estimated assuming pair-wise additivity of the interatomic 
potentials (Hamaker 1937).  At separation distances between the two surfaces greater than a few 
nanometers, the original Hamaker approach must be modified to account for a reduction in φVDW 
due to phase-shift between dipoles.  To estimate the retarded φVDW I plan to use the expression of 
Gregory (1981).  This equation was originally intended for separation distances less than 0.2rC 
(Gregory 1981), but its accuracy can be verified for greater separation distances by comparison 
to the more rigorous expression for retarded φVDW from Czarnecki (1979).  The total interaction 
energy is determined by summing the expressions for electrostatic and van der Waals 
interactions. 

Model for Colloid Transport in Saturated Porous Media in Steady-State Conditions.  The model 
presented by Lenhart and Saiers (2003) will be used to evaluate colloid transport.  This model 
ties colloid release to a critical solute concentration where the barrier to colloid release vanishes.  
It couples equations to account for the transport of solute and colloids with a mass balance 
equation to account for the deposition and subsequent release of colloids.  To account for 
distributed release of colloids as a function of solute concentration the model assumes surface 
irregularities in terms of potential or shape induce heterogeneities in the interaction energies 
between deposited colloids and the mineral grains.  This heterogeneity is accounted for by 
dividing the immobile-phase colloid population into a series of compartments, where each 
compartment releases colloids at a characteristic critical solute concentration.  The model can 
describe (1) the transport and deposition of colloids, (2) the consequent profile of the deposited 
colloids, (3) solute transport, (4) colloid release coupled to porewater solute concentrations, and 
(5) colloid release across a range in porewater solute compositions.   
 
Progress Summary 
Work over the past year comprised (1) characterizing the materials for use in the experiments 
and (2) collecting experimental data evaluating the transport of latex microspheres with a 
nominal diameter of 40 nm. 
 
Principal Findings 
Materials for use in the experiment comprise a uniform porous media and colloid suspension.  
The porous media identified for use in the research is quartz sand purchased from Unimin Corp. 
versus soda lime glass beads.  Quartz sand provides a more chemically stable surface and based 
upon scanning electron images is nearly spherical.  The fraction of the sand between 250 μm and 
300 μm was isolated using stainless steel sieves.  This sand fraction was cleaned after sieving 
using the sequential acid and base washing protocol.  The colloids identified for use in this 
research (surfactant-free fluorescent microspheres) will be purchased from Interfacial Dynamics 
Corporation. These particles are hydrophobic in nature and have a chemically stable carboxylate-
modifed surface.   
 
The size and electrophoretic mobility of the quartz sand and latex microspheres were evaluated 
across a range of system conditions.  Two sizes of latex microsphere were purchased and 
analyses of their size using scanning electron microscopy were similar to those reported by the 
manufacturer of 36 nm and 490 nm.  For the sand, particles of small size suitable for evaluation 
using dynamic light scattering were collected by subjecting a portion of the sand immersed in 
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deionized water to ultrasound.  The microspheres were dialyzed prior to being evaluated.  The 
electrophoretic mobility for both the sand (Figure 1) and latex microspheres (Figure 2) were 
negative and decreased in magnitude with increasing ionic strength to become less negative.  
Increasing pH resulted in more negative mobility values.   
 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A series of column experiments were conducted with the 36 nm particles as a function of ionic 
strength.  These experiments examined the deposition characteristics and for the conditions with 
sufficient deposited particles the release was also investigated by systematically altering the 
solution composition to produce conditions favorable for release by (1) reducing the ionic 
strength and (2) increasing the pH. 
 
At low ionic strength the transport of the particles nearly matched that of the conservative tracer, 
bromide (data not shown), indicating little deposition occurred (Figure 3A).  With increasing 
ionic strength, the extent of breakthrough decreased as electrostatically repulsive interactions 
between the particles and sand were reduced.  At an ionic strength of 0.03 M, the breakthrough 
was further reduced and shifted to longer times, suggestive of behavior similar to solute 
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Figure 1 – Electrophoretic mobility of colloid-sized quartz sand particles as (A) a function of ionic strength at pH 7 and 
(B) a function of pH at an ionic strength of 0.001 M. 
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adsorption.  At an ionic strength of 0.1 M, breakthrough was significantly suppressed and at 0.3 
M no breakthrough was observed (data not shown).  Release of the particles was not induced by 
a reduction in the ionic strength of the solution, which was again consistent with irreversible 
deposition of the particles in the primary energy well (Figure 3B).  An increase in the solution 
pH from 6.5 to 9.5 did produce a small pulse of released particles (Figure 3B).  This suggests 
that there was a small amount of attractive interactions at the quartz surface consistent with the 
presence of metal oxides.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Future work consists of evaluating transport of the 490 nm particles as well as the development 
of a model to describe the release data.   
 
Publications 
Ye, Q., Lenhart, J.J., 2010, “Quantifying the Role of the Secondary Energy Minimum on Colloid 
Transport and Release in Porous Medium”, Presented at the 239th ACS National Meeting, San 
Francisco, CA. 
 
Students Supported 
Qing Ye (M.S. student in the Department of Civil and Environmental Engineering and Geodetic 
Science)  
 
Awards or Achievements 
None at this time. 
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Destruction of Cyanobacterial Toxins in Water with Germicidal UV-254 

nm-based Homogeneous and Solar-based Heterogeneous Advanced 

Oxidation Processes 

Dionysiou, Dionysios 

 

Problem: The project focuses on the destruction of the cyanobacterial toxins by advanced 
oxidation technologies (AOTs), using both homogeneous and heterogeneous systems. The 
increasing occurrence of cyanobacterial blooms in surface water resources has become 
intense around the world. The blooms could not only produce many odor or taste issues, 
but also result in cases of livestock deaths or human health disorders [1]. Toxic 
freshwater cyanobacteria such as Microcystis could produce cyclic hepatotoxins called 
microcystins (MCs). They are found to be persistent in aquatic systems [2]. Chronic 
exposure due to the presence of MCs in drinking water is thought to be a contributing 
factor in primary liver cancer [3]. Their effect is accumulative and the cancer risk could 
increase by exposure to even very low levels of the toxins [4]. During this period of the 
project (March 1, 2009 through February 28, 2010), various research activities were 
conducted to evaluated the degradation of the model cyanobacterial toxin, microcystin-LR 
(MC-LR).   

 

Part I. Destruction of Cyanobacterial Toxins in Water with Germicidal UV-254 
nm-based Homogeneous Process.  

1. Research Objectives 

Hydrogen peroxide, under the irradiation of UV, produces the generation of nonselective 
and powerful hydroxyl radicals. The combined UV/H2O2 has some advantages compared 
to other advanced oxidation processes, e.g., it does not have phase transfer problems and 
it is a green technology that neither UV nor H2O2 produces harmful residues [5, 6]. In US 
EPA’s disinfection guidance manual (2006), the 22, 22, and 186 mJ/cm2 UV doses are 
required for a 4-log inactivation of Cryptosporidium, Giardia and Virus (Adenovirus) 
respectively [7]. It is thus an advantage if the required UV dose for the destruction of 
certain amount of microcystin is within the disinfection UV dose. In this part of project, 
we aim at (i) studying the degradation of MC-LR by UV-254 nm/H2O2, (ii) evaluating the 
effects of UV dose on the degradation, (iii) investigating the effect of selected important 
water quality parameters, and (iv) using real water samples as background solutions to 



investigate the behavior of the toxins.  

 

 

2. Methodology and Findings. Photochemical Degradation of MC-LR: 
Fundamental Studies. 

Studies have been carried out in a laboratory scale collimated beam system with low 
pressure germicidal lamps (254 nm) in the presence of hydrogen peroxide. Chemical 
actinometry methods and radiometer method were used to determine the UV-254 nm 
fluence. It was found that a 97.5% removal of MC-LR with an initial concentration of 1 
mg/L was achieved with a UV dose of 80 mJ/cm2 and an initial H2O2 concentration of 30 
mg/L. The degradation of MC-LR increased with an increase in the UV dose, following a 
UV-dose-based pseudo-first-order kinetics. Reaction solutions with different pH values 
were prepared in phosphate buffer. It was suggested that the impact of pH was mild when 
it was neutral or slightly basic, which means, in natural waters, the required background 
pH condition could not be as limiting effect as compared to some other technologies, 
such as the Fenton reagent. The oxidant, hydrogen peroxide, played an important role in 
the process. At low concentrations, there was a linear relationship between the 
pseudo-first-order reaction rate constant with the concentration of H2O2. After it reached 
a “threshold” concentration, its scavenger effects became more obvious. The results show 
that the % removal rate decrease with increase in initial concentration of MC-LR but the 
initial degradation rate was increasing as the initial MC-LR concentration increased. In 
sources of drinking water supply, the concentration of MC-LR is typically lower (in the 
microgram/L level or lower) and a complete removal could be expected. Alkalinity 
affected significantly the degradation rates of MC-LR, especially with carbonate 
alkalinity. Fortunately the pH in real waters is generally neutral in which the alkalinity is 
mainly bicarbonate alkalinity. When samples with natural organic matter (NOM) and real 
water samples spiked with MC-LR were used to compared and verify the results, it was 
clearly shown that the degradation of MC-LR decreased significantly. The impact factors 
could be the presence of NOM, turbidity and inorganic salts.  

We are currently continuing our study on the degradation of MC-LR by UV/H2O2, e.g., 
the effect of the presence of inorganic chemicals (i.e., Cl-, SO4

2-, and NO3
-) and the 

competition between MC-LR and other microcystins or cylindrospermopsin. Toxicity 
study will be carried out to examine whether the detoxification is consistent with the 
decrease of the concentration of the microcystins. The mechanism of the degradation 
process will be investigated to obtain further detailed knowledge of this process. At the 
same time, water samples from drinking water treatment plants will be collected to 
examine the potential of such a technology in practice. 

 



Part II. Destruction of Cyanobacterial Toxins in Water with Solar-based 
Heterogeneous Process. 

 

1. Research Objectives 

Solar-driven photocatalytic systems, such as titanium dioxide (TiO2), were explored for 
the destruction of cyanotoxins in water. TiO2 photocatalyst has been considered a key 
material in the destruction of recalcitrant organic pollutants in water and air as well as for 
killing pathogenic microorganisms. Recent studies have dealt with the modification of 
this material towards visible light sensitization via doping of TiO2. A successful approach 
is the use of non-metal elements, such as C, F, N, S and P, to activate the catalyst under 
visible light due to either band gap narrowing or the creation of mid gap levels in the 
TiO2 lattice. The objective was to investigate sol-gel based approaches to developed TiO2 
films with enhanced structural and optical properties towards the improvement of 
photocatalytic activity of TiO2 under visible light irradiation. This is one of the few 
studies that deal with the synthesis of these nanostructured visible light activated TiO2 
photocatalyst using surfactant templating strategies in sol-gel methods. The results and 
findings obtained in this study are promising, considering: (i) versatile applications of 
this method, (ii) immobilization of TiO2 for more engineered approach and application, 
and (iii) controllability of the physicochemical properties of TiO2 at the nano-level for 
sustainable applications. 

 

2. Methodology and Findings 

Our first study reports on the synthesis, characterization and environmental application of 
immobilized nitrogen and fluorine co-doped TiO2 (NF-TiO2) photocatalyst. A 
fluorosurfactant-based sol-gel approach was employed to enhance the physicochemical 
properties and photocatalytic activity of NF-TiO2 under visible and UV light for the 
degradation of the hepatotoxin microcystin-LR (MC-LR). The films were characterized 
by XRD, ESEM, TEM, AFM, EPR, micro-Raman, XPS, UV-vis spectroscopy and 
porosimetry analysis. The results revealed that by modifying the molar ratio of the 
fluorosurfactant, we could effectively control the physicochemical properties and obtain 
films with large BET surface area and porosity, small crystallite size and narrow pore size 
distribution. UV-vis spectroscopy showed an increase in the absorption capacity of 
NF-TiO2 in the visible light range compared to reference films. The existence of 
interstitial nitrogen and substitutional fluorine in the TiO2 lattice was determined by XPS. 
Comparative EPR measurements between the co-doped and reference samples identified 
distinct N spin species in NF-TiO2, with a high sensitivity to visible light irradiation. The 
abundance of these paramagnetic centers verifies the formation of localized intra-gap 
states in TiO2 and implies synergistic effects between fluorine and nitrogen dopants. 



Micro-Raman spectroscopy showed the growth of small amounts of brookite 
concomitantly with the major anatase TiO2 phase, which could promote the system’s 
photocatalytic activity through the formation of anatase/brookite heterojunctions. 
Analysis of the lower frequency Eg anatase Raman mode indicated the occurrence of size 
effects reflecting phonon confinement in the anatase nanocrystallites as well as deviations 
from stoichiometry due to structural defects in the co-doped sample. NF-TiO2 films 
effectively degraded MC-LR under visible and UV light compared to reference film. 
Similar MC-LR degradation rates under visible light after three cycles revealed high 
mechanical stability and no irreversible changes of the film during photocatalysis. This 
process has the potential of providing environmentally benign routes for drinking water 
treatment with solar powered photocatalytic systems. A manuscript on the results was 
submitted to Applied Catalysis B: Environment and is under review. 

The evaluation of NF-TiO2 photocatalyst for the degradation of MC-LR under visible 
light in the presence of different water quality parameters (i.e., natural organic matter, pH, 
alkalinity and dissolved oxygen) was also investigated. It was found that the degradation 
rate of MC-LR was higher under acidic conditions than in alkaline pH due to electrostatic 
interaction between the positively charge nanoparticle and the negatively charge 
cyanotoxin. The addition of carbonate at concentrations of 50, 100 and 150 mg CaCO3/L 
at pH 7.0 reduced the degradation rates of MC-LR with the highest reduction at a 
concentration of 150 mg CaCO3/L. The increase of carbonate ions can scavenge the 
radicals species formed during visible light irradiation of NF-TiO2. In the case of natural 
organic matter (i.e., fulvic acid and humic acid), the inhibitive effect of fulvic acid, both 
at 5 and 10 mg/L, was larger than that of the humic acid at neutral pH due to the higher 
degree of aromaticity of the fulvic acid. Even though there was inhibition in the presence 
of natural organic matter, degradation of MC-LR was observed at all pH tested with a 
highest degradation at acidic conditions. In the absence of oxygen (N2 purged), a 
reduction on the degradation rate of MC-LR was observed while under oxygen saturated 
conditions (O2 purged); an enhancement on MC-LR rates was obtained. Real water 
samples from Lake Erie and Florida (St. John’s River) were spiked with MC-LR but no 
degradation was observed after 5 hrs of visible light irradiation with NF-TiO2. The water 
quality parameters suggest that the alkaline pH of the water, along with the high 
alkalinity and TOC values, strongly inhibits the performance of NF-TiO2 under the 
conditions tested. A manuscript on the results is in progress for publication. 
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Exploring Spatial and Temporal Demand Aggregation on Transport 
Characteristics in Distribution System Modeling 

 
D. L. Boccelli (University of Cincinnati) 

 
1.  A progress report containing Problem and Research Objectives, Methodology, 
and Principal Findings and Significance 
 
Problem and Research Objectives 
 
Drinking water distribution system network models have traditionally been used to 
evaluate the ability of the network to provide adequate water quantity to the consumers. 
More recent applications of network models (e.g., selecting regulatory sampling locations, 
and protecting public health) have resulted in an increase in the use of these models for 
water quality analysis. In addition to performing more detailed analysis, utilities have 
also been moving towards the development of "all-pipe" network models (due to the 
proliferation of geographic information systems). Unfortunately, as the industry has 
begun to use these models more progressively, the assumptions that most of these models 
are based have not been thoroughly evaluated.  Typical modeling approaches assume that 
consumptive demands are constant over a 1-hour time frame, which was sufficient when 
utilities were only modeling transmission or large diameter distribution pipes. The use of 
"all-pipe" models have resulted in the same modeling assumptions being applied to areas 
with only 8 consumers. While the greater spatial detail can provide additional 
information, the usage of water at such a scale begins to behave in a stochastic manner 
that cannot be adequately represented by current modeling techniques. The objectives of 
this study are to explicitly evaluate the impacts of demand variability, aggregated at 
different temporal and spatial scales, on the underlying hydraulic and transport 
characteristics. 
 
Methodology 
 
The study will be performed by integrating a common distribution system network 
hydraulic and water quality solver (EPANET) with a computational framework capable 
of representing stochastic demand behavior (PRPsym). Two different size network 
models will be utilized to evaluate the impacts of spatial and temporal aggregation of 
demand on the underlying hydraulic and transport characteristics. Demands will be 
temporally aggregated at 1-min, 10-min, and 1-hour time intervals, and spatially 
aggregated through the use of commercially available algorithms capable of reducing the 
network model size and redistributing demands. Monte Carlo simulation will be utilized 
to generate multiple realizations of stochastic demands and used to simulate both the 
hydraulics and water quality aspects associated with the two models.  
 
The analysis of the hydraulic data will be focused on exploring the impacts of the 
different scales of demand aggregation on flow rate variability. This information will 
ultimately be linked with water quality metrics to determine if there is a specific level of 
underlying flow variability that has a deleterious impact on water quality variability. The 



water quality analysis will first be focused on evaluating the impact of demand 
aggregation on the simulated hydraulic residence time, which can be used as a surrogate 
for water quality. Additional water quality simulations will be performed to assess the 
potential variability associated with exposure to 1) disinfectant by-products, which are 
ubiquitous in distribution systems, and 2) a short-duration contamination event, which 
would be more susceptible to hydraulic uncertainty. All of these simulations will be 
utilized to understand the potential impacts of various spatial and temporal aggregation 
scales on different distribution system network modeling objectives. These results will be 
compiled into a guidance document for the industry, and result in guidance for future 
research efforts aimed at improving distribution system network modeling. 
 
Principal Findings and Significance 
 
The first part of the research was focused on evaluating the impacts that temporal 
aggregation of consumptive demands had on pressure and flow rate variability.   The 
results from the hydraulic analysis are qualitatively the same of both the small and large 
networks.  With respect to pressure, decreasing the temporal aggregation from 1-hour to 
1-minute time steps had little impact on pressure variability.  However, decreasing the 
temporal aggregation generally increased the flow rate variability with the relative 
differences being more important as the average flow rate decreased.  The decrease in 
relative demand variability at higher flow rates is expected, by the law of large numbers, 
as the larger flow rates are typically dependent on many more downstream demands that 
ultimately average out towards the expected values (i.e., similar to the deterministic case).  
Also, as the temporal time scale decreases, the probability of a node having no "arrivals" 
(i.e., no water usage) increases.  Thus, between increased variability at the hydraulic 
edges of the system and an increased probability of no demands, which could increase 
stagnant flow conditions, we hypothesize that for short-duration water quality events (e.g., 
(un)intentional intrusion) the decreasing temporal aggregation will increase water quality 
variability.  The increase in water quality variability can impact the use of drinking water 
distribution system models to perform, for example, system vulnerability and risk 
assessment. 
 
To evaluate the impacts that temporal aggregation of consumptive demands had on water 
quality simulations, a conservative tracer signal was simulated by performing a 2-hr or 3-
hr "injection" for the small and large network model, respectively.  The small model was 
a more highly skeletonized model (i.e., less spatial detail) and, as such, did not have 
many nodes with zero consumptive demands (stagnant conditions) and had very few 
interconnections to impact transport.  However, even with such a model, decreasing the 
temporal scale of the consumptive demand modeling: 1) increased the water quality 
variability throughout the system; 2) impacted the hydraulic residence times and travel 
paths (relative to a "deterministic" model); and 3) illustrated that the temporal scale could 
alter exposure assessments in distribution system analysis.   
 
Similar behaviors were observed for the larger, all-pipes network model.  To further 
study the potential impacts of temporal demand aggregation on hydraulic residence time 
and transport path, additional analyses on the large-scale network model were performed 



to investigate: 1) the time to first arrival of the conservative signal at a node, 2) the time 
required for half of the total mass to reach a node, and 3) the total mass consumed by an 
individual at a node by using the assumptions of Murray et al (2005).  In general, the 
research team has observed the following results with respect to decreasing temporal 
aggregation scale: 1) increased time to first arrival and 2) increased time to reach the 
"half-max" concentration [the exposure assessments are still being performed].  The 
preliminary analyses of these results suggest that, in general, incorporating demand 
variability has a greater impact on the metrics of interest than the specific temporal 
aggregation scale.  Additional analysis will be performed to further explore the 
significance of general demand variability versus the temporal aggregation scale.  
Regardless of the outcomes, the results will be an important first-step in characterizing 
the types of variability important within drinking water distribution system modeling.   
 
2.  Publication citations 
 
MS Thesis 
 
X. Yang (2010) "A Full-Scale Simulation Study of Stochastic Water Demands on 
Distribution System Transport." MS Thesis, University of Cincinnati.  (in preparation) 
 
Conference Proceedings 
 
Yang, X. and Boccelli, D. L. (2010).  "A Full-Scale Simulation Study of Stochastic 
Water Demands on Distribution System Transport." 2010 Water Distribution Systems 
Analysis Symposium, Tucson, AZ (accepted). 
 
Yang, X. and Boccelli, D. L. (2009).  "The Impacts of Demand Variability on 
Distribution System Water Quality and Transport." Proceedings, Computing and Control 
in the Water Industry 2009, Sheffield, UK. 
 
3.  Number of students supported by the project (MS/PhD) as well as their majors 
 
Xueyao Yang (MS Student), Major:  Environmental Engineering (Xueyao will be 
continuing in to his PhD after completing his MS degree) 
 
4.  Awards or Achievements 
 
None. 



MONITORING THE ROLE OF BIOFILM BIOPOLYMERS
AGAINST DISINFECTANTS IN WATER DISTRIBUTION
SYSTEMS

Basic Information

Title: MONITORING THE ROLE OF BIOFILM BIOPOLYMERS AGAINST
DISINFECTANTS IN WATER DISTRIBUTION SYSTEMS

Project Number: 2009OH89B
Start Date: 3/1/2009
End Date: 2/28/2010

Funding Source: 104B
Congressional

District: 9th District: Lucas County, OH

Research Category: Water Quality
Focus Category: Water Quality, Water Supply, Methods

Descriptors: None
Principal

Investigators: Youngwoo Seo

Publications

Z. Xue, Y. Seo, W. Panmanee, and D. J. Hassett, Impact of the Pseudomonas aeruginosa
Exopolysaccharide Alginate on Bacterial Inactivation Kinetics by Model Disinfectants, Applied
Environmental Microbiology (In Review).

1. 

Z. Xue, Y. Seo, Susceptibility of biofilm to disinfectants in the presence of disinfectant-demanding
substrate, 240th American chemical society national meeting, Boston, USA, August, 2010 (accepted
for oral presentation).

2. 

Z. Xue, Y. Seo, Role of Extracellular Polymeric Substances of Biofilm on Bacteria Inactivation,
239th American chemical society national meeting, San Francisco, USA, March, 2010.

3. 

Z. Xue, Y. Seo, The Role of Extracellular Polymeric Substances of Biofilm on Bacteria Inactivation,
AWWA WQTC, 2009.

4. 

MONITORING THE ROLE OF BIOFILM BIOPOLYMERS AGAINST DISINFECTANTS IN WATER DISTRIBUTION SYSTEMS

MONITORING THE ROLE OF BIOFILM BIOPOLYMERS AGAINST DISINFECTANTS IN WATER DISTRIBUTION SYSTEMS1



Monitoring the Role of Biofilm Biopolymers against 

Disinfectants in Water Distribution Systems 
Youngwoo (Young) Seo 

 
1. PROBLEM AND RESEARCH OBJECTIVES 

Biofilm formations in water distribution systems are ubiquitous. Reports from 
many water utilities in the US including utilities in Ohio have shown that biofilms 
survive in water distribution systems despite the continuing presence of disinfectants 
(Tuovinen and Hsu, 1982; LeChevallier et al. 1996) is great concern about the 
resistance of biofilms against disinfectants, the inactivation kinetics of biofilms are 
not well understood, especially compared to the inactivation kinetics of suspended 
microbial cultures (AWWA, 2007). There is not enough information for water utilities 
to assess and optimize disinfectant dosage to control biofilms in water distribution 
systems (AWWA, 2005).  
One reason for this could be the complexity of biofilm EPS (Momba et al. 2000; 
Stewart, 2002; Stewart et al 2002). More than 80% of biofilm is comprised of EPS 
(Characklis and Marshall, 1990), and it is believed that these structures provide 
protective barriers for microorganisms (Sibille 1998; Hughes et al. 1998). However, 
there is still a significant knowledge gap, especially concerning the reaction kinetics 
of EPS with disinfectants. To date, the role of extracelluar polymeric substances 
(EPS) as a protective barrier against disinfectants has not been quantitatively analyzed, 
even though the simultaneous interaction between disinfectants and EPS is known to 
lead to the transport limitation of disinfectants into biofilms. Previous studies mostly 
focused on retarded or limited transport of disinfectants without considering reactive 
sites and reaction kinetics of biofilm EPS (Stewart, 2002; Stewart et al. 2002).  
 
The principal research objective in this proposal is to monitor the role of both 
cell-bond EPS and biofilm EPS as protective barriers against disinfectants in water 
distribution systems. Physical transports of a model disinfectant and its reaction 
kinetics in biofilm were quantitatively studied using molecular probes and a chlorine 
sensitive microsensor. The reaction and disinfection kinetics of EPS was elucidated by 
1) characterizing EPS components and their reaction kinetics with a model 
disinfectant; 2) quantifying EPS and viability of biofilm with fluorescently labeled 
molecular probes under a model disinfectant; 3) monitoring the transport limitation of 
a model disinfectant in biofilm. This study provides fundamental and effective biofilm 
control strategies in water distribution systems supporting research, education and 
local water utilities. 
 
2. STATEMENT OF RESULTS OR BENEFITS  
Water utilities in Ohio have experienced bacteria growth and biofilm formation in 
water distribution systems (Tuovinen and Hsu, 1982; Craun and Calderon, 2001), 
even under the presence of residual chlorine. However, the inactivation of biofilm in 



drinking water distribution system is not well understood. One reason for our lack of 
understanding is strongly correlated to the complexity of biofilm EPS and their role in 
protecting biofilms from disinfectants. In this proposed study, this knowledge gap will 
be addressed. The results from the proposed study will enable local water utilities to 
incorporate biofilm control strategies since the results will aid in the development of 
effective biofilm control methods with disinfectants 
 
3. MATERIALS/METHODOLOGY 

Preparation of Buffer Solutions and Disinfectants 

All disinfection experiments were conducted with chlorine demand-free (CDF) 
buffer (pH=7). CDF buffer was prepared by dissolving 0.54 g of Na2HPO4 and 0.88 g 
of KH2PO4 per liter in deionized water. The prepared buffer solution was pre-reacted 
with chlorine by adding sodium hypochlorite solution and allowed to stand at room 
temperature for one week, followed by UV light exposure for 48 hours to achieve 
dechlorination. When the chlorine concentration was lower than 0.01 mg/l, the buffer 
solution was considered to be chlorine demand free (Engelbrecht et al., 1980).  

Chlorine stock solutions were prepared with Clorox bleach (The Clorox Co., 
Oakland, CA) and concentration were determined by the N, 
N-diethyl-p-phenylenediamine (PDP) method (Engelbrecht et al., 1980). The chlorine 
stock solution was diluted to 0.5 mg/l with CDF buffer solution immediately 
preceding the inactivation experiments. Stock chloramine solution was prepared 
immediately before each experiment by combining solutions of sodium hypochlorite 
and ammonium chloride in a 4:1 ratio (chlorine-to-ammonia-nitrogen mass ratio). To 
obtain the highest monochloramine yield and minimize ammonia volatilization, both 
solutions were pre-adjusted to a pH of 8.3. Stock chloramine solutions were diluted to 
a target concentration of 2 mg/l with the CDF buffer. Stock chlorine dioxide solutions 
were prepared from sodium chlorite (NaClO2, Selective Micro Technologies, Beverly, 
MA, USA) (Jang et al., 2006). For inactivation tests, the ClO2 stock solution was 
diluted to 0.5 mg/l before each test (Aieta et al., 1986). The concentration of all three 
disinfectants was selected based on residual disinfectant concentration in water 
distribution systems (USEPA, 1999) and measured using a DR/2700 
spectrophotometer (HACH Company, Loveland, CO, USA).  

Batch Experiments of planktonic cells 

In this study, three P. aeruginosa strains were employed. The first was wild-type 
strain PAO1 and a well-characterized DNA sequenced strain. Two isogenic mutants of 
strain PAO1 were also used, (i) algT(U) encoding the alternative extracytoplasmic 
sigma factor AlgT(U) and (ii), mucA, encoding a cytoplasmic membrane-bound 
anti-sigma factor that produces copious quantities of the exopolysaccharide alginate. 
With these strains in hand, we examined how differences in the relative amount of 
EPS affected the efficacy of three common disinfectants (chlorine, chloramines, and 



chlorine dioxide). 

All batch experiments were performed in 250 ml amber glass bottles (Fisher Scientific, 
Itasca, IL) at room temperature for planktonic cells. Three amber-glass bottles were 
used as parallel reactors. The first bottle, containing bacterial suspension and the CDF 
buffer solution without disinfectant, served as a control reactor. The other two bottles 
contained only bacterial suspension and disinfectant solution. Experiment setup is 
shown in Fig 1. Microbial inactivation tests with disinfectants were performed and 
disinfectant decay and bacteria survival were measured simultaneously. Enumerations 
of viable microbial cells were performed using the heterotrophic plate count method. 
Serial dilutions were conducted in CDF buffer solution containing Na2S2O3 (1 mmol/l 
final concentration) to quench residual disinfectants, followed by spreading 0.1 ml 
aliquots onto R2A media plates (Difco Laboratories, Detroit, MI). All plates were 
incubated at 37°C for 24 hours prior to enumeration of colony forming units (CFU). 

 

Figure 1: Batch experiment setup 

Biofilm experiment 

Two carboys were used as medium feeding and chlorine supply reservoirs respectively. 
A 0.02 strength LB broth was used as a medium to create nutrient limiting growth 
conditions mimicking low-carbon environment as in drinking water distribution 
systems. All feeds to reactors were delivered using a multichannel peristaltic pump 
(ISMATEC, Glattbrugg, Switzerland) and silicone tubing (Masterflex, Vernon Hills, 
IL). The flow cell system is shown in Fig. 2. Flow cells, tubing and solutions were 
sterilized at the start of each experiment. Operation and sampling of the flow cells 
followed aseptic technique throughout the experiments. 



 
Figure 2: flow cell system setup 

Biofilms were grown in continuous-culture flow cells (channel dimensions, 1.6 by 
12.7 by 47.5 mm; flow rate, 0.2 ml/min) at room temperature. The flow cell contained 
a standard glass microscope slide on one side and a glass cover slip on the other side. 
Flow rate of the flow cells simulated laminar flow with an average flow velocity of 
0.16 mm/s throughout each experiment. Under this flow condition, a residence time 
that improved biofilm formation was achieved. Channels were inoculated with 
bacterial suspension and incubated statically for 1 h at room temperature for initial 
bacterial attachment. After 1 hour, flow rate was gradually increased to 0.2 ml/min. 
For each experiment, the two channels in one flow cell were operated in parallel 
under identical conditions, the only exception being that one channel received 
chlorine and the other served as a non-chlorinated control. 

Bacteria Cell Staining 

The LIVE/DEAD Bacterial Viability Kit (BacLight, InVitrogen) was applied to 
estimate both viable and total counts of bacteria in disinfectant treated samples. The 
BacLight LIVE/DEAD stain is composed of two nucleic acid-binding stains: SYTO 
9E and propidium iodide (PI). SYTO 9E penetrates all bacterial membranes and stains 
the cells green, while PI only penetrates cells with damaged membranes, while the 
combination of the two stains stoichiometrically produces red fluorescing cells. Total 
(red and green) and viable (green) cells can hence be counted simultaneously (Boulos 
et al., 1999). Stained solution was filtered through black polycarbonate filters for 
fluorescence microscopic imaging. Fluorescent images were observed at 480/500 nm 
for SYTO 9 and 488/617 nm for PI, respectively. For fluorescent stained cell counting, 
an Olympus fluorescent microscope with an 100X oil immersion objective and a TCS 
SP5 multi-photon laser scanning confocal microscope (Leica Microsystems) were 
used. Images were processed by CellCounter (Heracle Software), CellAnalyst 
(AssaySoft, Inc.) and COMSTAT.  

EPS Extraction 



All extraction procedures were performed on three separate 50 ml samples from an 
initial 200 ml bacterial culture. The modified EDTA extraction method described by 
Brown and Lester (1980) was employed (Brown et al., 1980). In this method, 100 ml 
of 2% EDTA (tetrasodium salt) was added to 100 ml of each culture suspension and 
shaken for 3 h at 4°C. High speed votex was applied both at the initial mixing of 
EDTA and culture suspension and after 3 h interaction. The samples were then 
centrifuged at 14,000 x g for 20 min at 4°C. The supernatant was analyzed to quantify 
EPS composition. 

EPS Characterization 

Total protein and polysaccharide was measured using standard colorimetric 
techniques. Protein concentrations were determined using the modified Lowry Protein 
Assay Kit (Pierce Biotechnology, Rockford, IL) with bovine serum albumin (BSA) as 
standard. Polysaccharide concentration was measured using the phenol-sulfuric acid 
method using glucose as standard (Jost Wingender, 1999). 

 
Principle Findings and Significance 

Both chlorine and chlorine dioxide are very effective disinfectants. However, these 
two disinfectants were heavily consumed during the initial period of inactivation. 
Limited by such short inactivation times and high reactivity, no significant 
disinfectant residual differences were observed. Chloramine was found to be a 
slow-acting disinfectant for the three strains. Thirty minutes of chloramine exposure 
were required to achieve 99% inactivation for the three strains in this study. The mucA 
mutant consumed the greatest amount of chloramine, while the algT(U) mutant had 
comparably high levels of residual chloramine. For chloramine inactivation, 
disinfectant residual is in inverse proportion to cell bound EPS amount. In other 
words, the more EPS bound to bacterial cells the more disinfectants were consumed. 
The result of the chloramine consumption study indicated that cell-bound EPS 
interacted with disinfectant during the inactivation process and part of the disinfectant 
consumption could be attributed to cell bound EPS. The transport limitation of 
disinfectant in biofilm was also monitored by microelectrode. 

The results in this study indicate that the higher EPS production yields higher 
survival ratio and viability rate, which was confirmed by both heterogeneity plate 
counting and Live/Dead staining results. The mucA22 mutant with higher EPS 
production had a proportionally greater survival ratio and viability rate and more 
variation in protein and polysaccharide functional groups by interaction with 
disinfectants. The mucA22 mutant also had a prolonged lag time when interacting 
with the less reactive disinfectant chloramine.  

 
For low disinfectants concentrations as used in water distribution system, key 

factor of chlorination bactericidal is not extensive membrane damage but functional 



group deformation in bacteria membrane, which lead to membrane permeabilization. 
The acidic polysaccharide alginate, representative component in EPS of P. aeruginosa, 
has strong deformation after inactivation, which confirms that cell-bound EPS have 
high reactivity with the disinfectant used in this study. The combined results support 
that cell bound EPS consume disinfectant, retard bacterial membrane permeabilization, 
and thus decrease the susceptibility of bacteria. 
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Information Transfer Program Introduction

The Ohio Water Resources Center (WRC), at Ohio State University, conducted a number of activities to
transfer water related information to a wide range of state, federal, county, and municipal agencies, to the
private sector, academic community, students, and to private citizens throughout Ohio. Specific activities
included, - preparation of information for the web site of the Ohio Water Resources Center and maintenance
of the web site - administration of a Special Water and Wastewater Treatment Grants Competition funded
through the Ohio Water Development Authority - administration of the 104(B) In-State Competition and the
104(G) National Competitive Grants Program - encouraged investigators of projects funded through the Ohio
WRC to develop publications in peer-reviewed journals and other outlets - continued administrative support
for the Water Management Association of Ohio (WMAO) and associated WMAO meetings, conferences, and
division activities - support for Ohio Water Education Program, especially Project WET (Water Education for
Teachers) - participation of both directors in the Future Engineers Summer Camp (FESC) which focuses on
introducing 8th grade girls to careers in various areas of engineering, including water resources and
environmental engineering - responding to questions from the public regarding water resources issues in the
state of Ohio - advised the newly started WEF student chapter at Ohio State University
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USGS Summer Intern Program

None.
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Student Support

Category Section 104 Base
Grant

Section 104 NCGP
Award

NIWR-USGS
Internship

Supplemental
Awards Total

Undergraduate 0 0 0 0 0
Masters 4 0 0 0 4

Ph.D. 4 0 0 0 4
Post-Doc. 0 0 0 0 0

Total 8 0 0 0 8

1



Notable Awards and Achievements

Project 2009OH119B"Destruction of Cyanobacterial Toxins in Water with Germicidal UV-254 nm-based
Homogeneous and Solar-based Heterogeneous Advanced Oxidation Processes": (1)PI: Dionysiou, Dionysios:
2010 David Eye Scholarship to Miguel Pelaez. University of Cincinnati (2)student Miguel Pelaez: 2010
Graduate Student Award in Environmental Chemistry, Division of Environmental Chemistry, American
Chemical Society.

Project 2008OH64B "Competitive Learning to Develop a Biomarker Forecasting Tool for Classifying
Recreational Water Quality" has resulted in a follow-up proposal submitted to the Metropolitan Sewer District
(Cincinnati, OH) to continue this research. The proposal is

"Development of a Recreation Management Tool to Predict Microbial Water Quality for the Metropolitan
Sewer District" (2010), PI: D. L. Boccelli, co-PI: S. G. Buchberger, University of Cincinnati ($153,073)
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Publications from Prior Years
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