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RESUMEN

El objetivo general de la tesis fue profundizar el conocimiento de las interacciones presentes en
las interfases entre superficies, microorganismos y nanomateriales en medios acuosos. En
particular se estudiaron las interacciones en tres sistemas diferentes: transporte de
microorganismos y nanoparticulas a través de lechos porosos, eliminacidn en sistemas acuosos
de bacteriéfagos modelo por medio de membranas cerdmicas nanoestructuradas, y membranas
empleadas en ultrafiltracion de aguas para la remociéon de bacteriéfagos como modelo de virus
patdgenos. Los resultados obtenidos podran ser de utilidad para elaborar mejoras en los
procesos estudiados con fines de asegurar la calidad del agua. Adicionalmente, se analizd la
factibilidad de la aplicacién de membranas en el proceso de 6smosis retardada por presion (PRO)

para generacion de energia eléctrica en el pais.

El transporte en lecho poroso se efectud en el laboratorio usando columnas rellenas de
arena especialmente acondicionada y caracterizada para este tipo de trabajo. Los
microorganismos usados fueron bacterias que crecieron y se purificaron en las condiciones
deseadas, variando la fuerza idnica de la matriz acuosa con el fin de repetir condiciones
naturales relevantes. Las nanoparticulas seleccionadas fueron de didxido de titanio hidrofilico
comercial. La caracterizacién de microorganismos y del 6xido incluyd tamafio y carga superficial.
Diversas técnicas fueron empleadas para detectar la presencia de los dos elementos del sistema,
tales como espectrofotometria UV y visible y reaccién en cadena de la polimerasa en tiempo
real. Los resultados arrojaron que el flujo de bacterias a través del lecho es completamente
modificado por la aparicién de las nanoparticulas. Ademas, el empleo de técnicas de modelado
permitié explicar y predecir este comportamiento. Estas diferencias en el transporte pueden
significar un aporte en el desarrollo de técnicas para proteccion de acuiferos o en el manejo de

situaciones de emergencia.

En el analisis de las interacciones presentes en la remocion de bacteriéfagos mediante
nanoparticulas cerdmicas también se establecié un protocolo de crecimiento y purificacion de
virus apropiado para el trabajo a realizar. Luego se midieron el tamafio y la carga de superficie
en las condiciones de estudio tanto para el virus como para el material ceramico. Los resultados
de remocién obtenidos a escala laboratorio pudieron ser modelados mediante las teorias
clasicas de estabilidad de coloides y adhesidn de particulas nanométricas a superficies dentro

de ciertos rangos de operacién. Estas predicciones serian sumamente Utiles en el desarrollo de
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nuevas técnicas de purificacion de aguas, especialmente en ambientes rurales, de dificil acceso

a fuentes de agua corriente, o en situaciones de emergencia.

En el estudio de las interacciones en procesos de ultrafiltracion con membranas se
empled uno de los mas pequefios bacteriéfagos conocidos y una membrana polimérica
comercial. El motivo de esta seleccidn fue el proveer la situacion mds desafiante que puede
encontrarse en escenarios naturales. Primeramente, se desarrollé un protocolo de crecimiento
y purificacidon de los bacteriéfagos para luego poder determinar su tamafio y su carga superficial;
asi como las propiedades de la membrana de ultrafiltracidn utilizada. Con estas mediciones, se
procedid al modelado mediante teorias clasicas de estabilidad de coloides y adhesion de
particulas nanométricas a superficies tales como las empleadas en filtracion de aguas. Se
pudieron encontrar relaciones entre la eficiencia del proceso a escala laboratorio y la
composicion quimica de la matriz acuosa, lo que permitiria establecer mejores condiciones de

contorno para llevar a cabo eficazmente un proceso de ultrafiltracion.

El proceso de 6smosis retardada por presion plantea la obtencion de energia eléctrica a
través del flujo de agua que se origina entre dos soluciones de diferente concentracién salina
separadas por una membrana semipermeable. La diferencia de potencial quimico puede ser
transformada en energia luego de la 6smosis empleando una turbina hidraulica. En el presente
trabajo se estudid la posibilidad de emplear este método en un escenario real tal como la
desembocadura del Rio Negro en la Provincia de Rio Negro. Se tuvieron en cuenta caudales,
condiciones ambientales y limitaciones tanto del proceso como del lugar elegido. Ademas, para
poder obtener la cantidad de energia neta por unidad de area de membrana se tuvieron en
cuenta los consumos ocasionados por las bombas empleadas en la operacidon. De esta forma, se

completé el primer paso de una evaluacidn que podra ser profundizada en el futuro.
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ABSTRACT

The general objective of the present thesis is to advance in the understanding of the interactions
present in the interfaces between surfaces, microorganisms, and nanomaterials in aqueous
media. In particular, interactions in three different systems were studied: transport of bacteria
and nanoparticles through porous media, removal of bacteriophages in aqueous systems by
means of nanostructured ceramic membranes, and removal of bacteriophages as model
pathogen viruses by ultrafiltration membranes. The obtained results may be useful to improve
the processes studied in order to ensure water quality. In addition, the feasibility of employing
membranes in pressure retarded osmosis (PRO) process for power generation in our country

was analyzed.

Transport in porous medium was studied in the laboratory using columns packed with
quartz sand specially conditioned and characterized. The microorganisms were bacteria that
grew and were purified in the desired conditions, varying ionic strength of the aqueous matrix
to reproduce relevant natural conditions. The selected nanoparticles were commercially made
of hydrophilic titanium dioxide. Characterization of the microorganisms and the oxide included
size and surface charge. Various techniques were used to detect the presence of both elements
in the system, such as UV-Visible spectrophotometry and real-time polymerase chain reaction.
Results showed that the flux of bacteria through the porous bed was completely modified by
the presence of the nanoparticles. Furthermore, the use of modeling techniques allowed to
explain and predict this behavior. These differences in transport can mean a contribution to the

development of techniques for protection of aquifers or in handling emergency situations.

In the analysis of the interactions present in the removal of bacteriophages using
ceramic nanoparticles, first, a valid protocol for growing and purification of viruses was
stablished taking into account the specific work to be performed. Then, size and surface charge
were measured, both for the virus and for the ceramic material. The results of the removal
obtained at laboratory scale could be modeled using classic theories of colloid stability and
adhesion to surfaces, in certain ranges of operation. These predictions may be very helpful in
the development of new techniques for water filtration, especially in rural areas where access

to safe water sources is difficult, or in emergency situations.

For the study of the interactions in membrane ultrafiltration, one of the smallest known
bacteriophages and a commercial polymeric membrane were employed. The reason of this

selection was to face the membrane with the most defying condition that can occur in natural
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scenarios. First, a protocol for bacteriophage growing and purification was developed. Then
their size and surface charge were obtained, as well as the properties of the ultrafiltration
membrane. With these measurements, modeling by classic theories of colloid stability and
adhesion of nanometric particles onto surfaces such as those used in water filtration was
performed. Relationships between the efficiency of the process at laboratory scale and the
chemical composition of the water matrix were found, which could help stablishing better

conditions to effectively perform an ultrafiltration process.

Pressure retarded osmosis focuses on power generation using a flux of water that is
originated between two solutions of different salt concentration separated by a semipermeable
membrane. The difference in chemical potential can be later transformed into power by means
of a hydroturbine. In the present work, the feasibility of employing this method in a real scenario
-the mouth of the Negro River, Province of Rio Negro- was studied. Different flows,
environmental conditions, and limitations of both the process and the selected location were
considered. Besides, to obtain the net energy per membrane unit, consumption by the operation
pumps was taken into account. In this way, the first step for an energetic evaluation was

conducted and it can be deepened in a future.
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Chapter |

INTRODUCTION

Today, public health policies address water contamination by the presence of pathogen
organisms, such as bacteria and viruses. The quest for better and economical treatment
processes is a concrete reality affecting to a large extent those populations lacking access to safe

drinking water sources.

Transport and fate of microorganisms in soils and natural waters must be understood as
the first step to evaluate and improve quality treatments. Furthermore, the irruption of novel
products in the environment, like nanoparticles, change the scenario since interactions with
organisms and with the medium may occur. Nano-scale products can be associated to colloids
and biological compounds not only due to their similar size, but also because of the importance
of surface chemistry in their stability and physicochemical processes developed in natural

environments.

Forty years ago, membrane filtration was not economically feasible, but new
technologies and new materials have made widespread applications possible. Commercial
membranes, made of polymers or ceramics, highlight the need to develop “green” processes,
with the objective of achieving membranes with specific properties, such as pore size,
membrane structure and surface composition. The interactions present on and near the
membrane surface, as well as within its structure play a key role in the attachment and retention

processes during filtration.

This work focused on three main topics: the transport of bacteria and nanoparticles in
porous media and how they affect each other when both are present, surface-particle and
particle-particle interactions developed during virus removal by polymeric and ceramic

membranes, and innovative uses of membranes in power generation.

Chapter IV presents the study of bacterium and of nanoparticle transport in saturated
porous media and how they influenced one another. First of all, growth and purification of the
selected strain was carried out in our laboratory, at different environmental relevant conditions
of ionic strength. Characterization of bacteria and nanoparticles included size and zeta potential
determinations. The importance of these two parameters in aggregation and interactions with

the medium was studied in detail and modeled by DLVO theory of colloidal stability. Sand-

1



Introduction

packed columns were used to perform the single particle and combined particle experiments. In
the former, effluent concentration was measured by means of UV spectrophotometry. In the
combined transport, it was necessary to separate both components before measuring any
concentration to avoid interference between the species. Thus, various techniques were
selected. Quantitative polymerase chain reaction was useful to determine the bacterial
concentration since it was not influenced by the presence of nanoparticles. To determine the
concentration of suspended TiO,, microwave-assisted acidic digestion was first performed to
dissolve the oxide as well as eliminating the bacterial cells, followed by the addition of a
complexation agent that gave the solution a color whose intensity was correlated to the
unknown concentration and detected by visible spectrophotometry. The bacteria eluted the
column at all considered ionic strengths, but these results completely changed when the
nanoparticles were present, reaching retention levels of up to 99.99%. The electrostatic forces
between the two kinds of particles proved to be dominant, alongside with other possible
mechanisms such as heteroaggregation and ripening. DLVO modeling was highly useful in the
system under study and sand bed removal could be evaluated using classical filtration theories.
For the case of combined transport, we defined a pseudo-collision efficiency factor to
characterize the system, considering the initial (“clean”) collector to be a sand grain with its

surface modified due to the existence of some degree of bacterial attachment.

The relevance of the work described in Chapter IV resides in the new insight to combined
transport phenomenon, which is closely related to the possibility that pathogenic bacteria reach
natural aquatic systems. Consequently, when selecting a method to eliminate pathogens from
soils or from waters it is important to know in advance how these microorganisms may reach

their final disposal site.

Viruses are harder to eliminate than bacteria from water due to their small size and
resistance to physical and chemical treatments. An option to eliminate submicron particles from
water, is the use of commercial or specifically designed membranes. Electrostatic interactions

play a fundamental role in this process as it was studied in Chapters V and VI.

Chapter V describes the study of electrostatic interactions and attachment that exist
between a virus and a ceramic membrane. The first step of the work consisted in growth and
purification of bacteriophage P22, that was used as a surrogate for pathogenic viruses of similar
size. A nanostructured iron oxide ceramic membrane was employed. Different pHs were
considered for size and zeta potential measurements of both viruses and ceramic particles. The
attachment and kinetics experiments were performed at ITBA by Maria Victoria Gallardo and

Fernando Miguel Yrazu under the guidance and direction of Dr. Maria Marta Fidalgo de
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Introduction

Cortalezzi. As a result, DLVO modeling was necessary to provide the experimental results with
substantial explanation and further insight. Since the mechanism of removal was determined to
be electrostatic in nature, DLVO analysis of the attachment predicted it to be effective in a

certain range of pH (up to 6.5).

Chapter VI also describes the study of forces between viruses and ultrafiltration
membranes. In this case, a much smaller bacteriophage was used and the membrane was made
of polyethersulfone. Bacteriophage PP7 was chosen as a surrogate for poliovirus in water
treatment processes, since both are icosahedral and have similar size, and because it offers
challenging conditions for membrane testing due to its small size. The virus and the membrane
were characterized with respect to size and surface charge under a broad range of relevant
conditions of pH and ionic strength. The filtration experiments were performed at INIQUI,
Universidad Nacional de Salta by Dr. Mercedes Cecilia Cruz under the guidance and direction of
Dr. Verdnica Beatriz Rajal. Afterwards, the filtration mechanism and its limitations were
analyzed and discussed under DLVO and X-DLVO theories. The ultrafiltration experiments
showed partial removal of PP7, which could be explained by the influence of the aqueous matrix
in the present interactions between the bacteriophages and the surface: divalent cations
diminished the effectiveness as opposed to monovalent cations and species with amphoteric
behavior such as bicarbonate. These results highlighted the importance of electrostatic

interactions in virus-membrane filtration.

The importance of the works presented in Chapters V and Vl lies in the confirmation that
electrostatic forces, such as van der Waals attraction and electric double layer repulsion, play a
key role in virus removal by filtration methods. In particular, polymeric and custom-made
ceramic membranes provided similar underlying nature. It was also proved that the efficiency
of the process is affected by the constituents of the aqueous matrix. Improvements to current

membrane filtration settings can be of great benefit to obtain water with better quality.

Chapter VIl offers a different application for water filtration membranes. In this chapter,
the work did not focus on potabilization or improving water quality; instead, the production of
electric energy was studied. Pressure retarded osmosis is a process that enables power
production from two streams of different osmotic pressure. The objective of the work was to
simulate this technology in a real scenario, such as the Negro River mouth, in the south of our
country, and predict the net power density taking into account natural water qualities and
equipment needed. The simulation was performed using UniSim Design with OLI Electrolyte fluid

package. The results showed that energy generation was possible and that the simulation was
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very useful as a first step to assess the feasibility of this technology. | would like to thank Paula

Llano, who kindly revised the simulation performed in the work.

The work described in Chapter VIl can be a start point for future research, allowing the

introduction of “blue” energy into the energy matrix.

It is worth to mention that, up to now, the work of this thesis resulted in the following

articles:

° “Virus removal by iron oxide ceramic membranes”. Maria M. Fidalgo de Cortalezzi,
Maria V. Gallardo, Fernando Yrazu, Guillermina J. Gentile, Oscar Oppezzo, Ramdn
Pizarro, Hugo R. Poma, Verdnica B. Rajal. Journal of Environmental Chemical
Engineering, Volume 2, Issue 3, September 2014, Pages 1831-1840.
http://dx.doi.org/10.1016/j.jece.2014.08.006

° “Enhanced Retention of Bacteria by TiO, Nanoparticles in Saturated Porous Media”.
Guillermina J. Gentile, Maria M. Fidalgo de Cortalezzi. Journal of Contaminant
Hydrology, Volume 191, August 2016, Pages 66-75.
http://dx.doi.org/10.1016/j.jconhyd.2016.05.004

Furthermore, the following presentations are the result of the present thesis:

° “Simulating Pressure Retarded Osmosis Using UniSim Design”. Guillermina Gentile,
Paula Llano, Maria Marta Fidalgo de Cortalezzi. Poster session. Il Simpdsio de Processos

de Separagao com Membranas, Rio de Janeiro, Brazil. July 29 - August 02, 2013.

° “Simulating Pressure Retarded Osmosis Using UniSim Design”. Guillermina Gentile,
Paula Llano, Maria Marta Fidalgo de Cortalezzi. Poster session. 7th IWA Specialized
Membrane Technology Conference and Exhibition for Water and Wastewater

Treatment and Reuse, Toronto, Canada. August 26 - 29, 2013.

° “Simulating Pressure Retarded Osmosis Using UniSim Design”. Guillermina Gentile,
Paula Llano, Maria Marta Fidalgo de Cortalezzi. Poster session. V Seminario por el Dia

Mundial del Agua, Buenos Aires, Argentina. March 31, 2015.

. “Remocién de Virus mediante Ultrafiltracion: Rol de las Interacciones entre Particulas y

entre Particulas y Superficies”. Guillermina Gentile, Mercedes Cecilia Cruz, Maria
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“Role of Interparticle and Particle-Surface Interactions on Virus Removal by
Ultrafiltration Membranes”. Guillermina Gentile. Seminar. Department of Civil and
Environmental Engineering, University of Missouri, Columbia, MO, USA. October 30,

2015.

“Attachment of Bacteriophage P22 to Nano Structured Iron Oxide Ceramics:
Implications for Drinking Water Treatment”. Guillermina Gentile, Maria Victoria
Gallardo, Fernando Yrazu, Oscar Oppezzo, Ramdn Pizarro, Hugo Ramiro Poma, Verénica
Beatriz Rajal, Maria Marta Fidalgo de Cortalezzi. Poster session. 15 AIChE Annual

Meeting, Salt Lake City, UT, USA. November 8 - 13, 2015.
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Chapter Il

BACKGROUND

I1.1.Colloids, nanoparticles, engineered nanomaterials

Colloids have been defined as particles with one dimension smaller than 1 um, although some
exceptions may exist. Terms such as particles, colloids, colloidal dispersions, and colloidal
suspensions can be considered synonyms. Natural and engineered colloidal particles are
commonly found in groundwater, surface water, and soils. Contaminants, such as metals, metal
oxides, radionuclides, organic compounds, macromolecules, and microorganisms, are colloids
themselves or are associated to them in natural environments (i.e., adsorption onto clays or
other organic compounds).! By definition, colloids include organic and inorganic substances, as

well as biological material such as viruses and some bacteria.?

Nanoparticles are defined as materials with at least two dimensions between 1 and 100
nm.2 They have always been present in the environment, from natural or anthropogenic origins.2
When in air, they were traditionally referred to as ultrafine particles, while in soil and water they
are described as colloids, with a slightly different size range.* Widely used and investigated
engineered nanoparticles include metals (Au, Ag, Cu, Al, Ni, Co), metallic oxides (TiO,, ZnO, CuO,

Ce0,, Fe304, Fe,03), carbon, and quantum dots.®

Engineered nanomaterials are manufactured products that have at least one dimension

smaller than 100 nm and are mainly made of carbon, metal, or metal oxide.> 7

In March of 2015, the Nanotechnology Consumer Products Inventory (CPI) listed 1,814
products containing nanomaterials from 622 companies in 32 countries. There are 39 types of
nanomaterial components in the Inventory, divided in groups related to the composition: metal
and metal oxides (e.g., Ag, Ti, Zn, Au, Mg, Cu, Pt, Fe, Al,0s, TiO,, ZnO,, iron oxides), carbonaceous
(carbon black, carbon nanotubes, fullerenes, graphene), silicon (Si and SiO;), and other (e.g.,
polymers, organics, ceramics).® In particular, the annual production of TiO, exceeds 5,480,000

million tons, which represents 70% of the total production volume of pigments.®
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Nanoscale products and materials are increasingly used in optoelectronics, electronics,
odontology, medicine, drug delivery, cosmetics, sunscreens, catalysts, fabrics, anticorrosion,

coatings, food and beverages, automotive, home and garden supplies. ©

I.L1.1. Properties of nanoparticles and nanomaterials

The main properties to characterize nanomaterials in environmental studies are size, solubility,
surface area, surface charge, and surface chemistry.!! Fate and toxicity of natural and
engineered particles is mainly determined by their size and size distribution, in conjunction with

surface properties.?

Differences arise between natural and engineered nanoparticles, the former are
polydispersed and chemically complex in nature, while the latter are monodispersed and have
precise chemical composition. However, equivalent principles and toxicity apply to both of

them.!3

Due to their high surface area to volume ratio, the properties of nanoparticles differ
from those of their constituent molecules, and from those of the bulk material. Besides, size and
properties of engineered nanomaterials prior to use are often different from those stated by the

supplier due to variations in the physicochemical properties over time and agglomeration.*

Surfactants can modify the surface and interfacial properties, leading to stabilization by

conserving the particle charge or by modifying its surface.

1.L1.2. Transport and fate of nanomaterials and risks for the environment and health

There is an ongoing interest in evaluating the potential risks associated with the application of
engineered nanomaterials on living organisms, but first it is necessary to know the sources and
fate of produced nanomaterials in order to evaluate their hazards and impact in the

environment and health.*

Sources of nanoparticles are various and different, among which we can mention:
stationary (coal/oil/gas boilers, incinerators, smelters, cooking, cigarette, residential

combustors) and mobile emissions (diesel/gasoline/LPG/CNG vehicles, metals in catalytic
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converters/fuel cells), atmospheric conversion, industrial processes, and engineered

nanoparticle production.!®

Colloids, nanoparticles and engineered nanomaterials reach the environment due to
unintentional and intentional releases and some of them may contaminate soils and waters and
interact with living species.” > Their transport and fate depend on aggregation phenomenon,
which may lead to: aggregates well larger than 1 um;? transfer from soil and water to plants as
the first step to enter the food chain;” interactions among them and with other molecules and

cells in the medium;® and transformations due to physical and chemical reactions.’

Not only the final disposal is important, but also the physical form in which the
nanomaterial is present (aggregated or degraded), the final concentration, and the potential

organisms affected.®2°

Understanding how nanomaterials behave in the environment is fundamental to
estimate their fate. Important properties are degradation, dispersion stability, solubility, and
bioaccumulation. Degradation and surface modifications may cause a change in the way the
nanoparticles interact with the medium. Dispersion stability affects the transport and
consequently the final fate in soils and waters, and depends on the state of aggregation that can
be modified by the presence of natural organic matter, clays, as well as ionic strength and pH.
Solubility is particularly important in the case of metals and metal oxides that could leach soluble
ions into natural waters. Bioaccumulation of these nanoparticles and nanomaterials by

organisms is difficult to assess since the transport along the food chain must be known.*

Higher human exposure is expected at working places where the raw nanomaterials are
present in large quantities. This contact can happen via inhalation, dermal exposure, or
ingestion. Another form of contact is by means of the environment after release during
manufacture, downstream uses and incineration, or by consumption and use of the final

products.®

Toxicity research has mainly focused on the respiratory system, although skin and
gastrointestinal tract should also be taken under analysis.®* Carbon and silica nanomaterials may
cause pulmonary diseases, granulomas and fibrosis; carbon, silver, and gold nanomaterials may
access organs including the central nervous system; quantum dots, carbon, and TiO;
nanoparticles may penetrate the skin; carbon, MnO,, and TiO; nanoparticles may enter the brain
through nasal epithelium olfactory neurons; TiO,, Al,Os, carbon black, cobalt, and nickel

nanoparticles can be more toxic than thought if compared with micron sized particles.’
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11.2.Bacteria

Bacteria are prokaryotic microorganisms. These cells lack of the nucleus that is present in

eukaryotic cells.

In particular, this work will focus on the bacterium Pseudomonas aeruginosa for the
transport experiments. Electrostatic interactions as well as aggregation and attachment will be
studied as the main causes for retention in the porous bed; therefore, the bacteria will be

considered as particles with charge on their surface.?*?

1.2.1. Pseudomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative, aerobic bacterium, known as an opportunistic
human pathogen. It is a coccobacillus, a type of bacterium with a shape intermediate between
coccus (spherical bacterium) and bacillus (rod-shaped bacterium); therefore, it can be

considered as a very short rod.

Pseudomonas derives from the Greek “pseudo” that means "false” and “monas” that
means “single unit". Aeruginosa indicates the Latin word meaning “verdigris” or “copper rust”

that makes reference to the pigment seen in the cultures.

Bacteria that have a thin cell wall surrounded by a second lipid membrane are referred

as Gram-negative.

These bacteria can be isolated from soil, water, plants, animals, and humans.? They
secrete many pigments: pyocyanin (blue-green), pyoverdine (yellow-green and fluorescent), and
pyorubin (red-brown), which can serve as means of identifying the bacteria. Their grape-like

odor in vitro is also a way of certifying their identity.

11.3.Viruses

Viruses consist of a nucleocapsid which is formed by the genome (single- or double-stranded
RNA or DNA) and the surrounding capsid or coat (repeated subunits of proteins). An envelope

(lipid bilayer and glycoproteins) may also be present in some viruses.
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The amino acids that are on the outer and the inner surface of the capsid are the only
ones that can be in contact with the solution and thus, contribute to the surface charge.?”
Interactions and reactions between viruses and materials are therefore, similar to those shown
by proteins. Surface charge and isoelectric point (IEP) depend on the ionization of functional

groups on the capsid and envelope.?®

Methods of stock preparation and purification influence the contact between the
viruses and host cell debris, protein residues, or other present materials. This alters the external
surface and net charge of the viruses, consequently affecting their behavior in an electrolyte

suspension, their interactions with different surfaces, as well as determination of the IEP.?®

According to the studies of interest, the easiest way of modifying the capsid charge, as
with any nanoparticle, is not changing the capsid itself but the pH of the solution, which in turn
will influence the charge of the coat protein. Therefore, for relevant environmentally

experiments, pH should be adjusted between 5 and 8.%°

1.3.1. Multiplication process

The multiplication process has four consecutive stages: adsorption of the virus to the host cell,

penetration into the cell, multiplication of the virus in the interior of the cell, and release of the
progeny.
When the viruses are released, the first growth cycle is completed. Afterwards, the

progeny may repeat the process and a second growth cycle will occur. This process will continue

at an exponential rate®® until no bacteria remains.

1.3.2. Bacteriophages

Bacteriophages are viruses that infect bacteria. In particular, this work will focus on two different

bacteriophages that have been employed as model substitutes of human pathogen viruses.

Virus attachment to adsorbents and virus filtration depend on electrostatic interactions
as well as aggregation and attachment. Therefore, the viruses will be considered as particles
with charge on their surface.m 313 Both bacteriophages, P22 and PP7, were considered as

spheres due to their icosahedral shape.3*

10
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11.3.2.1. Bacteriophage PP7

Bacteriophage PP7 belongs to Leviviridae family, Levivirus genus and infects Pseudomonas
aeruginosa. It is naked, has icosahedral capsid (T=3), and positive sense single-stranded RNA.
The RNA consists of 3,588 nucleotides®® and represents 39% of the virion weight.?® The coat
protein has a molecular weight of 13,874 and contains 42% of hydrophobic residues.” There are
180 copies of the coat protein of 127 amino acids each.?®> A copy of A-protein, required for

maturation of the virion and for pilus attachment, is also present.3®

The first P in its name indicates that it is a phage of Pseudomonas aeruginosa, the second
P makes reference to the place where it was first isolated: Pangbourne (Berkshire, England).®®
The natural habitat of PP7 is the same as its host bacterium, which include soil, water, sewage,

the intestinal canal, and the human skin.3®

11.3.2.2. Bacteriophage P22

Bacteriophage P22 belongs to Podoviridae family and infects Salmonella typhimurium. It has
icosahedral capsid (T=7), an 18-nm tail that consists of six tail spikes, and linear double-stranded
DNA. The DNA, of 41,754 bp, represents 55% of the virion weight. There are nine structural
proteins: 415 copies of the major capsid protein (gp5), 12 copies of the portal protein (gp1), two
hub proteins (gp4 and gp10), three pilot/injection proteins (gp7, gp16, gp20), 3 copies of the tail

needle protein (gp26), and 18 copies of the tailspike/endorhamnosidase protein (gp9).3¢

11.4.Quality of natural waters

Aguatic chemistry studies the different reactions and processes related to the distribution and
circulation of species in natural waters. Water interacts with the atmosphere and earth, due to
processes such as dissolution and precipitation, oxidation and reduction, acid-base, and

complexation.

Natural aquatic environments are very difficult to reproduce artificially since reactions
and processes in nature have different time and spatial scales than those in the laboratory.

Therefore, modeling is vital, specially simple and useful models, that although they do not

11
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account for all the complexity of natural waters, they are helpful in understanding the underlying

phenomena.®

Different parameters are important to evaluate the quality of natural waters: physical
(odor, taste, color, suspended solids, temperature), chemical (total dissolved solids, alkalinity,
hardness, metals, organic matter, nutrients, fluorides), and biological (species diversity,

bacteria, viruses, protozoa).*®

Water contamination is the result of natural and anthropogenic processes. The former
include geological, biological and physicochemical processes in the biosphere, putrefaction of
organic matter, and arsenical pyrite dissolution in aquifers. The latter involve industrial
emissions, wastewater and sewage, chemicals from agricultural activities, industrial and
domestic waste, presence of hydrocarbons, gas leaks from underground storage tanks, and

infiltrations from landfills and waste deposits.

In particular, waters can be contaminated by the presence of pathogens. These
organisms infect a host, where they grow and multiply.** Many of these pathogens (such as
bacteria, viruses, protozoa, helminths, fungi, and rickettsiae) infect humans.*? Transmission of

infectious agents include the transport from the reservoir to the host.

Groundwater flow is governed by the Darcy’s law:

dh
Q=—-kA=2 (I.1)

where Q: water flux, k: hydraulic conductivity, A: cross-sectional area to flow, Ah: change in

hydraulic charge, L: length of the column. And Darcy velocity (v) can be defined as:

dh
dL

ESIIS]
|
w‘
|

b= (1.2)

The hydraulic conductivity is a measure of the ability of the materials for transporting

water and depends on the porosity and on the water flux.

In porous media, the cross-sectional area to flow (A) is not the effective cross-sectional
area (A,) since only the free volume (pores) is available to the water flow. Therefore, filtration

velocity in porous media (vs) will be different from Darcy’s:

12



Background

Q=vA=vs4, (1.3)

1.4.1. Mechanisms of transport of contaminants

Basically, contaminants are transported by advection, mechanical dispersion, diffusion, and

hydrodynamic dispersion® (Fig. 11.1).

Advection is responsible for carrying dissolved solids with the water flow. The amount
of transported solutes depends on their concentration. If this is the only mechanism present,
contaminants will emerge abruptly since the direction and rate of transport coincide with that
of the groundwater flow (piston flow that replaces the water in the pores with the contaminated

water).

Mechanical dispersion is the process of mixing that takes place in porous media as a
result of the movement of fluids through the pore space. The flow of water is divided into various
smaller fluxes, altering its direction. Thus, the mass of contaminants is expanded to an increasing
volume, but its concentration diminishes. Dispersion is both longitudinal (the dilution occurs
along the advancing front) and transversal (the solute front is dispersed perpendicularly to the

flow).

Diffusion is characteristic of small solutes, such as colloids, molecules and ions. In this
case, the gradient of concentration in the porous media is the driving force. It is a very slow
process and can occur when there is no hydraulic gradient driving flow and the pore water is

static.

Hydrodynamic dispersion is the result of mechanical dispersion and diffusion acting

together. It is typical in groundwater flux, since these two mechanisms cannot be separated.

13
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—— Advection ——Mechanical dispersion —— Diffusion
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0

Fig. Il.1: Breakthrough curves for the different mechanisms present in groundwater transport of

contaminants.

For mass transport, Fick’s law relates solute flux to concentration gradient in a liquid:

°_ _pvc
A

(11.4)

where D: diffusion coefficient, C: contaminant concentration. When the fluid is at rest, diffusion

is the only mechanism that takes place, therefore:

Q _ ac ac ac
A D ox Dy dy D, 0z
ac ac? ac? ac?
E = DXﬁ-FDJ/a_yz-'_DZﬁ

While, when the fluid is moving:

Q _ ac ac ac
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1.5.Removal of contaminants in water systems

1.5.1. Adsorption onto porous media

Porous medium is a group of collectors or grains on which particles from an aqueous suspension
are deposited.* This deposition is a two-step process, first particles should move from the bulk
solution to the vicinity of the surface and afterwards they must be adhered to the collector. This
last step is closely related to interactions that depend on the nature of both particles and

collectors.

Particle transport to the vicinity of the collector or grain is due to three mechanisms:
Brownian motion (diffusion), gravitational sedimentation and interception (Fig. 11.2). The small
colloidal particles (< 1 um) are subject to chaotic Brownian motion, which is due to collisions
between these colloids and molecules of the fluid. For bigger particles (> 1 pum) gravitational
settling and interception are the main responsible mechanisms. Gravity leads to the settling of
denser particles on the collector. Interception is due to the contact between the particle moved

by the flow and the collector due to its finite size.*

A Interception
B Sedimentation
C Diffusion

Fig. Il.2: Transport mechanisms in water filtration.

The classic filtration model by Yao, et al. was based on additivity of the three
mechanisms.* It does not account for viscous or hydrodynamic, nor van der Waals forces.*®
However, the inclusion of these interactions can lead to cumbersome work, not always of
benefit. Rajagopalan and Tien developed a semi-empirical correlation equation for predicting

filtration efficiency.*” *® Another correlation equation was given by the work of Tufenkji and
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Elimelech for calculating the efficiency of a single collector in physicochemical filtration.* In this
last correlation equation, the first step (transport) of the deposition is expressed by the number
of particles that reach a collector by advective rate entering the projection of the collector; the
second step (attachment) is obtained taking into account the portion of particles that effectively
attaches to the collector among all the particles that contact it. If these two values are

multiplied, the single collector efficiency is obtained. %6 4°

Physical structure of the media plays a key role in the retention mechanisms. If the
material is very porous, it will have more surface area and a greater number of particles will be
retained. Rougher materials offer more tortuous paths augmenting the retention. Size exclusion
offers a physical constraint, when large colloids cannot enter the smallest pores, and then

influences the transport behavior.>

Bacteria and viruses are present in the subsurface suspended in the water phase as well
as attached to mobile colloids.® In particular, bacteria transport is influenced by physical
conditions: water velocity and number of present bacteria,**>* physiological factors: bacterium
size and motility,>>>” surface properties: hydrophobicity and presence of lipids and
polysaccharides.”®®° Bacterial attachment to solid collectors is highly affected by properties and

characteristics of both bacterium and surface as well as the chemistry of the medium.®1*

11.5.2. Water treatment processes

Aguatic chemistry is vital since water is fundamental for life. Human activities have influenced
the quality of natural waters and restoration of these systems needs the conjunction of physical,

inorganic, organic, and interfacial chemistry.3®

Water for human consumption, must be free of disease causing organisms, toxic
minerals and organic substances, should not exhibit turbidity, color, odor or taste, and must
have a reasonable temperature.® The selection of a water treatment process is closely related
to the source of water supply: groundwater, surface water, or reclamation water. Even for each
type of source, the treatment will vary with climate, watershed characteristics, geology,
saltwater intrusion and human factors such as industrial and wastewater discharges, agricultural

runoff, land development, landfills, erosion, etc.%®

Two general water treatment schemes can be identified, depending on the source of

the water supply: surface water or groundwater.
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Surface water needs to be treated to remove its particulate content, taste, odor, and
microorganisms but it is not usually treated for hardness. The basic treatment consists of a first
screening to remove large materials followed by coagulation, flocculation, sedimentation, and
filtration. Some facilities may have two stages of coagulation-flocculation-sedimentation,
depending on the quality of the incoming water; some source waters of low quality may require
additional treatments such as granulated activated carbon (GAC) to furtherly remove organic
compounds that produce intense taste and odor. A primary oxidant or disinfectant such as
chlorine, ozone, chlorine dioxide or permanganate, is usually added right after the first screening
to control bacteria content, algae growth, taste, and odors. Iron and aluminum salts and some
polymers that are used as coagulants, lower the pH and thus, lime, soda ash or caustic soda have
to be added to adjust the pH to the desired levels. A final disinfectant addition guarantees low

microbiological activity in the distribution systems.®”

The main problem associated with groundwater as a drinking water supply is the
hardness, and the content of iron and manganese ions. The treatment includes adding lime for
calcium and magnesium removal and soda ash if non-carbonate hardness is present. The excess
lime softening treatment consists of the addition of lime and flocculants, causing the
precipitation of CaCO3 and Mg(OH),, which is then removed by settling. The treated water has a
high pH and needs to be adjusted with CO.. If the non-carbonate hardness is high, a treatment
with soda ash is required, followed by settling and CO; addition to adjust pH. After a filtration
and final disinfection stage, water is ready for distribution. Groundwater with low to moderate
hardness may not require all of the above mentioned steps, making a much less expensive

treatment scheme.®’

11.5.2.1. Membranes in water treatments

A membrane is a thin layer that separates two phases and allows the flux of matter across itself
selectively. In membrane operations, a feed stream will be separated in two smaller streams, on
one side the fraction that passes through the membrane (permeate) and on the other, the part
that does not (retentate). Porous membranes exhibit high specific surface areas due to their
open structure. Non-porous membranes are capable of separations at molecular level; in this
case, the transport occurs by a solution-diffusion mechanism, and the separation takes place

due to a difference of either solubility or diffusivity between compounds.
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According to their morphology, membranes are classified as symmetric or asymmetric:
the first ones are homogenous in pore structure along the membrane thickness, while the
second ones are formed by several layers with different pore sizes and in some cases, different
pore structures. These asymmetric or anisotropic membranes are formed by a thin layer
supported onto another layer, which has higher porosity and thickness. Permeate flux and
selectivity only depend on the structure of the thin layer. The support layer function is to confer
mechanical integrity. The difference between an asymmetric and a mixed membrane is that in
the former the material of both layers is the same and in the latter layers are made of different

materials.

Membranes can also be divided into two broad categories with respect to their
composition: organic and inorganic. Organic membranes are commonly made of cellulose
acetate, polysulfone (PSf), polyethersulfone (PES), polyacrylonitrile (PAN), polyetherimide,
polycarbonate, polyetheretherketone (PEEK), polypropylene (PP), polytetrafluoroethylene
(PTFE), polyamide, polyvinylidene-fluoride (PVDF).®® Inorganic membranes include carbon,

metal, metallic oxide, and ceramic materials.®®

Membranes can be further classified with respect to their pore size, for microfiltration
(0.1 - 10 pum), ultrafiltration (0.005 - 0.1 um), nanofiltration (0.001 - 0.005 um) and reverse
osmosis (< 0.001 um),® as illustrated in Fig. 11.3. In microfiltration and ultrafiltration, porous
membranes are used, where the separation mechanism is screening. In nanofiltration,
membranes are porous; the separation mechanism is not only screening, but solution/diffusion
and exclusion as well. On the other hand, dense membranes are employed in nanofiltration and
reverse osmosis; since they do not have pores, diffusion happens in the free volume among

macromolecules chains that constitute the membrane.

Filtration

Microfiltration

Nanofiltration

' Reverse osmosis

10-1nm 1nm 10 nm 102nm 103nm 104nm 105nm
Fig. I.3: Porous size of membranes for water filtration.
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Table 1.1 presents some examples of retained species employing membrane

processes.®®

Table II.1: Retained species in microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and

reverse osmosis (RO).

Applicable process
Species Molar weight (Da) | Size (nm)
MF UF NF RO
Yeast and fungi 10%-10% X
Bacteria 300 - 10* X X
Colloids 100 - 10° X X
Viruses 30-300 X X
Proteins 10%-10° 2-10 X
Polysaccharides 10%-10° 2-10 X X
Enzymes 10%-10° 2-5 X X
Simple sugars 200 - 500 0.8-1 X X
Organic compounds 100 - 500 0.4-0.8 X X
Inorganic ions 10 - 100 0.2-04 X

UF membranes have a pore size range similar to the size of enteric viruses, resulting in

a good mechanical barrier.”

Viruses are removed by membranes due to three mechanisms: size exclusion,
adsorption (hydrophobic and attraction of different charges) and electrostatic repulsion (when
the virus and membrane have similar surface charge, giving rise to repulsive forces that in turn
will prevent the virus from passing through the membrane pores).”*”® The predominant
mechanism will be size exclusion (physical straining) when the hydrodynamic diameter of the
virus is larger than the pores.” On the contrary, when the pores are larger than the viruses,
adsorption and electrostatic repulsion will be predominant and the surface properties and
charge of both viruses and membranes in the water system will become relevant for the

filtration process.

The separation can be driven by pressure (Fig. 11.4), concentration, or temperature

difference.

19



Background

. CeIIs / Collojds /
Meljlur? MW Viruses / ooqgaJusms ) .
Water Salts molecules Macromolecules Suspen ed materials  Bigger solids

4 o ,’:,u' '.::c. ..'. o g .
3 ., %% Membrane Filtration
2 28 0
10 nm o .':'. x . .:'. o°
.:,. -.l.. -.. .‘
T = i MF
10 nm e, Membrane  Ap=0.5-2 atm
2 B
10 NM fo Sah ‘%’f UF
o '.:.-,. Membrane AP=1-7atm
10 nm TX
i W &
e i NF
1nm R Membrane  Ap = 5. 25 atm
107 RO
NM fo S
Membrane  Ap = 15 80 atm

Fig. 11.4: Pressure driven filtration processes.

11.6.0smosis

When two aqueous solutions of different salt concentration are separated by a semipermeable
membrane, a gradient of concentration will establish through this membrane. This will originate
a water flux from the most diluted solution (of high chemical potential) to the most concentrated

one (of low chemical potential).

If the diluted solution is pure water, its salt concentration will be null and osmotic
pressure can be defined as the hydrostatic pressure (or water column) that is necessary to apply

to the salt solution in order to stop the flux, and can be expressed as:

m=®IMR,T (11.9)

where m: osmotic pressure (kPa), ®@: osmotic reflection coefficient, I: number of ions per
dissociated molecule, M: molarity, Rg: gas constant (kPa dm? K mol?), T: temperature (K). When

various salts are present in a solution, Eq. I.9 can be generalized to Eq. I1.10:

m=3Y0,® MR, T (11.10)
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where @, I;, M; correspond to each salt.

Therefore, osmosis is the passage of fluid through a semipermeable membrane where
the driving force is a difference in the osmotic pressure on both sides of this membrane. The
objective of osmosis is to achieve the most stable thermodynamic state, which leads to equate

both osmotic pressures.

Three different types of osmosis are established upon osmotic pressures of the solutions

and applied hydrostatic pressures, as follows in Table 1.2 and in Fig. II.5:

Table I1.2: Types of osmosis processes.

Osmosis AP Water flux
Forward osmosis (FO) = From diluted solution to
Pressure retarded osmosis (PRO) <Am concentrated solution.

From concentrated solution to
Reverse osmosis (RO) > Amn
diluted solution.

Diluted
solution

Diluted
solution

FO PRO

Fig. 11.5: Types of osmosis processes.

The difference of applied hydrostatic pressures to the concentrated and to the diluted
solutions (AP) in relation to the difference of osmotic pressures between the two solutions (Ar)

will determine whether the water flux will be forward or reverse.

In the case of forward osmosis, a net difference of hydrostatic pressures will not exist. If
osmosis is retarded by the applied pressure, flux will be forward but slower. In reverse osmosis,
water flux will be from the concentrated to the diluted solution, as opposed to the two previous

situations.
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The location of the membrane is different for each case in order to obtain better results.
Integrity of the membrane and resistance to the mass transfer and applied pressure are
desirable. Therefore, the denser part of the membrane will face the diluted solution in forward
osmosis and it will face the concentrated solution in pressure retarded osmosis and reverse

osmosis.”

Flux across the membrane can be obtained from:’* 7>

J., = A (A — AP) (1.11)

where J,: water flux (m s2), A: water permeability coefficient (m s kPa™), An: osmotic pressure
difference (kPa), AP: hydrostatic pressure difference (kPa). The sign of J,, will indicate the water

flux sense, according to the process.

1.6.1. The water-energy nexus: Energy production by pressure retarded osmosis

Membrane processes have grown significantly in different applications due to a number of
technological advances that rendered them more efficient, economical, and easy to use.”®
Among these advances, we can cite the development of new materials or modification of
existing ones, improved manufacturing processes that lead to membranes with better
selectivity, permeability and resistance to chemical or biological attacks, and reformulation
processes both at the pre-treatment stage as in the design of the membrane modules

specifically.

In addition to the separation unit itself, there is a growing interest in the re-engineering
of the membrane treatment system from an economic standpoint, aiming for minimization of
consumed energy and not only quality and quantity of water obtained. This is of particular

relevance since energy is the controlling cost in membrane systems.”’

There is an interrelationship between water and energy. While water is required for
power generation, obtaining drinking water also needs energy. Both resources are limited and
limit the availability of the other. Therefore, water treatment projects should take into account

and are influenced by energy consumption, and vice versa. Thus, it is not surprising to find that
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the same processes and materials used in water treatment, e.g., membranes, find application in

the energy field.

Membranes were first used in field of power generation with fuel cells, as fundamental
part of the MEA (membrane-electrode-assembly) in PEMFC (proton exchange membrane fuel
cells).”® Another process for power generation involving membranes is pressure retarded
osmosis (PRO), where the integration between water and energy is even more evident. In a PRO
system, the difference of chemical potential that exists between a current with high salt content
and one with low content is utilized for electricity generation.” The PRO concept emerged in
the 1970s from a theoretical thermodynamic study but its practical realization was not feasible
in its origins.”* 7 More recently, and motivated by the quest for renewable energy sources,
research projects have been reinitiated; and the first PRO plant was built in Norway.® However,
the obtained efficiencies are far from the theoretic maximum, with limitations due to membrane
materials, natural waters pre-treatment, fouling, and global use of energy available in the

system. 8182

Two water flows, the feed solution (FS) at low pressure and the draw solution (DS)
pressurized and saltier enter a membrane module. The DS receives water from the FS through
the semipermeable membrane due to its higher osmotic pressure. After the osmosis takes place,
the concentrated solution will be diluted. If this diluted draw solution (DDS) is depressurized
through a hydroturbine, electricity can be obtained. However, not all the now less concentrated
stream will be used for power generation, since part of it will be recycled to pressurize the

feed.®*8* A scheme of a typical plant is shown in Fig. I1.6.

DS
Generator

Hydro
turbine

FS
Remanent FS

Fig. I.6: Pressure retarded osmosis scheme.

The diluted solution can be river water and the concentrated solution seawater or
synthetic solutions that may or may not emulate those typical concentrations.”* 89 Both
solutions, natural or synthetic, will feed the unit where the membrane is placed. Pretreatment

of the inlets can be required, according to water qualities to protect the membrane integrity.
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Power can be obtained as:’*7®

W =], AP (1.12)

where W: power density (W m™). The maximum amount of power that can be theoretically

obtained is related to AP:

Wiax = A= (11.13)

when: AP = “7" (11.14)

Typical operation pressures are from 11 to 15 bar for seawater and atmospheric for river

water.?% 91

For the case of river water and seawater, the PRO plant can be installed at or below sea
level. In the former case, river water is taken at the river mouth and seawater is pumped to the
plant through underground tubing, afterwards the river flow can be maintained by discharging
the seawater that emerges from the membrane module. In the latter case, the plant may be

installed 100 to 130 m below sea level .

11.6.1.1. Membranes for pressure retarded osmosis

Semipermeable membranes usually used in osmosis are asymmetric and possess a thin dense
layer upon a porous support.”*8%92 The dense layer is placed facing the solution whose pressure
is higher; therefore, the membrane is capable of bearing the transmembrane pressure

difference.

Most membranes used in PRO are made of cellulose triacetate (CTA) which forms a
hydrophilic surface. Polyamide thin film composite (TFC) membranes are also employed, where
the active layer of polyamide is formed by interfacial polymerization on a support layer of

polysulfone made by phase separation on a thin layer of polyester.8% %% % Disadvantage of CTA
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membranes is their low resistance to the action of microorganisms and diffusion of salts in the
opposite direction to the water flow, from the concentrated towards the dilute solution. The
configuration presents symmetric channels at both sides so the concentrated and the diluted
solutions flow tangentially to the membrane. The membrane should allow an elevate water flux

and simultaneously a high salt rejection.

Membrane optimization is expected to improve obtained power per unit area of
membrane. In order to achieve this goal, membranes with thinner, less tortuous and more
porous supports should be developed.” Furthermore, the configuration of the module where
the membrane is placed should allow an optimal mixture to minimize fouling. Previous studies
demonstrated that a PRO plant needs to produce 4 - 6 W m™ to be profitable and at least five

years of membrane lifespan.’® 7> 80 86,94

A drawback in processes conducted by difference in osmotic pressure is diffusion of salts
in the opposite direction to the water flow.*®> Salts pass across the membrane from the
concentrated to the diluted solution due to a concentration gradient. Therefore, the effective
transmembrane osmotic pressure difference is lesser than the difference of osmotic pressures

in both bulk solutions. The salt permeability coefficient for a specific membrane is expressed

as:’*

B= A(l—R)I(?AP—ATE) (1.15)

with: R=1-2 (11.16)
Cr

where B: salt permeability coefficient (m s?), R: salt rejection, Cp: salt concentration in the

permeate, C¢: salt concentration in the feed.

Another phenomenon that reduces the difference in osmotic pressure is concentration
polarization that consists in accumulation or diminishment of solute near the interface. Both
types of concentration polarization will be present simultaneously. There will be a diminishment
in the amount of solute per volume unit in the concentrated solution since it will be diluted as
long as water will flow across the membrane. In this way, external concentration polarization

(ECP) will arise by dilution in the dense layer. Besides, there will be an increase in salt
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concentration within the porous support and internal concentration polarization (ICP) will be

present. Fig. 11.7 shows these two phenomena.

FS DS

Cob— — — 41|

Comp ———— ————7

; Dilutive ECP

>l

Porous Dense
support  layer

Membrane

Fig. Il.7: Phenomena that reduces the difference in osmotic pressure: ECP and ICP.

Influence of both phenomena should be taken into account to evaluate the water flow

through the membrane, as described by the following expression:’# %% %6 97

Jw
s 1 e
=Alnp,e k —22——— — AP .17
R L (1.17)
w

where k: mass transfer coefficient (m s?), K: solute resistivity to diffusion in the porous support
(s m?), mop: osmotic pressure in the bulk concentrated solution (kPa), 7tr,: 0smotic pressure in

the bulk diluted solution (kPa).

In ideal conditions, the water flux (Jw) will decrease until cancelled when AP = Am and
the power density (W) will increase up to a maximum value when AP = 0.5 Ar and then it will
diminish until cancelled when AP = Am. However, in real operation conditions, diffusion of salts

opposed to water flux (represented by B) and concentration polarization (represented by k and
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K) cause the osmotic pressure difference across the membrane to be lower than the osmotic
pressure difference within both solutions, and therefore, the obtained J,, and W are lower than
the expected values. Internal concentration polarization is increased by the passage of salt
opposed to J and it is more important than the external concentration polarization.”* %8 As
water permeates, the concentrated solution will be diluted and the contrary will occur to the

other solution. In this way, the driving force will be shrinking, reducing J»w and W.

11.6.1.2. Biofouling

Another important factor that decreases the process efficiency is the fouling produced during
operation. Feed water usually has colloids and microorganisms (bacteria, fungi, microalgae) that

can adsorb to the membrane and form a fouling cake.

Microorganisms reach the membrane by diffusion, sedimentation, or gravity.
Accumulation is produced by aggregation (adhesion, adsorption) and by growing (cell
multiplication). Adhesion of microorganisms will be first produced on the membrane and then
to the previously deposited ones. Afterwards, these microorganisms will grow and reproduce,
at the expense of the nutrients from the water that continuously feeds the system. Treatment
of large quantities of water in a short time requires more contact between the liquid and the
membrane surface, thus, increasing the possibility of contact between the microorganisms and

the membrane.

Biofouling can be detected directly by microscopic observation or by
biochemical/microbiological characterization of materials collected on the membrane. Indirect
recognition can be made by evaluating efficiency variations (decrease in flow, increase in
transmembrane pressure, more transport of solutes) or by determining a higher content of

bacteria in the retentive than in the feed.

Some effects of biofouling are:

. Reduction in permeate: it gradually decreases and can be restored after cleaning.

. Reduction in solute rejection: it results from the increase of concentration polarization

within the biolayer and the degradation of the membrane.
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. Increase on mineral scales: it is due to the increase in concentration polarization and

besides, nucleation points are generated enabling the growing of precipitates.

. Increase in transmembrane pressure: it is due to the blockage of spaces from the feed

channel and to the increase in fluid friction when the biolayer is formed on the surface.
. Contamination in the permeate: caused by release of cells and biomass.

. Biodegradation of the membrane: caused by enzymatic hydrolysis of the polymers that
constitute the membrane or by change in pH associated to the microcolonies. Both

effects are favored by high temperatures and access to nutrients.

° Biological deterioration of the module: the components of the system can also be

affected and damaged by the presence of the biolayer or its consequences.

° Reduction in the membrane lifespan: as a combination of the above mentioned effects,

in addition to excessive cleaning and inadequate quantities of biocides.

Biofouling is favored by low feed water velocity, high temperature and operation
pressures, high quantities of nutrients and organic matter, feed channels of small dimensions,

and polymers that constitute the membrane that have strong affinity to bacteria.

Biofilms consist of extracellular polymeric substances, dead and viable cells, and ionic
debris from dragged or precipitated inorganic matter. These structures are not always

homogeneous, but sometimes an extensive network of channels filled with fluid.

One way to avoid this type of fouling is avoiding bacterial adhesion to the membrane
using inhibitors, which should not interact adversely with the material of the membrane. Once
the biofilm has been formed, cleaning will be necessary to remove it. The cleaning frequency is
determined in order to avoid new biofilm growth and stabilization. In addition, older biofilms

are more difficult to remove.
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MATERIALS AND METHODS

lIl.L1. Nanoparticles

For the transport experiments, Aeroxide TiO, P25 nanoparticles (Evonik Degussa Corporation,
NJ, USA) were used. P25 is hydrophilic fumed TiO,, mixture of rutile and anatase, with an average
primary particle size of 21 nm, as reported by the manufacturer. The suspensions were prepared
adding first the weighed nanoparticles to a considerable amount of water, then the required
amount of salt (NaCl) and finally the remaining quantity of water to reach the needed
concentrations of both salt and TiO,. This procedure ensured that NaCl was diluted in order to

avoid, as much as possible, aggregation of the nanoparticles while the suspension was prepared.

For the study of P22 removal by ceramic membranes, iron oxide nanoparticles were
synthesized in the laboratory following a previously published procedure.*® Briefly, lepidocrocite
was obtained by oxidation of FeCl, (PPE, Argentina) under controlled pH. Secondly, the prepared
lepidocrocite was reacted with anhydrous acetic acid (Anedra, Argentina) to yield ferroxane
nanoparticles by the attack of the acid on the hydrogen bonds of the mineral structure. Finally,

the ferroxane particles were sintered at 450°C and converted to iron oxide ceramic (hematite).

I1l.2. Bacteria

Bacteria Pseudomonas aeruginosa (ATCC 15692-B2) were used for the transport experiments.
This selection was based on the minimal nutritional requirements and the tolerance of a wide

variety of physical conditions.?®

To multiply the bacteria, a portion of the original stock was spiked into 10 mL of
autoclaved 8 g/L nutrient broth (Britania, Argentina) and incubated for 24 hours at 37°C on an
orbital shaker at 120 rpm, the suspension was then centrifuged at 5,800 xg for 15 minutes and

the supernatant discarded.
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Purification consisted of pellet resuspension in 10 mL of the desired background solution
(water, 1 mM, 10 mM, or 100 mM NacCl) followed by centrifugation at 5,800 xg for 15 minutes.
To achieve higher purity, this procedure was performed three successive times. The final stock

suspension was kept at 4°C overnight prior to use.?

Titration was made by counting CFU (colony-forming unit) in Petri dishes with nutrient
agar, which was prepared mixing 8 g/L of nutrient broth, 8 g/L of NaCl (Anedra, Argentina) and
15 g/L of agar-agar technical for microbiology (Merck, Germany). A plate containing only melted

soft agar served as negative control for bacteria. The plates were incubated at 37°C for 24 hours.

lll.3. Bacteriophages

Two different bacteriophages were selected based on previous filtration and attachment
experiments that were the basis of the present work. Bacteriophage P22 was used in the study
of virus removal by ceramic membranes derived from ferroxane nanoparticles and
bacteriophage PP7 was used in the study of virus ultrafiltration with commercial

polyethersulfone membranes.

1ll.3.1. Bacteriophage P22

To replicate P22, first the host bacteria Salmonella typhimurium strain DA1468 were multiplied
by adding 100 pL of the original stock to 50 mL of L broth: 10 g/L tryptone (Britania, Argentina),
5 g/L yeast extract (Britania, Argentina), 5 g/L NaCl (Anedra, Argentina) in an Erlenmeyer flask
and incubated for 48 hours at 37°C. Afterwards, the Erlenmeyer was connected to an air pump
until turbidity was observed. At that moment, 300 pL of the original stock of P22 were added
and the aeration was continued placing the Erlenmeyer in a 40°C water bath. The lysis was
produced when the culture clarified. Under the same conditions, 0.2 mL of chloroform were
added to destroy any bacteria that could be still present. After 15 minutes, the culture was
centrifuged to remove the viruses from bacterial debris at 5,000 rpm for 5 minutes. The
supernatant, containing the viruses, was separated and 0.2 mL of chloroform were added to

ensure proper conservation at 4°C.

After replication, to purify the P22 bacteriophage, the suspension was centrifuged at

15,000 rpm for 60 minutes. Then, the supernatant was filtered through a 0.22 um PVDF
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membrane (Millipore GVW P02500). This suspension was dialyzed through a 100 kDa MWCO
membrane (SpectraPor Biotech CE, Spectrum Laboratories, USA) twice: first, against Milli-Q
water, and second, against 15 mM NaCl solution for 20 hours each. The final suspension was

filtered again and kept at 4°C.

Finally, the concentration of each P22 suspension was determined, after the last
filtration, by means of successive dilutions for PFU (plaque-forming unit) counting.?® The host
bacteria need to grow in an optimal environment (temperature, pH, appropriate nutrients, salt
concentration) for lysis to happen.3® In this particular case, soft L agar was prepared with 10 g/L
tryptone, 5 g/L yeast extract, 5 g/L NaCl, and 7.5 g/L of agar-agar technical for microbiology
(Britania, Argentina). L agar for Petri dishes was prepared with 10 g/L tryptone, 5 g/L yeast
extract, 5 g/L NaCl, and 15 g/L of agar-agar technical for microbiology. Each dilution of the
bacteriophage mixed with concentrated host bacteria in soft agar was spread on the surface of
the agar plate. Also, a plate containing only melted soft L agar served as negative control for
bacteria and a plate only seeded with bacteria served as negative control for bacteriophage. The
plates were incubated at 37°C for 24 hours. The bacteria grew as a film and circular plaques

(clear zones) indicated the lysis produced by the bacteriophage.

11l.3.2. Bacteriophage PP7

To replicate PP7, first the host bacteria Pseudomonas aeruginosa (ATCC 15692-B2) were spiked
into 10 mL of autoclaved 8 g/L nutrient broth (Britania, Argentina) and incubated for 24 hours
at 37°C on an orbital shaker at 120 rpm. 1 mL of original stock of PP7 was then added and
incubated under the same conditions. Afterwards, the virus suspension was centrifuged at 1,000

xg for 15 minutes and the supernatant filtered through a 0.22 um PVDF membrane.

To purify the PP7 bacteriophage, the suspension was dialyzed through a 100 kba MWCO
membrane twice: first, against Milli-Q water, and second, against the appropriate solution
(fifteen in total: NaCl, NaNOs, NaHCOs, CaCl,, MgCl; of 1 mM, 10 mM, 100 mM ionic strength)

for 20 hours each. The final suspension was again filtered and kept at 4°C.

Finally, the concentration of each PP7 suspension was determined, after the last
filtration, by means of successive dilutions for PFU (plague-forming unit) counting.?® The soft
nutrient agar for bacteriophage titration was prepared mixing 8 g/L of nutrient broth and 7.5 g/L

of agar-agar technical for microbiology (Merck, Germany). The nutrient agar for Petri dishes was
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prepared mixing 8 g/L of nutrient broth, 8 g/L of NaCl and 15 g/L of agar-agar technical for
microbiology. A plate containing only melted soft agar served as negative control for bacteria.
A plate only seeded with bacteria served as negative control for bacteriophage. The plates were

incubated at 37°C for 24 hours.

lll.4. Bacteriophages as model viruses

Bacteriophages have been used as surrogates for pathogens in medical and environmental
studies.”> 19111 |n particular, they can serve as model organisms for mammalian viruses due to
the fact that they are innocuous for humans, can grow to high titers, are easy and rapid to
enumerate, and do not need specialized testing facilities.!'? Furthermore, they are suited when
population numbers, environmental characteristics, spatial structures, etc., are needed to be

103

changed.

An ideal model organism should present similar ecology and resistance to treatment

processes as the pathogens, and simple laboratory methodology.*®

Water is the vector for some viral illnesses such as hepatitis and gastroenteritis, but
these are difficult to detect in aqueous systems. Therefore, the search for substitutes easier to
detect and enumerate and that grow in the same medium and under the same conditions is
relevant. There are several procedures for detecting phages in water, ranging from traditional
plate counting to more complex techniques such as gPCR or electron microscopic

examination.104 113,114

Bacteriophages can also be used to trace water movements. Advantages are related to
their good survival and high numbers of the cultures, the easiness of detection and enumeration,
and their harmlessness to the environment. Drawbacks are adsorption to soils, inactivation by

treatment and natural environmental processes and the presence of other organisms.1% 113

Many surrogates and mammalian viruses have been used to test membranes employed
in water filtration.1% 15117 |n the present work, two bacteriophages, P22 and PP7, were
employed in filtration experiments. Basically, they were selected due to their similar size with
small mammalian viruses.!'® Besides, PP7 share structure and morphology with enteroviruses
such as polio viruses; both have an icosahedral capsid with a diameter of about 25 nm and a
single-strand RNA genome.’® PP7 is also a standard used by membrane manufacturers to

challenge membranes,10% 112119
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Filtration can remove viruses from natural waters by size exclusion and by electrostatic
interactions. Size exclusion is the result of spatial constraint and it is not affected by process
conditions. On the other hand, filtration conditions and characteristics of the affluent affect
electrostatic interactions.!*?> When the predominant mechanism is size exclusion, any surrogate
of similar size and shape can be a good option to replace pathogenic viruses. On the contrary,
when taking into account interactions originated by surface charges on the viruses and the
adsorbent, further analysis should be made to imitate natural pathogens. Another important
consideration is that aggregation of the model virus under the test conditions should be minimal

in order to present the most challenging condition.

lll.5. Size determinations by dynamic light scattering (DLS)

Dynamic light scattering is based on the fact that fine particles are in constant random Brownian
motion, they diffuse at a speed related to their size: small particles diffuse faster. The speed of
Brownian motion is dependent on the temperature, making its control essential for accurate

size measurement.

To measure the diffusion speed, the sample is illuminated with a laser and the produced
speckle pattern is observed. The scattering intensity at a specific angle will fluctuate with time,
and is detected using a sensitive avalanche photodiode detector (APD). The intensity changes
are analyzed with a digital autocorrelator which generates a correlation function; giving the size

and the size distribution.*?®

In the present work, particle size was measured with a Zetasizer Nano ZS (Malvern, UK).
In this way diameters of bacterium Pseudomonas aeruginosa, bacteriophages P22 and PP7, and
nanoparticles of TiO, were obtained. Hydrodynamic diameter obtained by DLS is an equivalent
diameter that accounts for interactions with the solvent in which the particles are suspended.
Therefore, the calculated diameter indicates the apparent size taking into consideration

attraction and association to water molecules and electrolytes.

.. Zeta potential

The charge acquired by a particle in a medium arises from the surface charge and from the

concentration and type of ions in the solution. This charge is responsible for stability and can be
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modified by altering the pH, the ionic strength, and the type of ions in the solution. It also affects
its behavior such as aggregation, interaction with membranes and other surfaces, ligand binding
affinity, filtration, etc. Consequently, knowledge of this charge is of benefit to control these

interactions as well as to predict stability.

Surfaces in contact with an electrolyte solution have charge in the same way as

dispersed particles and colloids.

The charge on a particle surface is balanced by oppositely charged ions (counterions) in
the adjacent solution, forming a layer of counterions, and thus, an electrical double layer will

start to develop (Fig. 111.1).
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Fig. 11l.1: Developing of electrical double layer and variation of potential close to a charged

particle.

In practice, measurement of the surface charge is not feasible, but zeta potential can be
measured instead. Electrokinetic phenomena is the result of the relative movement between a
charged interface and the adjacent electrolyte solution, so that part of the double layer charge
moves with the liquid. The plane of shear separates the fixed from the mobile parts of the
electrical double layer. The electrical potential at the shear plane is the zeta potential ({). The

shear plane lies outside but close to the Stem plane (of a 6 thickness from the surface), so that
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essentially all of the diffuse layer charge is mobile and the counterions in the Stem layer are

fixed.

Thus, zeta potential is useful to predict colloid stability. If all the particles have very
negative or very positive zeta potentials, the system will tend to be stable and no flocculation
will occur. In general, values of zeta potential higher than 30 mV or lower than -30 mV are

considered to give stability.1?°

Zeta potentials of bacterium Pseudomonas aeruginosa, TiO,, bacteriophages P22 and
PP7, ferroxane, and polyethersulfone were measured using a Zetasizer Nano ZS (Malvern, UK)
and employing Dispersion Technology Software (DTS) (Malvern, UK). First, electrophoretic
mobilities were determined by laser Doppler electrophoresis, measuring the speed of the
particles in the medium when an electric field was applied. This speed depends on strength of
the electric field or voltage gradient, the dielectric constant and the viscosity of the medium,
and the zeta potential. Then, knowing the viscosity and dielectric constant of the medium, zeta

potentials were calculated using the Henry equation and the Smoluchowski approximation:*?°
¢
Ug == .1
p=5 (n.1)

where Ug: electrophoretic mobility, €: dielectric constant, {: zeta potential, n: viscosity.

To measure the zeta potential of the polyethersulfone membrane an accessory for the
Zetasizer was needed. It enabled a small piece (5x4 mm) of the flat membrane to be mounted
between two electrodes. Tracer particles were dispersed in the solution of interest and their
zeta potential was measured at different distances from the surface. The vertical position of the
membrane was varied with respect to the detection optics by moving the accessory. The
presence of the flat surface modifies the pattern of electroosmosis between the electrodes
when a field is applied, and thus, zeta potential of the tracer particles varies in function of the
distance to the membrane. Afterwards, the surface zeta potential is obtained through
calculation.’122 Two different tracer particles were used arbitrarily, polystyrene latex standard

in aqueous buffer at pH 9 (DTS1235, Malvern, UK) or milk substitute.?
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ll.7. UV-Vis spectrophotometry

The spectrometric methods are based on the interaction of electromagnetic radiation, or other

particles, with an analyte to identify or determine its concentration.

The molecules absorb radiation at specific wavelengths. The spectrum is a graphical
representation of the fraction of light that the sample absorbs or transmits in function of the

wavelength.

Absorption spectrophotometry is based on the principle that when light impacts on the
sample, part of it (UV and/or Visible) will be absorbed and the transmitted portion will therefore

be smaller and can be measured by the detector (Fig. 111.2).1%

Incident light Transmitted light
R P
Light
» — Detector
Source

_x
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Optical path

Fig. ll.2: Absorption spectrophotometry.

Transmittance is defined as the ratio between the transmitted and the incident power:

T =2 (1.2)

Transmittance depends on the optical path; when the optical path increases, the
absorbed light will be greater, making the transmittance to diminish. Absorbance is the

logarithmic ratio between the incident and the transmitted power:

A= —logT (1n.3)
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Therefore, T=1 or A=0 means total transmission and T=0 or A=c< indicates total

absorbance.

When incident light is monochromatic, the Beer-Lambert law indicates that:

Al = SAbC (|||4)

where A: wavelength of incident light, €,: coefficient of absorption (depends on the solvent and
on the resolution of the instrument), b: optical path, C: concentration of the absorbing species.

Absorbance depends linearly on these three factors, making it an advantage over transmittance.

A spectrophotometer is composed by a source of light, dispersion elements (filters and

monochromators) and detectors (Fig. 111.3).1%

Light Dispersant Sample
source source
Detector

Fig. IIl.3: Components of a UV-Vis spectrophotometer.

The radiation source must have sufficient radiant energy in the entire wavelength region
where it is used and the intensity must be constant during the measuring period. The detectors
must have linear response and enough sensitivity in the spectral range of interest. Interference
filters use the optical interference to obtain radiation of low bandwidth. Monochromators are
used since incident light should be monochromatic to achieve exact measurements and the

wavelength should allow the analyte’s maximum absorption.

Dual-beam instruments allow the absorbance measurement of the sample and the
reference at the same time (Fig. Ill.4) and the absorbance is obtained by subtracting the

absorbance of the reference to that of the sample.'??
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Fig. lll.4: Double-beam spectrophotometer with spatial separation of the beam:s.

This technique was used to quantify the concentration of the particles eluting the
column, with an UV-Vis spectrophotometer (Shimadzu UV 1650 PC). It was employed for the
single transport experiments as well as to detect Ti without the interference of the bacteria in
the combined transport experiments. Optimal wavelength was determined from the peak of the
individual adsorption spectrum of a concentrated sample of each species. 325 nm was found for
TiO,, 262 nm for Pseudomonas aeruginosa, and 410 nm for digested Ti. The detection limit of

absorbance is 0.005.

Il.8. Microwave-assisted digestion previous to colorimetric detection

Conversion of solid samples or suspended material to solutions is often needed as a previous
step in analytical procedures. Sample digestion include adding concentrated acids, followed by
temperature increase to accelerate oxidation of organic compounds and enhance rupture of
chemical bonds.'?* Technology based on microwave-assisted heating offers better results as well

as shorter times. As shown in Fig. l1l.5, microwaves have a wavelength between 103 and 1 m.
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Fig. IIl.5: Electromagnetic spectrum.

Absorbent matter absorbs the energy from the microwaves and increase their
temperature, due to dipolar rotation (e.g., organic solvents) and ionic conduction (e.g., salts,
acids). The energy associated to the microwaves is not enough to break chemical bonds. Fig. IIl.6

shows a schematic representation of a sample treated by microwave heating.'?

A YAYAYA

Microwaves

A YAYAYA

Vessel

Fig. IIl.6: Microwave heating.

This process needs continuous temperature control as well as pressure control since all

the organic matter is decomposed producing CO; and H,0 vapors.

In the cotransport experiments, it was important to measure the concentration of TiO,

exiting the column without any interference of the present bacteria. The selected method was
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spectrophotometry at 410 nm. Microwave-assisted digestion was used for pre-treatment of the

samples, which included removal of all organic matter.

3 mL of each sample was mixed with 3 mL of H,SO4 (18 M) and 0.23 g of (NH4),SO4
(digestion catalyst). To allow gases from this first reaction escape the vessel, the samples were
left for some minutes uncapped under the laboratory hood. This was followed by digestion in a
MARS 5 microwave reaction system (CEM, NC, USA), and then centrifugation at 3,000 rpm for
15 min to remove the decanted organic matter. To detect and measure the concentration of the
digested Ti, 1 ml of H,0, (30%) was added; in this way a peroxy bond is formed with the Ti giving
an orange coloration whose intensity is related to the concentration of Ti. To have the same
volume in all the samples, water was added up to 10 mL. Finally, each sample absorbance was
measured at 410 nm with a spectrophotometer (Shimadzu UV 1650 PC). A blank sample was

prepared by repeating the above procedure without the Ti0,.1%®

1.9. Quantitative polymerase chain reaction (qPCR)

Polymerase chain reaction is an in vitro technique that allows amplification of a specific region
of the DNA, which is between two regions of known sequence. qPCR allows amplifying and
quantifying in a continuous and simultaneous way. The objective of PCR is to “see” a
microorganism or a gene through its genetic material (target), free from the influence of other

molecules. If it is required, a second objective is to quantify the target.'?’

In general, the target is present in a matrix (sample) along with other nucleic acids,
organic molecules, and inorganic substances. The first step is to extract the nucleic acid of
interest and sometimes purification is needed. Then, amplification and detection are performed.

If the genetic material is RNA, retrotranscription is needed during amplification.

To extract the nucleic acids, different methods may be applied to release them, protect
and stabilize from degradation. Afterwards, inhibitors of amplification are eliminated, and the
sample and target are concentrated to a small volume. Finally, the target is collocated in a

compatible medium where it is amplified and detected.

Reagents for polymerase chain reaction are DNA polymerase, primers, nucleotides, PCR

buffer, Mg?*, and the target.

PCR consists of a series of repeated temperature changes, called cycles. The first step of

the cycle is denaturation and consists in heating the reaction to 94°C for less than 1 minute. It
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causes melting of the DNA template by disrupting the hydrogen bonds between complementary
bases, yielding single-stranded DNA molecules. The second step is annealing; the reaction
temperature is lowered to the melting temperature (52 - 60°C) allowing annealing of the primers
to the single-stranded DNA template. This temperature must be low enough to allow for
hybridization of the primer to the strand, but high enough for the hybridization to be specific.
The third step is elongation; the temperature is usually 72°C allowing the DNA polymerase to
synthesize a new DNA strand complementary to the DNA template strand. The extension time
depends both on the DNA polymerase used and on the length of the DNA fragment to amplify.
At each extension step, the amount of DNA target is doubled, leading to exponential

amplification of the specific DNA fragment.!?’

For the cotransport experiments, qPCR was the selected technique to determine the
number of bacteria exiting the column. Two main reasons were decisive: first, the bacteria
eluting from the column are a combination of culturable, nonculturable, and nonviable cells,?
then gPCR exhibits an advantage over classic determination by plaque counting; second,
interference produced by TiO, was discarded since the technique only detects the bacterial DNA.
gPCR was performed using CFX96 (Bio-Rad, USA) and PowerWater DNA isolation kit (Mo Bio
Laboratories Inc., CA, USA) to extract the DNA of the bacteria. A portion of the gene encoding
16S rRNA of P. aeruginosa chromosome was amplified. Quantification was made by absolute
PCR using SyBr-Green (Bio-Rad, USA). Agarose gel electrophoresis was performed to corroborate
the reaction products and the quality of the standard. Additionally, it was determined that the
presence of TiO, nanoparticles did not generate inhibition of the polymerase chain reaction,
through a control test using a standard corresponding to a DNA fragment of Arabidopsis

thaliana.

For the virus removal using ceramic membranes, gPCR was one of the methods applied
to determine the concentration of P22 phage in the samples. gPCR was performed extracting
DNA from P22 suspensions using the Pure Link Viral RNA/DNA Mini Kit (Invitrogen, Carlsbad,
CA). The DNA was detected using a GeneAmp 5700 Sequence Detection System (Applied
Biosystems). PCR mixtures contained DNA sample, 2X PCR master mix (TagMan Universal
Master Mix I, no UNG; Applied Biosystems, Indianapolis, IN), forward and reverse primers, and
TagMan probe. Amplification was initiated using the hot start method at 95°C for 10 minutes,
40 cycles of 95°C for 15 seconds, and 60°C for 1 minute.
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111.L10. X-ray powder diffraction (XRD)

X-ray powder diffraction is used to obtain information about the structure, composition and
state of polycrystalline materials. The X-ray pattern of a crystalline substance can be thought of
as a “fingerprint”; each crystalline material has a unique diffraction pattern, and therefore, X-
ray diffraction constitutes an identification method. The equipment consists of a high voltage
source, an X-ray tube, a goniometer and a detector. The tube contains a tungsten filament and
a metal anode. When an electric current passes through the filament, electrons are emitted and
accelerated by the applied voltage. The electrons hit the anode and produce X-rays. The
emission of X-rays takes a very low portion of the energy produced, more than 99% is converted
to heat and must be eliminated by refrigeration with water. The tube is under vacuum (10 mm
Hg) and has beryllium windows through which the X-rays exit. The analysis of minerals requires
a monochromatic X-radiation, which is generally achieved by a filter or a monochromator at the

exit of the tube.

When a beam of monochromatic X-radiation is directed at a crystalline material,
reflection or diffraction of the X-rays is observed at various angles with respect to the incident
beam. The relationship between the wavelength of the X-ray beam (1), the angle of diffraction
(20), and the distance between each set of atomic planes of the crystal lattice (d), is given by the

Bragg’s law:

niA = 2dSind (1n.5)

where n represents the order of diffraction. From this equation we can calculate the interplanar

distances of a crystalline material.

The Joint Committee on Powder Diffraction Standards (JCPDS) has published the powder
diffraction patterns of many compounds. An unknown compound can be identified by

comparing its pattern with those in the powder diffraction file.

In the present work, this technique was employed to confirm that the sand was 100%
quartz and to know some characteristics such as Krumbein’s roundness and Rittenhouse

sphericity; using a diffractometer PW 1730/10, Cu anode, 40 kV, 20 mA.
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ill.11. DLVO theory

DLVO theory, developed independently by Derjaguin and Landau (1941) and by Verwey and
Overbeek (1948), explains colloid stability as well as attachment between colloids and surfaces,
such as collectors and membranes. This theory is based on the van der Waals attraction and the

electrical double layer repulsion.

The van der Waals interaction is the result of short-term magnetic forces that form
between identical or different particles which may have the same, different or no net charge,
due to transition dipoles. This interaction depends on geometry of the particles and on
properties of these particles and the medium in which they interact, given by the Hamaker
constant (A). For aqueous suspensions, Hamaker constants are between 3x10%! and 1x107° J;
dense minerals have high values, while low-density materials, especially biological, have low
values.! Hamaker constants for organic colloids are smaller than 1x102° J.3° The electrical double
layer arises when a particle with electrical charge on its surface is surrounded by counterions
that are present in an electrolyte solution. These counterions tend to be localized close to the
particles, but at the same time they tend to diffuse throughout the solution. The surface charge
with the counterions form the electrical double layer. When two particles with similar charge

approach, the electrical double layers overlap giving origin to repulsion.

Theories trying to explain the double layer interaction have been developed, but lack of
information of the systems renders them of little practical use. The surface potential, for
instance, is a key parameter but it cannot be determined and the zeta potential should be used
instead. Another point is the lack of information on the dynamics of the double layer interaction;
thus, calculations should be made upon constant-charge approximation (CCA) or constant-

potential approximation (CPA).

CCA is expected when the particles have a fixed surface charge density. The total diffuse
layer charge remains constant and when the surfaces approach each other, this charge is
compressed into a smaller volume making the charge density between the particles increase

and therefore, the repulsion augments.'?®

On the contrary, CPA arises when the surface chemical equilibrium is maintained during
the approach of the two particles, which is not feasible as the encounter happens in a short time.
The expressions developed by Hogg, Healy, and Fuerstenau using CPA® are in agreement with

exact results! for low surface potentials.
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The linear superposition approximation (LSA) may be an intermediate solution since it
points out the existence of a region between the surfaces where the potential is small enough
and follows the Poisson-Boltzmann equation making it possible to sum the contributions from
each surface. This compromise is only valid when the separation distance is longer than the size

of the particles.

The electrical double layer and the van der Waals interaction potential energies are
considered additive, giving the total interaction. Therefore, the net potential energy, as function
of the separation between the surfaces, depends on the strength of both attraction and

repulsion.

The analysis of the total interaction (Fig. 111.7) shows that three key-points may be found,
according to the interacting particles and the conditions of the medium. First, a pronounced
energy well can be encountered at very small distances (primary minimum) where particles are
highly unstable and aggregate. At larger separations, where the values of zeta potentials and
the ionic strength of solution make the repulsion between the two particles more important
than the attraction, a potential energy barrier (maximum) arises and prevents particles from
aggregating. If this energy barrier does not exist or disappears, contact between the particles is
enhanced and a shallow well (secondary minimum) may exist, where particles rapidly aggregate
at longer distances. This profile is the result of the particle size, zeta potential, ionic strength,
ions in the solution, and Hamaker constant. The primary minimum cannot be considered to be
infinite and a separation between the two surfaces should always be imposed, taken into

account that particles are separated by water and hydrated ions.

200 r Energy barrier
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- .
- nm
= 0 : . : : : ’
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Fig. 1Il.7: Generic total interaction potential energy vs. separation distance between the two

surfaces.
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The interaction energies may be obtained from different expressions available in the

literature, which are simpler to use than solving the Poisson-Boltzmann equation for the system.
In the present work, several equations were used according to the geometry and size of
the interacting bodies.

Interactions between a sphere and a plate were calculated as follows: 128 131

Aa 532h A

Voawr = =53, [1 - I (1 t332 h)] (111-6)
A (a a h

Vvaw = 6 (E + h+2a t+in h+2a) (11-7)

128 o _

VEDL = —:Zan k T )/1 yZ e Kh (”|8)
2mane kT 20202 1+e7*h _

Vepy, = 222 (97 + 03) Lpgiqé s+ In(1—e Zkh)] (111.9)

where Vyaw:: retarded van der Waals interaction potential energy (J), Vvaw: unretarded van der
Waals interaction potential energy (J), Veo.: electrical double layer interaction potential energy
(J), A: Hamaker constant (J), a: radius of the sphere (m), h: separation (m), A: characteristic
wavelength of the interaction (assumed to be 100 nm), n..: bulk number of ions (ions m3), «:
Debye-Hickel reciprocal length (m™), k: Boltzmann constant (J K?), T: temperature (K), yi

reduced surface potential, ®: electrical potential (V).

Interactions between two spheres were calculated as follows:% 128 131
Aaqa 532h A
Voawr = = mor et [1 - n(1+—)] 111.10
vdwr 6 (a;+ah 2 532h ( )
A 2a,a 2a,a h?+2a,h+2a,h
Voaw = — 5 (i 192 +In sy (I11.11)
6 \h2+2a;h+2a,h  h2+2a,h+2a,h+4a,a, hZ2+2a,h+2a,h+4a,a,
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128ma, a; neo —_
VepL = W kTyiy.e weh (1n.12)
_ 2Ma1a;N6kT , 1 2 oy [202D2 ,  1+e R __—2xh
VepL =~ oy (P1+P2) [q,iwg In—g+in(l-e )] (111.13)

with the aid of:!

- ze i

Yi = Tanh ——= (111.14)
_ zep

® == (111.15)

Kk = 2.32x10° /2 Cj z} (11.16)

where z: valence of symmetrical (z-z) electrolyte, e: electron charge (C), ¢: electrical surface
potential (V) which cannot be experimentally determined and was then replaced by (: zeta

potential (V), C;: ion concentration (mol dm3), z;: valence of ion j including sign of charge.

Finally, as DLVO theory considers the total interaction potential energy as the sum of

both van der Waals and electrical double layer potential energies:

Vrorar = Vaw + VepL (.17)

Egs. 11.6 and 111.10 are valid if h < a. Egs. 111.8 and 111.12 are valid if h < a and ka > 5,
and were developed using linear superposition approximation (LSA) and Derjaguin integration
method (DIM). Egs. 11l.9 and 111.13 are valid if ® < 50 mV,'*® h < a and ka > 1, and were
obtained with constant-potential approximation (CPA), linear Poisson-Boltzmann equation
solution (LPB) and Derjaguin integration method (DIM). Eq. IIl.16 was calculated for aqueous

solutions at 25°C.
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Egs. 1.6, 111.8, 111.10, and 111.12 were particularly used for studying the aggregation of

bacterium and TiO; and the attachment of these particles between them and onto quartz sand.

Egs. 111.7, 1.8, 111.11, and 111.12 were employed for P22 and Egs. 111.7, 111.9, 111.11, and 111.13
for PP7. Different expressions for Vep. were used for the different bacteriophages P22 and PP7

due to the difference in their sizes.

DLVO theory presents some limitations. It does not consider the effects of other
interacting forces such as Born short-range repulsion, hydration forces, Lewis acid-base free
interaction, etc. The surfaces are not perfectly even and smooth. The interacting bodies are
assumed to have perfect, defined geometry comparable to a sphere or an infinite plate.
Hamaker constants are considered to depend only on properties of the material but, in some
cases, counterions can react with the particles changing the measured or calculated
constants.’3? Furthermore, in the case of biological materials such as viruses and bacteria, a new
limitation arises: they are soft particles, not hard in their surface and allow the interchange of
water and electrolytes from the interior to the medium and vice versa;**® thus, the electrical
double layer is not limited to the outside but develops within the surface charge layer; in this

way the zeta potential importance and meaning may be questioned.3* 135

Despite these drawbacks, the results obtained from the calculations are very useful to
estimate the height of the energy barrier which is the main responsible for repulsive forces, as
well as the depth of the secondary minimum which can increase attraction at longer distances

causing aggregation or deposition.3®

Besides, the higher electrolyte concentration, the more decrease in the height of the
energy barrier that enhances collisions leading to aggregation and deposition. This maximum
disappears if the electrolyte concentration reaches the critical coagulation concentration (ccc)
value. According to DLVO theory two regimes occur: below the ccc, the thickness of the electrical
double layer decreases with increasing salt concentration; but above the ccc the double layer is
completely suppressed and rapid aggregation takes place independently of the salt

concentration.'3?

lll.12. Extended DLVO theory (X-DLVO)

Non-DLVO interacting forces like Born repulsion, hydration forces and Lewis acid-base forces

may also exist and explain the discrepancies between experimental and theoretical analysis.
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Born repulsion arises from the interpenetration of electron orbitals of the atoms at very

short distances and can be obtained as:**’

6 —_
_ A13203[ 8a+h 6a h] (|||.18)

Ve =
B 7560 L(2a+h)? n7

where Vg: Born interaction potential energy (J), os: collision parameter (m).

Lewis acid-base interaction arises from migration of electrons between the surfaces,

adsorbed species and the solvent; and can be calculated as follows for two spheres:3!

ho-h
VAB =27r aall_'_aazz AABq)AB (h=h0)e 4B (l”lg)
K
Qg (h=ho) = ——ZnhffAB (111.20)
logK = —3.5(Cos8, + Cosf,) — 18 (1n.21)

where Vag: Lewis acid-base interaction potential energy (J), Aas: decay (Debye) length of water
(m), ®ag (n-ho): Lewis acid-base free interaction potential energy between surfaces at contact (J

m2), K: hydrophobic constant (J) 0: contact angle of surface (°). And for a sphere and a plate:3!

ho-h
VAB = ZﬂaAABCDAB (h=h0)e AaB (”|22)

Structural or hydration forces are a consequence of hydrophilic surfaces that will add
repulsion to the interacting particles. Charged surfaces may be hydrated in a solution, and this
water will hinder the approximation of different particles. Then, the extra hydration repulsion is
originated when particles need to eliminate the water to be in contact, and diminishes
exponentially with distance and depends on the type and concentration of electrolytes

present:132
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h
Vy = maN,C,C,A%ze *aB (111.23)

where Vu: hydration interaction potential energy (J), Na: Avogadro number, Cp: hydration
constant (J), Ce: salt concentration (mol m™). These hydration forces act at shorter distance than

the attractive hydrophobic forces.

To sum up, the total interaction potential energy is therefore obtained as the sum of

DLVO and X-DLVO interactions:

Vrorar = Vepr + Voaw + Vg + Vap + Vy (11.24)

ll.L13. Transport in porous media. Deep-bed filtration

The filtration process through granular beds consists of two successive steps: transport of the
particles to the vicinity of the collector (or a previously attached particle) and attachment.
Transport is the result of diffusion, gravity, and interception, resulting in a general equation for

variation of particle concentration:*

mg adcC

2+ 0-VC = Dy ?C + (1-2) (1n.25)

pp/ 3mudy a_z

where the first term on the left is the variation of particle concentration with time, the second
term on the left represents the effects of advection on the concentration, the first term on the
right indicates the effects of diffusion and the second the effects of gravity. Interception is
included in the boundary conditions when integrating. Since Eqg. Ill.25 cannot be solved

analytically, other parameters of the system, such as the collector efficiency, is of great utility.

The efficiency of a single collector is a key parameter to evaluate the performance of a

filtration process:*®

ac 31-f
E = —E d_c a: Mo C (|||.26)
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where C: suspended particle concentration, L: bed length (m), f: porosity, d.: average diameter

of the collector (m), a.: clean-bed collision efficiency factor, no: single-collector efficiency.

The collision efficiency factor is defined as the ratio between the number of successful
collisions and the total number of collisions, and depends on the chemistry of the medium. The
single-collector efficiency is the ratio between the rate at which the particles hit the collector
and the rate at which the particles flow toward he collector, and depends on filtration velocity,
size of the collector, temperature, size, and density of the particles to be filtered. Deposition
within the pores produces alterations in the flow path and in the media characteristics;

therefore, models are only valid for clean collectors.*®

Expressions to calculate the initial collector efficiency under favorable conditions were
obtained by Rajagopalan and Tien.*”*® Later Tufenkji and Elimelech incorporated the influence
of hydrodynamic and van der Waals forces on the particles being deposited under Brownian

motion, obtaining a new correlation equation for filtration in saturated porous media:*®

1
Np = 2.4A3Ng O0BI N, 715 N 0002 (11.27)
ne = 0.22Ng 024 NI ND O3 (11.28)
n; = 0.5545NA675 N 125 (11.29)

where np: single-collector efficiency that accounts for transport by diffusion, ne: single-collector
efficiency that accounts for transport by gravitational settling, n:: single-collector efficiency that
accounts for transport by interception, As: porosity-dependent parameter, Ng: aspect ratio, Npe:
Peclet number (ratio of convective to diffusive transport), Nvaw: van der Waals number (ratio of
van der Waals energy to the particle’s thermal energy), Ng: gravity number (ratio of Stokes
particle settling velocity to approach velocity of the fluid), Na: attraction number (influence of

van der Waals attraction and fluid velocity on particle deposition due to interception).

The needed parameters for calculations are:*

2(1-v®)

= 2—3Y+3]/5—2)/6 (”|30)

As
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y=y1-f (111.31)
Ng = % (11.32)
Npe % (11.33)
D, = 675% (111.34)
Nyaw = kiT (111.35)
Ng = W (111.36)
Ny = u,;;;wg (111.37)

where f: porosity, d,: particle diameter (m), dc: collector diameter (m), U: Darcy velocity (m s?),
D..: diffusion coefficient in an infinite medium (m? s?), k: Boltzmann constant (J K?%), T:
temperature (K), p: fluid viscosity (N s m™), a,: particle radius (m), A: Hamaker constant (J), g:

gravitational acceleration (m s2), py: particle density (kg m™).

Finally, all the mechanisms are considered to be additive:*®

Mo =Mp +Mg+1 (11.38)

All the parameters can be obtained from column experiments and then using Eq. I11.38
the single-collector efficiency is calculated. Afterwards, the clean-bed collision efficiency factor

is determined with Eq. 111.26.
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For colloidal transport in saturated porous media, the rate of filtration is represented by

kq, the deposition rate coefficient (s1):%
3 1-
ka=2 fd’; U a.n, (111.39)

A limitation of clean bed filtration theory is that it does not consider the concentration
of the suspended particles.>® However, for the present work this drawback was not taken as an

impediment since comparative analysis was mainly performed.
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Chapter IV

ENHANCED RETENTION OF BACTERIA BY TIO2 NANOPARTICLES IN
SATURATED POROUS MEDIA

Nomenclature

ap: radius of bacterium (m)

ar: radius of the primary aggregate of TiO; (m)

A: Hamaker constant (J)

Apwb: Hamaker constant of bacterium in water (J)

Abwq: combined Hamaker constant of bacterium and quartz sand in water (J)
Arwb: combined Hamaker constant of TiO, and bacterium in water (J)
Arwg: combined Hamaker constant of TiO, and quartz sand in water (J)
Arwt: Hamaker constant of TiO, in water (J)

C: suspended particle concentration in classical filtration theory

C;: ion concentration (mol dm)

dc: average diameter of the collector (m)

e: electron charge (C)

f: porosity

h: separation between surfaces (m)

k: Boltzmann constant (J K?)

kq: particle deposition rate coefficient (s?)

L: bed length (m)

N-: bulk number of ions (ions m™)

T: temperature (K)
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U: Darcy velocity (m s)

Veoi: electrical double layer interaction potential energy (J)
VroraL: total interaction potential energy (J)

Vuawr: retarded van der Waals interaction potential energy (J)
z: valence of symmetrical (z-z) electrolyte

z;: valence of ion j including sign of charge

a.: clean-bed collision efficiency factor

v: reduced surface potential

vb: bacterium reduced surface potential

Yq: quartz sand reduced surface potential

yr: TiO, reduced surface potential

C: zeta potential (V)

To: single-collector efficiency

«: Debye-Hiickel reciprocal length (m™)

A: characteristic wavelength of the interaction (m)

¢: electrical surface potential (V)

IV.1. INTRODUCTION

Groundwater contamination by pathogenic organisms is an important concern that should be
addressed, especially in contexts of overgrowing populations with limited access to safe drinking
water. Urban population growth and higher demands on agricultural yield to feed an increasing
number of people would eventually lead to detrimental effects on groundwater quality.13® 139
The World Health Organization (WHO) identified inadequate drinking water, sanitation and

hygiene as responsible for 842,000 diarrheal disease deaths per year.4

The transport and retention of microorganisms and colloids in porous media plays a key
role in several natural processes and it is intimately related to sand filtration systems in water

treatments.*® 1414 Knowledge on bacteria transport through saturated porous media is
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fundamental to design bioremediation schemes and to evaluate the transport of pollutants

associated to this kind of organisms.?> 145

Industrial manufacturing of nanomaterials has continually increased since the last
decades of the 20™ Century and is expected to follow this trend as they are used in pigments,
absorbents, sunscreens, wastewater treatment compounds, and catalysts.’> '” The release of
these materials to natural soils and waters, to some degree, is therefore unavoidable, and
understanding their environmental impact have become even more relevant. 16 136 146, 147
Particularly, TiO, nanoparticles present a risk due to their widespread use.’ 17146 At present,
production of TiO; is around 88,000 ton/year.!” Nanoparticles properties derive not only from
their chemical structure, but also from their high surface area, small size, surface chemistry, and
electrical properties. These conditions may be altered when dispersed in natural environments.*
146, 148150 As much as their fate and transport in porous media is affected by the conditions in
waters, other species will also be affected by their presence. Nanomaterials have shown a strong
tendency to adsorb on biological surfaces.?> 13113 Therefore, we can expect the combined
transport of nanomaterials and microorganisms (bacteria, viruses, etc.) to be altered by this

interplay.

Transport of microorganisms and transport of nanoparticles have been investigated
using columns packed with glass beads, quartz sand, and natural soils.”! Studies so far
concentrated on microorganism transport by itself, or nanomaterial mobility under the presence
of bacteria-modified porous media given by previous growth of biofilm or EPS-coated collectors,
and showed that mobility of nanoparticles can be modified by the presence of bacteria. On the
other hand, we can also expect the transport of microorganisms to be affected by the

nanomaterials in saturated porous media (sand aquifers).

The objective of the present work is to develop an improved understanding of bacteria
transport in saturated porous media and to establish the effects of nanoparticles in the water
flux, by investigating the interactions and simultaneous breakthrough for both species. To the
best of our knowledge, this approach is the first of its kind and will provide a new understanding
of microorganisms’ retention in soils and waters. We experimentally investigated the transport
of Pseudomonas aeruginosa and P25 TiO, nanoparticles in saturated sand columns. Prior to the
transport experiments, the bacteria and nanomaterials were characterized with respect to size
and surface charge. DLVO theory of colloidal stability, classical filtration theory, and correlation

equations were applied for data analysis.*>48 154155
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IV.2. MATERIALS AND METHODS

The initial stock of bacteria Pseudomonas aeruginosa (ATCC 15692-B2) was kindly provided by
the Catedra de Virologia, Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires.
Aeroxide TiO; P25 nanoparticles were supplied by Evonik Degussa Corporation, NJ, USA. P25 is
hydrophilic fumed TiO,, mixture of rutile and anatase, with an average primary particle size of
21 nm, as reported by the manufacturer. Type | water (resistivity 18 MQ2.cm) and reagent grade
NaCl (Anedra, Argentina) were used in all experiments. Nutrient broth (Britania, Argentina) for
P. aeruginosa was prepared mixing 8 g in 1 L of water. Nutrient agar for Petri dishes was
prepared mixing 8 g of nutrient broth, 8 g of NaCl and 15 g of agar-agar technical for
microbiology (Merck, Germany) in 1 L of water. Solutions and materials were sterilized by
autoclaving at 121°C for 20 minutes. The column and the tubings were sterilized by soaking them

in bleach solution and then rinsing with autoclaved nanopure water.'¥’

Multiplication and purification of bacteria were conducted as follows. First, the bacteria
were incubated in nutrient broth for 24 hours at 37°C placed on an orbital shaker at 120 rpm.
The suspension was then centrifuged at 5,800 xg for 15 minutes and the supernatant discarded.
The pellet was resuspended in 10 mL of the desired solvent (water, 1 mM, 10 mM, or 100 mM
NaCl) and centrifuged at 5,800 xg for 15 minutes. This procedure was repeated twice. The final

stock suspension was kept at 4°C overnight prior to use.®

TiO; and bacteria particles were characterized with respect to size and zeta potential, at
all ionic strengths, using a Zetasizer Nano ZS (Malvern, UK) at 21°C. Size was determined by
dynamic light scattering (DLS) using number-weighted distribution. Large particles scatter more
light than small particles because the intensity of scattering of a particle is proportional to the
sixth power of its diameter (Rayleigh’s approximation).?° Therefore, a large particle will produce
a significant larger response than a small particle in the intensity-weighted distribution.
However, as aggregation processes depend on particle number, when considering changes due
to particle-particle and particle-collector attachment, number-weight distributions were
considered more relevant than intensity-weight. Electrophoretic mobility of the particles was
first measured by laser Doppler velocimetry and phase analysis light scattering, and then

converted to zeta potential using the Smoluchowski equation as described elsewhere.>

Ottawa No. 12 Flint silica sand (U.S. Silica Company, Berkeley Springs, WV) was used as
model bed sediment in the laboratory column experiments. Prior to column packing, the sand

was washed with constant agitation according to the following sequence: deionized water, HCI
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solution (pH 3), deionized water, NaOH solution (pH 10), NaHCO3 solution, deionized water.>’
It was dried at 105°C, and autoclaved at 121°C for 20 minutes. Sand composition was analyzed
by X-ray diffraction (XRD) (diffractometer PW 1730/10, Cu anode, 40 kV, 20 mA) confirming it
was 100% quartz and determining Krumbein’s roundness 0.7 and Rittenhouse sphericity 0.87.

Sieve analysis indicated dso of 529 um by mass.*®

IV.2.1. Column experiments

Column experiments were performed using a chromatography glass column with adjustable end
pieces (Omnifit, Cambridge, UK) and internal diameter of 25 mm. The column was packed with
silica sand under agitation and with a considerable height of water to avoid layering and bubbles
of air®® and then Type | water was circulated until the electrical conductivity was close to zero.
The length of the sand bed was 5 cm for all experiments. The effective porosity was determined
from a tracer (NaCl) breakthrough curve and modeled with the aid of the software CXTFIX21
(U.S. Salinity Laboratory Agricultural Research Service, U.S. Department of Agriculture,
Riverside, California) as described elsewhere.>® Afterwards, solution of desired ionic strength
was pumped for 20 minutes to stabilize the sand prior injection of nanoparticles or

microorganisms.

IV.2.2. Transport and breakthrough curves

Flow rate was constant and set at 2.8 mL/min. For the single particle transport study, 5 pore
volumes (PV) of the suspension with TiO, or Pseudomonas aeruginosa at the desired ionic
strength were pumped, followed by 3 PV of background solution. For the combined transport of
both bacteria and TiO,, 4 PV of P. aeruginosa suspension with the desired ionic strength were
pumped, followed by 3 PV of P. aeruginosa and TiO; suspension with the same ionic strength
and then 3 PV of the P. aeruginosa suspension. In both cases, effluent samples were collected

every 0.3 PV.

Breakthrough curves were obtained from a variety of incoming concentrations and ionic
strength levels, presented in Table IV.1, representative of natural waters.’> The feed
concentration of bacteria in the suspensions was between 4x10* and 8x10® CFU/mL, while TiO»

concentration varied between 30 and 100 ppm. Each experiment was repeated at least six times
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for TiO,, four times for bacteria and three times for combined TiO; and P. aeruginosa transport,
at each ionic strength. The working pH was between 5.2 and 5.8; it was measured and monitored

but not adjusted since no significant change was evidenced during the experiments.

During the transport experiments bacteria were not expected to multiply since they
were not in the optimum conditions (absence of nutrients, temperature below 37°C) and the
time of each run did not exceed 45 minutes. Furthermore, bacteria were harvested at the end

of the logarithmic phase, minimizing the potential for cell numbers to increase.>°

Table IV.1: Experimental conditions.

lonic strength Detection
Particle concentration
(mM Nacl) method
Transport of UV spec.
0; 1; 10; 100 30; 50; 100 ppm
TiO, (A=325 nm)
Transport of P. UV spec.
0; 1;10; 100 5 mL stock bacteria + 95 mL solution
aeruginosa (A=262 nm)
UV spec.
5 mL stock bacteria + 95 mL solution
(A=262 nm)
followed by
Combined
5 mL stock bacteria + 95 mL solution with
transport of gPCR
0; 1; 10; 100 TiO; (50 ppm)
TiO; and P.
or
aeruginosa
Digestion +
5 mL stock bacteria + 95 mL solution with
Vis. spec.
TiO; (100 ppm)
(A=410 nm)

For the single particle experiments, influent and effluent particle concentrations were
measured by UV absorbance using a UV-Vis spectrophotometer (Shimadzu UV 1650 PC) at 325
nm for TiO, and at 262 nm for P. aeruginosa (wavelengths were determined from the peak of

the individual adsorption spectrum).

For the combined transport of P. aeruginosa and TiO,, various techniques were used to
minimize quantification errors due to particle interference (Table IV.1). For the first part of the

experiment, when only the suspension of P. aeruginosa was pumped through the column, the
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bacteria concentration was detected photometrically at 262 nm. When both kind of particles
were present in the feed, gPCR was employed to quantify bacteria, while TiO, nanoparticles

were analyzed by microwave digestion followed by a spectrophotometric method.

gPCR was performed using CFX96 (Bio-Rad, USA) and PowerWater DNA isolation kit (Mo
Bio Laboratories Inc., CA, USA) to extract the DNA of the bacteria. A portion of the gene encoding
16S rRNA of P. aeruginosa chromosome was amplified. Quantification was made by absolute

PCR using SyBr-Green (Bio-Rad, USA).

To determine the TiO; concentration, each sample was treated as follows: 3 mL of
sample was mixed with 3 mL of H,SO, (18 M) and 0.23 g of (NH4),SO4 and then microwave-
assisted digested in a MARS 5 microwave reaction system (CEM, NC, USA). Afterwards, samples
were centrifuged at 3,000 rpm for 15 min to remove decanted organic matter, 1 mL of H,0,
(30%) added and water up to 10 mL. Finally, sample absorbance was measured at 410 nm

(Shimadzu UV 1650 PC).

IV.2.3. DLVO theory

DLVO theory was used to model the attachment of bacterium and TiO; to sand grains and the
aggregation of both type of particles. TiO, nanoparticles and bacteria were considered spheres
with diameters equal to their hydrodynamic diameters. In the case of the rod-shaped bacterium,
this dimension represents an equivalent diameter that can be related to the average of the two

dimensions of the short rod. Sand was regarded as an infinite plate.

Interactions between sphere and plate (TiO; and sand, bacterium and sand) were
calculated using the following expressions for van der Waals (Eqg. I1V.1) and electrostatic double

layer (Eq. IV.2) interactions:*?® 131

Aiwg @i 532h p)
Voawr = ==3 [1 -5 I (1 * 532 h)] (v.1)
VepL = 1287;# kTyiyge ™ (Iv.2)
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where Vyawr: retarded van der Waals interaction potential energy (J), Veo.: electrical double layer
interaction potential energy (J), Aiwq: Hamaker constant for the particle (TiO; or bacterium) and
quartz surface suspended in water (J), ai: radius of the sphere (TiO, or bacterium) (primary
aggregate) (m), h: separation (m), A: characteristic wavelength of the interaction (assumed to
be 100 nm), n: bulk number of ions (ions m3), k: Debye-Hiickel reciprocal length (m?), k:
Boltzmann constant (J K), T: temperature (K), yi: reduced surface potential of the sphere (TiO>

or bacterium), y4: reduced surface potential of the plate (quartz).

Interactions between two different spheres (TiO, and bacterium) were calculated using

Egs. IV.3 and IV.4 when h < aq;:'% !

_ ATwp AT ap _ 532h A
Voawr = 6 (ar+ ap) h [1 A In (1 tia2 h)] (Iv.3)
VepL = PTG oo g Yrvee " (Iv.4)

(ar+ ap) K2

where Arwb: Hamaker constant for two spheres (TiO; and bacterium) in water (J); with the aid of

Egs. IV.5 and IV.6:*

_ zeoi
i = Tanh ——=> (IV.5)
Kk = 2.32x10° /Z Cj z} in aqueous solutions at 25°C (IV.6)

where z: valence of symmetrical (z-z) electrolyte, e: electron charge (C), ¢i: electrical surface
potential (V) which cannot be determined and was replaced by (;: zeta potential (V), Cj: ion

concentration (mol dm), z;: valence of ion j including sign of charge.

For the case of two equal spheres of TiO, or bacteria Egs. V.3 and IV.4 were reduced to

Eqgs. IV.7 and IV.8 respectively:

Voawr = = A;‘;i:i [1 B 5'3/12 " In (1 + 5.3/12 h)] (v.7)
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64 ma;

VEDL = Tnoo kT )/lz e"‘h (|V8)

where Ayi: Hamaker constant of TiO, or bacterium in water (J).

DLVO theory considers the total interaction potential energy as the sum of both van der

Waals and electrical double layer potential energies (Eq. IV.9):

Vrorar = Voawr + VepL (IV.9)

The Hamaker constants employed were calculated from data obtained in the
literature:232> 49,160 A0 = 6.5x1021 J, Atwg = 1x1072° J, Arwp = 4.6x10°21 J, Ayt = 6x1072° J, Apwb =
1.015x10%2 J. Zeta potential of quartz sand was obtained from literature: -40 mV in water, -39

mV in NaCl 1 mM, -22 mV in NaCl 10 mM, -10 mV in NaCl 100 mM.%

IV.2.4. Sand bed removal

The attachment of TiO, and Pseudomonas aeruginosa to the porous bed was evaluated using

the classical filtration equation (Eq. 1V.10) as well as the particle deposition rate (Eq. IV.11):4% 46

ac 31-f

E = —E d_c a:- Mo C (|V.10)
3 1-f

kg = 2 7. Uamng (Iv.11)

where C: suspended particle concentration, L: bed length (m), f: porosity, d.: average diameter
of the collector (m), a.: clean-bed collision efficiency factor, no: single-collector efficiency, kq:

particle deposition rate coefficient, U: Darcy velocity (m s).

The single-collector efficiency, considered to be the addition of Brownian diffusion,
interception, and gravitational sedimentation, was calculated using the Tufenkji-Elimelech

equation (TEE).* For the case of combined transport, a pseudo-collision efficiency factor was
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also calculated, considering the initial (“clean”) collector to be the bacteria-modified sand

particles, at the first stages of nanoparticle influx.

The required parameters for calculating the clean-bed collision efficiency factor, the

single-collector efficiency and the particle deposition rate coefficient were calculated from our

experimental data obtained during the transport of TiO; and P. aeruginosa.

IV.3. RESULTS AND DISCUSSION

IV.3.1. Characterization of Pseudomonas aeruginosa and TiO,

The average particle size and zeta potential of the bacterium and TiO, were determined for a

range of ionic strengths between deionized water and 100 mM, at pH 5.8 (Fig. IV.1).
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Fig. IV.1: Hydrodynamic diameter and zeta potential of bacteria and TiO, nanoparticles

suspended in water (18 MQ.cm) and NaCl solutions; pH=5.8.
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P. aeruginosa is a coccobacillus bacterium, not a perfect sphere and then the
hydrodynamic diameter obtained by dynamic light scattering (DLS) does not reflect its real size,
but accounts for an equivalent diameter that can be related to the average of the two
dimensions of the short rod. Moreover, bacteria are not rigid but dynamic in size as they interact
with the solvent in which they are suspended. Therefore, the calculated diameter indicates the
apparent size taking into consideration attraction and association with water molecules and

electrolytes.

The size of the bacterium remained relatively uniform under the different ionic
strengths, between 898 + 45 and 1,034 + 136 nm. Its equivalent diameter is in agreement with
isolated bacterium sizes reported in the literature!®? suggesting the absence of aggregation. In
contrast, the hydrodynamic size of TiO, was significantly affected by the ionic strength. When
suspended in pure water, TiO; was present as 109 + 23nm aggregates, in concordance with
previous publications.'>® 162163 TjQ, rapidly aggregated in aqueous solutions, as a consequence
of its reactivity and high surface area.®* Furthermore, ionic strength enhanced attachment
efficiency resulting in increase of aggregate size, especially for ionic strengths over 1 mM,
reaching sizes well over 1 um. The samples were subjected to slow mixing during preparation
that caused first interactions and then contact between nanoparticles, which, in turn led to

146

aggregation'*® and corresponded to the physical transport mechanisms of the classical

aggregation theory.®

At the working pH, P. aeruginosa was negatively charged while TiO, exhibited positive
surface charge in agreement with the reported isoelectric point for the metal oxide of 6.7.146 165
Zeta potential of the bacterium varied from -39 to -14 mV and between 29 and 21 mV for TiO;

with increasing ionic strength (DI water to 100 mM).

DLVO theory predicted repulsion between two bacterial particles for all the studied

conditions (Fig. IV.2), as it was confirmed experimentally.
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Fig. IV.2: DLVO predicted interaction potential energy for two particles of bacterium.

As ionic strength was increased, larger TiO, aggregates were found, in accordance with
DLVO modeling (Fig. IV.3). Reduction in zeta potential and compression of the electrical double
layer resulted in lower energy barriers at higher electrolyte concentrations, and for NaCl 100

mM only attractive forces between the particles were predicted.
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Fig. IV.3: DLVO predicted interaction potential energy for two particles of TiO..
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IV.3.2. Transport of TiO;

P25 column experiments were conducted by pumping 5 PV of TiO, suspension with the desired
ionic strength (water, 1, 10 or 100 mM NaCl), followed by 3 PV of background solution. pH was

in the range 5.2-5.8 for all the experiments.

Fig. IV.4 shows the breakthrough curves at each ionic strength investigated (0; 1; 10; 100
mM) for three levels of influent nanoparticle concentration: 30; 50; and 100 ppm. In all cases,
tracer solution (NaCl) was circulated prior to transport experiments to determine the column
porosity and check the sand packing, also shown in Fig. IV.4. A plateau was reached for water
and 1 mM ionic strength respectively (Fig. IV.4.a and b); but for higher ionic strengths (10 and
100 mM) a peak was reached and then concentration at outlet decreased (Fig. IV.4.c and d),

which hints to an increasing removal efficiency.

PV PV

Fig. IV.4: Breakthrough curves for TiO; in sand columns suspended in: a. Water (resistivity 18

MQ.cm), b. 1 mM NacCl, c. 10 mM NaCl, d. 100 mM NacCl.
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Three different factors can be responsible for the retention of TiO; in the porous media.
First, attraction forces between quartz sand and TiO, due to the difference in their surface
charges (attachment to the clean bed). Second, electrolyte concentration that causes
aggregation during the transport of TiO, rendering it more difficult for the particles to pass
through the pores (straining). Third, attachment of TiO, to previously deposited particles due to

the attraction forces among them as discussed above (attachment to the ripe bed).

Electrostatic forces take into account surface charge differences between the negative
sand and the positive TiO,. As nanoparticles were retained, the collector’s surface became
progressively heterogeneous, so some particles would deposit onto the original sand while
others would collide with previously attached TiO,. Scanning electron microscopy (SEM) images
showing this heterogeneity are provided in Fig. IV.5 to 1V.10; the size of each aggregate and
frequency on the surface seems to decrease from the top layers of sand to the deeper grains,
indicating less influence of repulsive forces as well as less quantity of TiO, to remove due to

further retention in the first centimeters of the porous bed.

Ypm EHT = 300 kY WD = 3.1 mm Mag= 2000KX  Signal A=InLens 200 nm EHT = 3.00 kv WD = 3.4 mm Mag= EO.00KX  Signal A=InLens

Fig. IV.5: SEM images of TiO, aggregate on quartz sand grain after transport experiment (30 ppm
TiO; in 1 mM NacCl), top of the column.
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Jum EHT = 3.00 kY WD = 3.0 mm Mag= 2000KX  Signal A= InLens 200 nm EHT = 3.00kV WD = 3.0mm Mag= 5000KX  Signal A= InLens

Fig. IV.6: SEM images of TiO; aggregate on quartz sand grain after transport experiment (30 ppm

TiO; in 1 mM NaCl), depth=1 cm.

Ypm EHT = 3.00kV WD = 3.1 mm Mag= 2000KX  Signal A= InLens 200 nm EHT = 3.00kV WD = 3.4 mm Mag= 5000KX  Signal A=InLens

Fig. IV.7: SEM images of TiO; aggregate on quartz sand grain after transport experiment (30 ppm

TiO; in 1 mM NacCl), depth=2 cm.
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Jpm EHT = 3.00 kv WD = 3.0 mm Mag= 2000KX  Signal A=InLens 200 nm EHT = 3.00kV WD = 3.0 mm Mag= 5000KX  Signal A= InLens

Fig. IV.8: SEM images of TiO; aggregate on quartz sand grain after transport experiment (30 ppm

TiO; in 1 mM NaCl), depth=3 cm.

Jum EHT = 300KV WD = 3.0mm Mag= 2000KX  Signal A=InLens 200 nm EHT = 300KV WD = 30mm Mag= 5000KX  Signal A=InLens

Fig. IV.9: SEM images of TiO; aggregate on quartz sand grain after transport experiment (30 ppm

TiO; in 1 mM NacCl), depth=4 cm.
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Jpm EHT = 5.00 kV WD = 3.2 mm Mag= 2000KX  Signal A=InLens 300 nm EHT = 3.00 kv WD = 32 mm Mag= 5000KX  Signal A= InLens

Fig. IV.10: SEM images of TiO, aggregate on quartz sand grain after transport experiment (30
ppm TiOz in 1 mM NacCl), depth=5 cm.

When particles were suspended in deionized water and repulsion was dominant,
collector attachment resulted in a monotonic increase of effluent particle concentration (Fig.
IV.4.a). As ionic strength was increased, the attachment efficiency between TiO; particles was
also increased and the effluent particle concentration dropped (Fig. IV.4.b, c and d). Based on
DLVO calculations (Fig. IV.3), repulsion will be present between TiO,, except when suspended in
100 mM ionic strength. When particles are passing through the column, these dominant
repulsion forces will lead to increasing effluent concentration with time.!® 167 Besides, particles
will find less free surface on the collector due to previous deposition; which in turn will

contribute to this effect.

The variation of TiO, concentration in the feed affected the effluent concentration in the
absence of electrolyte (Fig. IV.4.a); making it higher at higher incoming concentration. A strong
attachment between TiO; and sand was predicted by DLVO theory (Fig. IV.11), and deposition
was expected as long as there was free collector surface available. When the surface was more
covered in nanoparticles, it created repulsion between this layer and new incoming TiO,; DLVO
modeling of TiO,-TiOzinteractions (Fig. IV.3) showed a significant energy barrier. For the highest
feed concentration (100 ppm), collectors were covered in nanoparticles sooner due to enhanced
chances of collisions, which in turn prevented new deposition and effluent concentration

augmented.
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Fig. IV.11: DLVO predicted interaction potential energy for a particle of TiO, and the quartz sand.

At 1 mM ionic strength, DLVO showed a moderate energy barrier (Fig. IV.3) and the

146

system was closer to its critical coagulation concentration,*® so increased attachment efficiency

was attained and deposition resulted independent of particle concentration.

For the highest ionic strengths, TiO, easily aggregated and attachment to sand and
previously deposited particles was a consequence of the high attachment efficiency and particle

size growth, independent of feed concentration.

DLVO calculations for the interactions between TiO, particles and sand collectors (Fig.
IV.11) resulted in strong attractive but no repulsion forces due to the opposite sign of the surface
charges. As ionic strength increased, the electrical double layer interactions tend to a zero value,

diminishing their relative importance when compared to the van der Waals attraction.

The experiments showed that for low to moderate ionic strengths (10 to 100 mM), TiO,

retention levels in saturated sand were independent of incoming concentration.

IV.3.3. Transport of Pseudomonas aeruginosa

Pseudomonas aeruginosa transport experiments were conducted by pumping 5 PV of bacterial
suspension with the desired ionic strength, followed by 3 PV of background solution. pH was in

the range 5.2 - 5.8 for all the experiments. Breakthrough curves are shown in Fig. IV.12.

70



Enhanced retention of bacteria by TIO2 nanoparticles in saturated porous media

1.0 L R R e L L L LR R PR L LR e R LR
¢ Water

® NaCll1mM
0.8 ®m NaCl10 mM -
A NaCl 100 mM

0.6 g AR R ——Tracer
uo
S~
(S
0.4 [ T
0.2 | A

0.0 '...°i' h-L A

Fig. IV.12: Breakthrough curves for Pseudomonas aeruginosa in water (18 MQ.cm), NaCl 1 mM,

10 mM, 100 mM.

Surface charge of bacteria was always negative and therefore, not expected to be
significantly retained by the also negatively charged sand. However, as ionic strength increased,
some retention was observed. This effect can be explained by DLVO theory (Fig. IV.13). For ionic
strengths up to 10 mM, no net attracting forces were present and a high energy barrier was
predicted. The energy barrier diminished as ionic strength increased because of the compression
of the electrical double layer and of the reduction of the zeta potentials. For ionic strength of
100 mM, the energy barrier disappeared completely and the net forces were attractive, favoring

attachment.
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Fig. IV.13: DLVO predicted interaction potential energy for a particle of bacterium and the quartz

sand.

IV.3.4. Combined transport of Pseudomonas aeruginosa and TiO,

In the combined transport experiments, 4 PV of Pseudomonas aeruginosa suspension were first
pumped through the sand bed with the desired ionic strength, followed by 3 PV of a suspension
containing both P. aeruginosa and TiO,, and finally 3 PV of the original suspension of P.

aeruginosa.

Fig. IV.14 shows the breakthrough curves for P. aeruginosa in the presence of TiO..
These concentrations were determined by gPCR. The detection limit was 24.1 CFU and the
quantification limit was 241 CFU. For the reaction, the efficiency was 101.4% and R?=0.996.
Agarose gel electrophoresis was performed to corroborate the reaction products and the quality
of the standard for the calibration curve (Fig. IV.15) and for the results (Fig. IV.16). Additionally,
it was determined that the presence of TiO, nanoparticles did not generate inhibition of the
polymerase chain reaction, through a control test using a standard corresponding to a DNA

fragment of Arabidopsis thaliana.
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Fig. IV.14: Breakthrough curves for bacteria, measured by qPCR between 4 and 9 PV, in co-

transport of bacteria and TiO,.
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Fig. IV.15: Agarose gel 1.5% electrophoresis to corroborate the reaction products and the quality

of the standard for the calibration curve.
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Fig. IV.16: Agarose gel 1.5% electrophoresis to corroborate the reaction products and the quality

of the standard for the results.

The transport characteristics of the bacteria were highly modified by the presence of
TiO,. Retention in the sand bed was observed, in contrast to the bacteria flow observed in the
single particle experiments. The quantity of bacteria retained was increased with ionic strength,
probably as a consequence of the formation of large TiO,-bacterium aggregates that clogged the

pores.1>?

Fig. IV.14 shows that after reaching the initial plateau, effluent bacteria concentration
suffered a sharp decrease coincident with the injection of TiO,. This effect was important even
for pure water suspensions and retention remained very high for the duration of the TiO,
injection. After TiO; injection stopped, bacteria concentration at outlet showed an increasing
trend indicating that the microorganisms were transported through the sand bed again. DLVO
theory predicted the attachment between TiO, and bacteria due to the difference in surface
charges (Fig. 1V.17), although non-DLVO Lewis acid-base interactions and hydrogen bonds could

also be partially responsible for the increasing attachment efficiency.!% 168 169
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Fig. IV.17: DLVO predicted interaction potential energy for a particle of TiO, and a particle of

bacterium.

Fig. IV.18 shows the breakthrough curves for TiO, in the presence of bacteria. The
breakthrough of TiO, only suspensions is shown for comparison. The retention of TiO, by the
sand was highly increased by the presence of bacteria, probably due in part to the formation of
larger aggregates of nanoparticles and bacteria. The first layer of TiO; attached to the sand was
responsible for adhering incoming microorganisms, which can in turn attract new particles of
TiO,. This process continued as long as both kinds of particles were injected. It can also be seen
that in both cases, with and without the presence of the bacteria, the concentration of TiO; at
the outlet was modified by the ionic strength, showing an increase in retention with increasing
ionic strength, as predicted by DLVO theory and discussed above. This last observation suggests
that electrostatic repulsion, modulated by the electrolyte concentration, played a fundamental
role in the retention of the nanomaterial. Moreover, it can be clearly observed that
concentrations of bacteria and TiO; at outlet diminished when both of them were present
together, compared to the case when only one of them was in the stream; this suggests
attachment of TiO, to both bacteria and sand, causing retention of microorganisms due to

heteroaggregation.
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Fig. IV.18: Breakthrough curves for titanium measured by spectrophotometry at 410 nm after
digestion and addition of H,0; in co-transport of bacteria and TiO,. Breakthrough curves for TiO,
only for comparison.
IV.3.5. Sand bed removal

The average single-collector efficiency (1), clean-bed collision efficiency factor (o) and particle
IV.2).

deposition rate coefficient (kq4) for TiO2 and for Pseudomonas aeruginosa were calculated (Table

Efficiency factors for bacteria and TiO, attachment to the collectors gave higher values
interactions.'’®

for increasing ionic strength; and thus, increased retention in the porous bed, as confirmed in

the laboratory experiences and in agreement with attachment controlled by classical DLVO
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Table IV.2: Average single-collector efficiency (no), clean-bed collision efficiency factor (o) and

particle deposition rate coefficient (kq) for TiO, and quartz sand and for P. aeruginosa and quartz

sand.
Water NaCl1 mM NaCl 10 mM NaCl 100 mM
TiO,- Bacteria- TiO2- Bacteria- TiO2- Bacteria- TiO2- Bacteria-
Sand Sand Sand Sand Sand Sand Sand Sand
Mo 0.0181 | 0.00321 | 0.0184 | 0.00320 | 0.0191 | 0.00348 | 0.0197 | 0.00325
Olc 0.792 0.127 1.118 0.339 1.473 0.602 1.661 1.418
kq . 10°
(s 4.79 0.109 5.96 0.305 8.07 0.637 9.95 1.33

Collision efficiency factors above unity are theoretically impossible, but those between
1 and 1.25 are not considered rare. Discrepancies between the actual shape of collectors and
the perfect spheres considered in the TEE can cause these overestimated values, as well as the
size of the TiO, particle employed which is subject to aggregation.'’? It is important to note
however, that the TEE was derived based on experimental data and was widely validated and
employed, offering valuable parameters to compare different situations. Moreover, high values
of collision efficiency factors suggest coexistence of straining along with physicochemical

filtration.'”2

To compare the attachment of TiO, with and without concurrent flow of bacteria, a

pseudo-collision efficiency factor was calculated (considering the individual plateau
concentration for each particle obtained from the breakthrough curves in Fig. IV.18). These
values were significantly higher (between 32 and 53%) than those found in the single particle
experiment for all ionic strengths, hinting to a synergistic effect on the retention in the combined

transport (Fig. 1V.19).
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2D
M Single experiment W Combined experiment

Water NaCl 1 mM NaCl 10 mM  NaCl 100 mM
lonic strength

Fig. IV.19: Collision efficiency factor (o) for TiO; in the single experiment and pseudo-collision

efficiency factor for TiO; in the combined experiment.

IV.4. CONCLUSIONS

Groundwater quality is seriously affected by the irruption of microorganisms and engineered
nanoparticles. Nonetheless, the inclusion of novel materials and resources for controlling the

presence of bacteria can be developed.

In this work, we showed that P25 TiO, was retained by the quartz sand due to
aggregation and electrostatic attraction leading to attachment. At low ionic strengths, the
attachment to the sand grains was low but it increased over time when ionic strength
augmented. Bacteria were transported through the porous media, with minimal retention;
however, a completely different scenario arose when nanoparticles were present in the water
matrix, and bacteria were retained up to 99.99%. This observation is probably due to a
combination of straining due to heteroaggregation of bacteria and TiO; nanoparticles in the
incoming suspension and a more favorable condition for removal given by a ripening effect in
the sand bed caused by previously deposited particles. Besides, electrostatic repulsion,

controlled by ionic strength, played a fundamental role in the retention of the nanomaterial.

The transport of microorganisms in porous media (groundwater, aquifers, sand filters)
is an important issue in both natural and engineered systems. We have shown that the transport

of bacteria in saturated porous media is severely hampered by the presence of TiO;
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nanoparticles. Inclusion of these nanoparticles in sand beds offers the possibility to design an
effective barrier for microorganisms, as a preventing measure, as a drinking water filter
enhancer, or as a mean for retention of active bacteria and biofilm growth during a
bioremediation process within the boundaries of the contaminant plume. However, this
addition of nanoparticles should be designed carefully, considering the potential consequences

brought by the incorporation of nanoparticles in the system.

Ecology of soils and water reservoirs can be modified by the emergence of nanoparticles
as environmental contaminants. The outcomes of this work suggest that TiO, could be used to
develop new methods for retaining bacteria in a well delimited subsurface area; but conversely,
the pulse-like influx of nanomaterials in natural environments (sand aquifers) may be
responsible for potential hazardous high concentrations of bacteria in the groundwater due to

release of previously retained organisms after the nanoparticle input stops.
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Chapter V

VIRUS REMOVAL BY IRON OXIDE CERAMIC MEMBRANES

Nomenclature

a: radius of virus (m)

As32: combined Hamaker constant for bacteriophage P22 and hematite in water (J)
Ai31: Hamaker constant for bacteriophage P22 in water (J)

A;1: Hamaker constant of virus (J)

A,;: Hamaker constant of hematite (J)

As3: Hamaker constant of water (J)

Ci: ion concentration (mol dm3)

e: electron charge (C)

h: separation between surfaces (m)

k: Boltzmann constant (J K?)

N-: bulk number of ions (ions m™)

T: temperature (K)

U: electrophoretic mobility (m? V1 s?)

Veoi: electrical double layer interaction potential energy (J)
VroraL: total colloidal interaction potential energy (J)

Vyaw: unretarded van der Waals interaction potential energy (J)
z: valence of symmetrical (z-z) electrolyte

zi: valence of ion i including sign of charge

v: reduced surface potential

¢: dielectric constant (F m™)
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C: zeta potential (V)
k: Debye-Hiickel reciprocal length (m™)
W: viscosity (Pa s)

¢: electrical surface potential (V)

V.1. INTRODUCTION

The availability of a safe water supply is an increasingly important priority for the welfare and
development of human populations, challenged by the combined growth of demography,
development, and waste. Parallel to this, researchers and authorities have been paying more
attention in the last decades to the link between disease outbreaks and the presence of viral

pathogens in drinking water sources.'’?

The removal or inactivation of viruses in water treatments is a challenging task: the
technical difficulty resides in the fact that viruses and bacterial spores are much harder to
eliminate -by common techniques such as microfiltration or chlorination for example- than
bacterial pathogens due to their smaller size and simpler physiology. Although bacteria and
larger microorganisms can be removed by ultrafiltration or microfiltration, the removal of
smaller viral particles is mainly controlled by electrostatic interactions and attachment.3* 74
Nanofiltration membranes meet the requirements for nanosized particle removal, but its use
represents a significant increase in cost due to higher pressure requirements and lower
produced water yields.®® Consequently, there is a need to develop cost-efficient methods to
achieve these goals, not only for large urban agglomerations but also for smaller rural

populations and mobile applications.

Adsorption processes can effectively remove small contaminants as well as ionic
constituents from water, avoiding energy consumption associated with pumping and disposal
issues of concentrated streams generated.'’™ ¢ Furthermore, bulk porous adsorbents, as
opposed to suspended colloidal particles and co-precipitation schemes, offer the additional
advantage of not requiring an extra separation stage added to the treatment process, and thus,
rendering the system safer to handle, easier to use, and applicable to mobile devices. In order
for an adsorbent to be an efficient and economically sound option while still maintaining the

above mentioned characteristics, it must be readily available on site, have a relatively high
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specific surface area, low cost, and no toxicity associated with its fabrication, use, or final

disposal of the material itself or its degradation products.

Previous work successfully led to the developing of iron oxide nanostructured ceramic
membranes,’”” 178 which have proven to be an efficient treatment for the removal of natural
arsenic contamination® and promising for other ionic contaminants as well. These membranes
are especially suited for their use as filters of both inorganic/organic and biological contaminants
in rural settings where access to electricity or specialized supplies is compromised. There is
evidence’®! that iron and iron oxides can effectively retain and/or inactivate viral particles.
Furthermore, iron oxides or minerals having a substantial proportion of iron oxides have shown
very high affinity for viruses, that seems to be independent of their type or structure,t’s 181183

and therefore, can become a general method for the removal of viruses from natural waters,

where microorganisms exhibit seasonal and spatial variability.’®* ¥ Metal oxide coatings on

d 144, 186-188 189, 190 191, 192
’

san glass fiber, ceramic filters, and diatomaceous earth'® have been used

in the removal and inactivation of viruses from water.

Bacteriophages are recognized as model organisms for human viruses.1%% 193 p22110 gnd
MS218 phages have been used in attachment experiments as well as other phages.'®* P22 phage
has an icosahedral capsid and an approximate diameter of 70 nm, which is within the same order
of magnitude as picornaviruses, the wide family to which human enteroviruses belong

(approximately 30 nm).1%>%7

The nanostructured iron oxide ceramic filter investigated in this work presents
numerous advantages over previously studied systems: ease of operation, low fabrication cost,
more compact due to the higher specific active area available, and no sludge generation. The
attachment kinetics and equilibrium isotherm of bacteriophage P22 was investigated. The virus
was characterized with respect to size and surface charge, as they are expected to play a key
role in the removal process. A flow through ceramic filter was fabricated and tested for the
continuous treatment of contaminated water. The mechanism and limitations of the processes
were analyzed and discussed in light of the DLVO theory of colloidal interaction, as well as the

aggregation conditions of the phage in natural waters.
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V.2. MATERIALS ANS METHODS

All chemicals were of reagent grade, except FeCl; used in the synthesis of the iron nanoparticles
that was technical grade. Solutions were prepared in all cases with Type | water (resistivity 18

MQ.cm).

P22 phage stock suspensions had a concentration of approximately 2x10° PFU/mL. Viral
solutions and subsequent dilutions were made by dissolving NaCl (Anedra, Argentina) in DI
water to obtain a 15 mM concentration. The culture media used in these experiments were LB
broth Lennox and LB Agar Lennox with two different concentrations of agar-agar as presented
in Table V.1. In order to provide the inoculum for each plaque, Salmonella typhimurium strain

DA1468, was spiked in 10 mL of LB broth Lennox, and then incubated for 24 h at 37°C.

Table V.1: Culture media and solutions used in virus experiments.

L Broth Soft L Agar L Agar Brand Lot
Tryptone (g/L) 10 10 10 Britania 687
Yeast extract (g/L) 5 5 5 Britania 550,3
Agar-agar (g/L) 0 7.5 15 Britania 238
NaCl (g/L) 5 5 5 Anedra 17872-1

Glassware, tips, Eppendorf tubes, adsorbent and inert solutions were sterilized by
autoclaving at 121°C for 15 minutes. Micropipettes were thoroughly rubbed with ethanol 70%

prior to usage.

V.2.1. Purification of bacteriophage P22

After replication, the viral suspension was centrifuged at 15,000 rpm for 60 minutes. Then, the
supernatant was filtered through a 0.22 um PVDF membrane (Millipore GVW P02500). This
suspension was dialyzed through a 100 kDa MWCO membrane (SpectraPor Biotech CE,
Spectrum Laboratories, USA) twice: first, against Milli-Q water, and second, against a 15 mM

NaCl solution for 20 hours each. The final suspension was filtered again and kept at 4°C.
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V.2.2. Synthesis of ferroxane nanoparticles

Iron oxide nanoparticles were synthesized in the laboratory following a previously published
procedure.”® Briefly, lepidocrocite was obtained by oxidation of FeCl, (PPE, Argentina) under
controlled pH. NaOH (Anedra, Argentina) was used for pH adjustments. Secondly, the prepared
lepidocrocite was reacted with anhydrous acetic acid (Anedra, Argentina) to yield ferroxane
nanoparticles by the attack of the acid on the hydrogen bonds of the mineral structure. These
nanoparticles are precursors to ceramic membranes; they can be either deposited onto support
matrices or used as a self-standing material. Finally, the ferroxane particles were sintered at

450°C and converted to iron oxide ceramic (hematite).

V.2.3. Characterization of materials

The ceramic ferroxane were characterized by X-ray diffraction (XRD) using a PW1730-10
Diffractometer (Phillips). The specific surface area was measured by Brunauere-Emmette-Teller
(BET) N2 method and the pore size was calculated by the Barrett, Joyner, and Halenda (BJH) N,
adsorption/desorption isotherm method at 77 K using a Coulter SA 3100 (Beckman Coulter, USA)

analyzer.

The size of the bacteriophage P22 was determined by transmission electron microscopy
(TEM) on a Philips EM301, and by dynamic light scattering using a Zetasizer Nano ZS (Malvern);
the same equipment was used for laser Doppler velocimetry measurements to characterize the
electrophoretic mobility (EPM) of the bacteriophage and iron oxide particles. Measured EPMs

were converted to zeta potential using the Smoluchowski equation.

V.2.4. Attachment experiments

V.2.4.1.Attachment kinetics

The kinetic investigation of virus deposition onto hematite was performed in 45 mL sterile
centrifuge tubes. A mass of 0.100 g of iron oxide was added to the tubes. Stirred and unstirred

control experiments, without iron oxide, were also conducted. An orbital shaker (M-23, Vicking)
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was set at a speed of 75 rpm, placing the tubes horizontally. The initial phage concentration in
each tube was in the order of 107 PFU/mL. Samples were taken at different time intervals for 48

hours.

V.2.4.2.Adsorption isotherms

Attachment experiments were carried out in sterile centrifuge tubes of 45 mL, where a
determined mass of iron oxide ceramic was added, ranging from 0.010 g to 0.150 g. Each tube
was then filled with NaCl (Anedra) solution and sterilized. After this, the samples were
inoculated with 0.100 mL of virus stock suspension of 10° PFU/mL, reaching a concentration of
approximately 107 PFU/mL. In parallel, two control experiments were carried out without the
addition of iron oxide, one stirred and one unstirred, in order to evaluate the natural inactivation
of the bacteriophages and quantify the effect of shear in the reduction of the number of PFUs.
The tubes were shaken in horizontal position in an orbital shaker (M-23, Vicking) at 75 rpm at
room temperature for 7 hours. Samples were taken from each batch at the beginning and at the

end of each experiment.

V.2.4.3.Filtration experiments

The operational set-up used for the attachment during filtration experiments is shown
schematically in Fig. V.1. It consisted of an alumina-supported iron oxide ceramic tube with a
dead end. This type of membrane was fabricated by depositing the iron oxide particles onto the
alumina supports and was previously applied to the adsorptive filtration of inorganic
contaminants.®® Briefly, a suspension of the nanoparticles was filtered inside-out through the
support tubes with one end closed so that all the water was forced through the ceramic, while
the iron oxide particles were retained (Fig. V.1.a). The filter was then dried and sintered at 450°C,
before treatment of virus suspensions. Between 250 and 300 mL of viral solution was passed

through a supported filter as shown in Fig. V.1.b.
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Feed

Permeate

Permeate

Fig. V.1: Experimental set up for: a. supported filter fabrication. b. dynamic filtration

experiments.

The feed solution entered inside the tube, forcing it to flow tangentially through the iron

oxide coated walls. The permeate was sampled and tested for viral concentration.

The original apparatus consisted of a 350 mL glass burette with Teflon stopcock and a
short silicon hose attached to its bottom end. The supported filter could be attached at the distal
end of the silicon hose. The top end of the burette was covered with a 22 um Whatman filter
and wrapped with aluminum foil to keep it in place. The tube filter was alternatively placed into
different Erlenmeyer flasks to obtain the subsequent aliquots, and was covered at all times by

aluminum foil to minimize exposure to airborne contaminants.

For the recirculation experiments, the same apparatus was used with some
modifications. The hose was in this case long enough to pass through the peristaltic pump and
then return to the top end of the burette. The supported filter could be attached at the distal
end of the silicon hose, or alternatively the distal end could be left without any tube attached,
according to the type of experiment performed. The top end of the burette was wrapped in
sterile aluminum foil to prevent airborne particles from contaminating the system. The flow was
set at a rate of about 0.38 mL/min, accounting for about 4 recirculation cycles per hour during
a 48-hour period. Samples were taken at different times during the experiment to assess the
temporal evolution of viral concentration in the solution. The potential inactivation effect of the
alumina tube itself was investigated in an experiment using an alumina tube with the same

dimensions and characteristics of the sintered tube, but with no iron loaded onto it. In order to
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rule out viral inactivation due to stresses generated during the recirculation process, another

run was performed with no tube in place.

V.2.5. Analytical methods

Two methodologies were applied to the determination of the concentration of P22 phage in the

samples: double agar layer method*® and quantitative polymerase chain reaction (qPCR).

For the double layer method, 3 mL of melted soft agar L was cooled to 45°C and
inoculated with 50 uL of concentrated suspension of Salmonella typhimurium DA1468 strain.
Secondly, 0.1 mL of the phage suspension was added and the entire mixture was poured over
the surface of a Petri dish with agar L. When needed, dilutions of the bacteriophage aliquots
were made based on estimations and previous results. Once the top agar layer had solidified,
the plate was incubated for 24 hours at 37°C. Finally, the plaques were counted, taking as valid

those displaying between 30 and 300 plaques per dish.

The qPCR method was performed extracting DNA from 200 pL of P22 suspensions using
the Pure Link Viral RNA/DNA Mini Kit (Invitrogen, Carlsbad, CA). The DNA was detected using a
GeneAmp 5700 Sequence Detection System (Applied Biosystems). The genomic sequence of the
primers and probe used is described in Table V.2.1% PCR mixtures (20 uL in total) contained 5 pL
of DNA sample, 12.5 L of 2X PCR master mix (TagMan Universal Master Mix Il, no UNG; Applied
Biosystems, Indianapolis, IN), 500 nM each of forward and reverse primers, and 150 nM of the
TagMan probe. Amplification was initiated using the hot start method at 95°C for 10 minutes;
40 cycles of 95°C for 15 seconds, and 60°C for 1 minute. The detection limit was calculated to be

10 bacteriophages per sample.

Table V.2: Primer and probe sequences for detection of P22.

Target Name Sequence
P22-2F CTT AAC AAG CTCTGA CTG CTCATC A
P22 P22-2R CCATCG CCT GTG ACT GGA T
P22-2P FAM-TCG CAA CGA TGC AGA ACG ACT CG-TAMRA
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V.2.6. DLVO modeling

DLVO theory, developed independently by Derjaguin and Landau (1941) and by Verwey and
Overbeek (1948), explains colloid stability as well as attachment between colloids and surfaces,

based on the van der Waals attraction and the electrical double layer repulsion.

When there is a particle in aqueous suspension that presents surface charge, as for
example due to ionization of surface chemical groups, a layer of counterions will develop to
balance the charge in the solution adjacent to the surface and an electrical double layer
surrounding the particle will appear. As two particles approach, the double layers overlap, giving

origin to interaction forces.

The electrical double layer interaction potential energy between two spheres can be

calculated by the following expression:!?8

128ma a,NeokT —
VepL = Whyze " (v.1)
- zey
y = Tanh pyes (v.2)

where Vep,: electrical double layer interaction potential energy (J), a: radius of virus (m), n..: bulk
number of ions (ions m3), k: Boltzmann constant (J K?), T: temperature (K), k: Debye-Hiickel
reciprocal length (m™), y: reduced surface potential, z: valence of symmetrical (z-z) electrolyte,
e: electron charge (C), ¢: electrical surface potential (V), h: separation between surfaces (m).

This equation is valid when h <<a and xh >5; in a symmetric electrolyte solution.

In aqueous solutions at 25°C, k can be calculated as:!

Kk = 2.32x10° /z C,z? (V.3)

where C;: ion concentration (mol dm).
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If there is a large difference between the particle sizes, the bigger one is perceived as an

infinite plate, and Eqg. V.1 reduces to:

128many kT
K2

VepL = Yivae *" (v.4)

The electrical surface potential (¢) is commonly approximated by the zeta potential

(potential at the shear plane) due to the impossibility to experimentally determine the first.

Attractive van der Waals interactions are the result of short-term magnetic forces that
form between identical or different particles that may have the same, different or no net charge,
due to transition dipoles, and depend on the geometry, properties of the particles and the

medium in which they interact.

For two identical interacting spheres, the potential can be calculated according to:**°

V. _ A131( 2a,a; 2a.a, n h2+2a,h+2a,h )
vaw — 6 \h2+2a,h+2a,h  h2+2a,h+2a,h+4a,a, h2+2a,h+2a,h+4a 0,

(V.5)

where Vygw: unretarded van der Waals interaction potential energy (J), A131: Hamaker constant

for two spheres of material 1 suspended in a medium 3 (J).

For a sphere-plate geometry:!%

_ A132 2 a h
Voaw = 6 (h Yz T In h+2a) (V.6)

where Ai3;: combined Hamaker constant for the sphere 1 and the plate 2 in a specific medium

3 (J).

DLVO theory considered the total potential energy of interaction as the sum of both

electrical double layer and van der Waals potentials:

Vrorar = Vepr + Voaw (V.7)
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Additional non-DLVO interacting forces (e.g., Born repulsion, hydration forces,
hydrophobic and/or steric forces, polymer bridging) may also exist but they can be assumed to
be negligible in many cases in comparison with electric double layer and van der Waals potential

energies.

The bacteriophage P22 was considered to have a perfect spherical geometry; the
interaction between two spheres was modeled with Egs. V.1, V.5, and V.7. The needed

parameters were calculated with Eqgs. V.2 and V.3.

The ceramic membrane was regarded as an infinite plate compared to the P22 and the
interaction between the plate and one sphere was calculated using Egs. V.4, V.6, and V.7, with

the aid of Egs. V.2 and V.3 to calculate the required parameters.

The Hamaker constants were calculated from data obtained in literature:¥ 290292 A, =

8.54x10%°J, Ay, = 1.59x10%° J, A3z = 3.70x102°J, A1z, = 2.06x10%°J, As3; = 9.98x107%* J.

V.3.  RESULTS AND DISCUSSION

V.3.1. Materials characterization

The ferroxane particles were sintered at 450°C, in order to convert to the nanoporous ceramic,
and characterized. XRD showed that the iron oxide was completely converted to hematite, a-
Fe,0s. BET specific surface area from nitrogen adsorption isotherms was determined to be 29.3
+ 1.5 m?/g. Pore size distribution calculated from the adsorption branch of isotherm yielded a

mean pore size of 62 nm and a standard deviation of the distribution of 40 nm.

P22 and ferroxane-derived iron oxide surface charge was measured as a function of pH
(Fig. V.2). The isoelectric point, represented by the pH at which the phages have no net surface
charge, was estimated from the data points where the electrophoretic mobility changes from
positive to negative. With an IEP of 3.4, the virus is expected to be negatively charged under the
conditions of environmentally relevant pHs, reaching a value of -27.9 mV at pH 7, and remaining
relatively stable for alkaline solutions. The ferroxane derived ceramic showed a point of zero
charge (PZC) of 6, in agreement with previously published values for hematite.?®® Consequently,
the bacteriophage will be subjected to attractive interaction forces at pHs below 6, while

attachment is expected to be hampered by electrostatic repulsion at higher pHs.

90



Virus removal by iron oxide membranes

Zeta potential (mV)

Fig. V.2: Zeta potential as a function of pH for P22 bacteriophage and nanostructured iron oxide

(ionic strength 15 mM Nacl, 20°C).

Virus size was measured by DLS and TEM. DLS analysis gave a hydrodynamic diameter

of 71 £ 0.8 nm, while analysis of TEM images suggested a size of 58 £ 9 nm.

V.3.2. Virus attachment

Viral concentration was determined by two methodologies: PFU and gPCR. The former was

applied to all samples, due to availability of the technique in our laboratory and relevancy.

PFU determinations only accounts for active or infective organisms, since it relies on the
quantification of the damage caused by the phage suspension to the host bacteria. However,
the technique suffers from the drawback of possible underestimating the real viral
concentration, if the microorganisms happen to be aggregated in the sample, and therefore, the

assumption that each plaque correspond to a single viral particle would not hold.*®

The gPCR measurements are sensitive to all P22 genetic material, and report on both
infective and inactivated viruses, which may lead to an overestimation of the infective capability
of the suspension but it is not affected by the physico-chemical properties of the media or the

aggregation state of the viral particles.?*
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In order to analyze the quality of the PFU determinations conducted in this work, a P22
suspension was analyzed under changing conditions of pH and ionic strength, given in all cases

by the NaCl, and the results from both methods compared.

Fig. V.3 shows measurements of P22 concentration by qPCR and PFU for pH values
between 4 and 7. For the full range of pHs investigated, P22 have a net negative surface charge
as evidenced by the zeta potential measurement (Fig. V.2). This surface potential would result
effective in preventing aggregation at all investigated pHs but pH 4, where the zeta potential
absolute value is only slightly over 5 mV. Virus quantification by PFU technique gave steady
results over a range of pHs of 5 to 7, and less than an order of magnitude lower for pH 4. This
difference may be due in part to some aggregation of the viral particles when repulsion forces
are weaker. The comparison with gPCR results showed excellent agreement for pH 7. At neutral
conditions, pH related inactivation is expected to be negligible; also, the highest absolute value
of zeta potential is observed at pH 7, and therefore, aggregation should be minimal, if any. Based
on these considerations and the experimental error associated with the data, we concluded that
the measurements for both techniques were equivalent. At lower pHs, a reduction in the
concentration determined by PFU compared to the gPCR obtained values is observed, especially
for pH 4, probably as a combination of two effects: partial aggregation as surface potential

become less negative, and the acidic conditions affecting the organism viability.20% 206
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Fig. V.3: Determination of viral concentration under different pHs; results by gPCR and by PFU.
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The effect of ionic strength on the quantification method was also investigated, and
plotted in Fig. V.4. Results showed good agreement between analytical methods, and no
appreciable difference can be observed between 0.1 mM and 1 M NaCl suspensions. Increasing
ionic strength is expected to induce aggregation as electric double layer compression results in
shorter-range repulsive forces and overall dominance of van der Waals attractive interaction,
but no significant virus aggregation can be inferred form the experimental results. Furthermore,
gPCR determinations were in all cases uniformly higher than PFUs, hinting to the presence of

some inactive viruses in all of the measured samples.
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Fig. V.4: Determination of viral concentration under different ionic strength levels; results by

gPCR and by PFU.

Overall, it can be concluded that both techniques can be applied to accurate
quantification of viral concentration in the present study with minor underestimations by PFU

method at lower pH levels.
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V.3.2.1.Attachment kinetics

Attachment kinetics experiments were conducted in order to investigate the time and evolution
of the attachment process as well as to determine the appropriate equilibration time to be used

in the isotherm determination.

Samples were analyzed by PFU and qPCR techniques. Given that some degree of
inactivation may occur when viruses are subjected to stirring or room temperature, two control
experiments were added to determine the relative contribution to the loss of viral activity due

to these factors.

Fig. V.5 presents the results from the kinetics experiments. Samples containing viruses
and iron oxide were obtained (E); SC data points correspond to the stirred viral suspension
without the addition of adsorbent and UC relates to the same sample composition without
stirring. In the first seven hours an average log removal of 1.4 was observed for the samples
containing the adsorbent, while no detectable reduction in viral concentration was observed for
the control experiments. The decrease in log reduction values (LRV) of viral concentration
continued, but inactivation in the control samples started at 24 hours, and therefore, the LRV

could not be attributed entirely to attachment to the iron oxide particles.

Fig. V.6 depicts the net amount of viruses expected to be adsorbed on the iron oxide,
calculated from the measured viral concentration and subtracting the effect of room

temperature and shear due to stirring on inactivation as determined by the control experiments.
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Fig. V.5: Logarithmic reduction value (LRV) of bacteriophage P22 concentration (Co=10” PFU/mL)
as a function of time in the presence of iron oxide (2 mg/ml), analyzed by gPCR and PFU
methods; E: virus and adsorbent; SC: stirred control samples without adsorbent, UC: unstirred

control samples without adsorbent.
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Fig. V.6: Adsorption kinetics of bacteriophage P22 concentration (Co=107 PFU/mL) on iron oxide
particles (2 pg/mL); inactivation due to environmental conditions was subtracted to obtain net

adsorption values.
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A rapid decrease in viral concentration is observed in the first seven hours, followed by
a marginal increase in removal up to the 48-hour time frame of the experiment. This may hint
to a two phase process, when a rapid removal is observed corresponding to the readily available
easier to reach surface sites for the iron oxide, and a second, much slower stage in which the
adsorbate diffuses into the internal structure of the iron oxide particles finding new sites. A
similar behavior has been observed for ionic species adsorbing to hanoporous materials2%”- 28
and in particular, for arsenite adsorption onto this same iron oxide particles.*® In fact, BJH pore
volume distribution from nitrogen adsorption isotherms showed that about one third of the
total pore volume of the iron oxide particles is given by pores larger than 65 nm, and 27% of
those are within the 54 - 120 nm range. Thus, this internal surface area is available at least in
part to the bacteriophage that given its size of approximately 70 nm, as measured in this work

195197 js able to diffuse into the nanostructure and adsorb

and in consistency with the literature,
into the pore walls. However, the process is expected to be much slower than for the ionic
species due to the limited diffusion and possible pore clogging by previous adsorbed particles,
and therefore, a very slow reduction in concentration is observed, rendering this stage not
suitable for engineering applications. We have therefore assumed that a pseudo-equilibrium

state is reached after 7-hour contact time and adopted this time for all subsequent experiments.

The results are similar or better than previously reported adsorbent materials for virus
removal. For example, with an initial viral concentration of 10’ PFU, Gutiérrez et al. reported
adsorption of MS2 on hematite nanoparticles to be less than 2 log removal units after 3-hour
contact time from simulated groundwater and similar adsorbent dose to the one used in this
work;® in another work, iron oxide magnetic nanoparticles achieved 0.36 log removal units in

60 minutes at 2 g/L concentration.?®®

V.3.2.2.Adsorption isotherm

Attachment experiments were carried out adding a determined mass of iron oxide ceramic
ranging from 0.010 g to 0.150 g to a sterile NaCl solution following by inoculation with 0.100 mL
of virus stock suspension of 10'° PFU/mL to reach a concentration of approximately 107 PFU/mL.
Experiments without iron oxide addition and unstirred were also implemented as controls to
quantify inactivation by mechanical shear and exposition at room temperature. Samples were

taken at the beginning and after 7 hours of contact time.
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The obtained attachment isotherm at 25°C is shown in Fig. V.7, at two different levels of

ionic strength, 15 mM and 100 mM NacCl.
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Fig. V.7: Adsorption isotherm for P22 bacteriophage on nanostructured iron oxide (electrolyte

concentration 15 mM and 100 mM Nacl, 25°C).

Viruses may be present in different waters: surface water, groundwater, seawater,
wastewaters, and they all present different levels of ionic strength. Moreover, being the
attachment of virus to iron oxide electrostatic in nature, ionic strength is expected to play a
fundamental role, making its investigation highly relevant. The data points showed the net loss
of virus activity due to attachment onto iron oxide, as the inactivation levels observed in the
controls have been subtracted to the reported values. The results showed increases of the
adsorbed concentration with increasing liquid equilibrium concentration for the range of
conditions tested. A plateau was not reached, although the slope showed a slight decrease for
the highest concentration point. The isotherms were fit to the linearized form of three model
isotherms: Langmuir, Freundlich, and Temkin and the corresponding coefficients of

determination (R?) calculated (Table V.3).
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Table V.3: Model fits for virus adsorption isotherms.

lonic Strength Langmuir | Temkin Freundlich
(mM NaCl) R? R? R? K¢ n
15 0.9776 0.9373 0.9974 144 0.724
"2 100 0.9355 0.9549 0.9415 39.0 1.02

The three proposed equations depict relatively well the experimental data, the
Freundlich isotherm showing the highest goodness of fit. Additionally, the absence of a plateau
in the curves that could be related to the surface sites saturation suggests the inappropriateness
of both Langmuir and Temkin equations, even though the data fit relatively well the first linear
portion of the corresponding isotherms. The Freundlich equation is often used to describe cation
adsorption data on iron oxides;?®® however this equation is purely empirical and provides no
information on the adsorption mechanism. The data analysis is useful for comparison purposes:
the ferroxane-derived ceramics showed higher adsorption when ionic strength, given by NaCl,
is increased from 15 mM to 100 mM; the increased affinity in the 100 mM case is also reflected

in a higher n value.

This dependence hints to an electrostatic interaction mechanism for virus attachment,
regulated by van der Waals and electrostatic repulsion forces, which can be altered by the

concentration of salts in the water matrix.

V.3.2.3.Filtration experiments

A virus suspension with similar concentration as tested for the batch experiments, was filtered

through ferroxane-coated alumina filters.

This breakthrough experiment as originally conceived did not yield a measurable
reduction in the viral load of the solution. This may be due to a low attachment efficiency of the
P22 under the conditions tested, that cause a significant number of particles to pass through the
ceramic filter without being retained; another reason for the poor performance may be related
to the relatively open pore structure of the ceramic support, that offers short cuts for the
particles to flow through the filter and drastically diminished the occurrence of collisions with
potential attachment sites. Consequently, a rearrangement of the supported filter setup was

carried out. A peristaltic pump was added to the circuit in order to recirculate the filtrate back
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to the feed burette. The speed was set in such a way that approximately 4 recirculation cycles

were performed every hour, increasing the residence time.

Results showed that viral attachment/inactivation is strongly dependent on the time

elapsed since the beginning of the experiment (Fig. V.8).
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Fig. V.8: LRV of P22 by recirculation of a feed solution through a ferroxane-coated alumina filter.

In the case of the ferroxane-loaded tube, the concentration of viable viral particles
dropped close to the detection limit at the end of the 48-hour test period. The alumina tube
seems to be effective as well in reducing the viable viral load of the solution, although less than
in the case of the iron-oxide loaded tube. In comparison, the experiments performed without
filter showed a much lesser degree of inactivation, within a range of values that can wholly or
partly be due to the expected measurement error, indicating that shear due to pumping is not

a significant contributor to virus inactivation.

V.3.3. DLVO theory analysis of virus attachment

Since electrostatic interactions are expected to dominate the virus attachment to metal oxide
surfaces, DLVO theory was applied to the analysis of the attachment data as well as the virus

stability and aggregation conditions.
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Bacteriophage P22 particles were modeled as spheres with a diameter of 71 nm, while

the adsorbent was modeled as a plate due to its larger dimension in comparison with the P22.

Fig. V.9 shows the interaction potential energy for two bacteriophage P22 particles in a

pH range of 3 to 7, and a background ionic strength of 15 mM NacCl.

v kT

Fig. V.9: DLVO predicted interaction potentials for two P22 bacteriophages. Detail on the right

shows secondary minimum present at pH 4.5 and 5.

At low values of pH (i.e. 3 and 4), van der Waals attraction energy completely overweighs
electrical double layer repulsion energy; and thus, a net attraction potential leading to
aggregation between the particles is expected. At pHs close to neutral, an energy barrier
develops such that aggregation may be effectively prevented. At intermediate pHs, illustrated
here by the pH 4.5 and 5 calculations, a low barrier in the total energy is present. A fraction of
the particles may overcome this barrier due to energy associated with Brownian motion and
aggregate in the primary minimum in a similar fashion as in the low pH conditions; additionally,
particles may aggregate in a secondary minimum that develops at these intermediate pH values
but these weaker structures are highly likely to release individual particles.® The comparison of
concentration measurements by PFU and gPCR techniques (Fig. V.3) showed equivalent
determinations at pH 7, and relatively lower values given by PFU for pH 4; 5; and 6, the former
showing the larger difference. In light of the DLVO calculations, we can explain the difference at
the two middle points by limited aggregation due to a moderate to low energy barrier; however,
the predicted instability at pH 4 does not agree with the measured results, that did not reveal a

significant difference between both techniques and therefore, not extensive aggregation can be
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concluded. The results suggested an underestimation of the repulsive forces by the DLVO theory

as applied in this study.

The interaction potentials between the iron oxide ceramic and the P22 particles were
analyzed based on DLVO calculations for pHs between 4 and 7 (Fig. V.10). The results showed a
strong dependence of attachment on pH. For pH values 4 through 6, a deep primary minimum
in the interaction energy is predicted, and strong attachment is expected. As pH gets closer to
the point of zero charge of the adsorbent, repulsive forces arise. A moderate energy barrier is
predicted at pH 6.5, while unfavorable conditions for deposition develop at pH 7. If virus
repulsive forces are underestimated as suggested by the discussion above, the applicability of

the method could be further limited to pHs below 6.5.

go WMo =—=pH=5>___
h (nm)

Fig. V.10: DLVO predicted interaction potentials for P22 bacteriophages and the iron oxide

membrane.

Divergence between DLVO predicted stability and experimental observations are
commonly attributed to non-DLVO interactions, e.g., Born repulsion, hydration forces,
hydrophobic and/or steric forces, polymer bridging. Of these, only hydration forces may be
postulated. Although their effect is anticipated to be comparable to double layer repulsion at
higher ionic strengths than those considered in this study,?’® they explained MS2 and ¢X174
attachment to clay particles.3! Another limitation to the application of the DLVO theory arises

from the fact that virus particles can be defined as soft particles, e.g., particles covered with ion-
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penetrable surface layer of polyelectrolytes, as opposed to hard particles where the surface is

clearly defined and no electrolyte ions can penetrate it.33

V.4. CONCLUSIONS

Iron oxide ceramic membranes were successfully applied for the removal of viruses from water.
Iron oxide coated alumina filters showed improved removal capacity compared to the stand-
alone material tested in batch mode, as inner pore sites, that otherwise would be considered
inaccessible due to long diffusion times, become operational. Additional improvement can be
achieved by the design of a support material with more uniform porosity, avoiding the possibility

of wide channels inside the pore structure that result in inefficiency in the attachment process.

The recirculation required in the filtration experiments constitutes a barrier for cost-
effective application of the technology in a water treatment plant scenario. Therefore, an
increase in the efficiency of the removal at each cycle is needed. This can be achieved by an
improved the support porosity, that enhances the contact between the solution and the iron

oxide-coated walls.

The mechanism of removal was observed to be electrostatic in nature. DLVO analysis of
the attachment predicted it to be effective up to a pH of 6.5. The filters are especially applicable
as a mobile drinking water treatment device, due to their low cost, ease of use and extra

capabilities of the membrane, such as the removal of organic contaminants or heavy metals.
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Chapter VI

STUDY OF INTERACTIONS IN ULTRAFILTRATION FOR VIRUS REMOVAL

Nomenclature

a: radius of virus particle (m)

Aj31: Hamaker constant of virus particle in water (J)

As32: combined Hamaker constant of virus particle and PES membrane in water (J)
Ce: salt concentration (mol m?3)

Cn: hydration constant (J)

C;: ion concentration (mol dm™)

e: electron charge (C)

h: separation between surfaces (m)

k: Boltzmann constant (J K?)

K: hydrophobic constant (J)

N-: bulk number of ions (ions m™)

Na: Avogadro number

T: temperature (K)

Vap: Lewis acid-base interaction potential energy (J)

Vg: Born interaction potential energy (J)

Veoi: electrical double layer interaction potential energy (J)
Vu: hydration interaction potential energy (J)

Vbwvo: DLVO interaction potential energy (J)

VroraL: total interaction potential energy (J)

Vyaw: unretarded van der Waals interaction potential energy (J)
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z: valence of symmetrical (z-z) electrolyte
z;: valence of ion j including sign of charge
®: reduced potential

C: zeta potential (V)

0: contact angle of surface (°)

k: Debye-Hiickel reciprocal length (m™)
Aap: decay (Debye) length of water (m)
os: collision parameter (m)

¢: electrical potential (V)

Dap (h-ho): Lewis acid-base free interaction potential energy between surfaces at contact (J m)

VI.1. INTRODUCTION

Access to safe water is a primary objective for public health policies worldwide. The reduction
and inactivation of viral pathogens in natural waters is therefore a major goal to achieve, due to
the intimate relationship between this kind of organisms and disease outbreaks.'’® Available
treatments based on bacteriological criteria are not always effective, since viruses are more

resistant and difficult to remove.10% 21!

Ultrafiltration membranes, with pore size between 1 and 100 nm,3* are increasingly used
in potabilization to remove viral particles and are considered a good barrier in the nanometer
scale.” The removal of virus particles is controlled by different mechanisms, such as electrostatic
repulsion, attachment, and size exclusion.3* 7273174 The outer surface of viruses and its charge
play a key role in interactions with other surfaces. Therefore, conditions under which viruses are
prepared, purified and conserved at laboratory scale should be taken into consideration prior to

assess this kind of interactions in ultrafiltration processes.?

Bacteriophages are viruses that infect bacteria. Some of them have similar structure,
composition, and size to human enteric viruses; thus, they are valuable as models or
surrogates.'® Bacteriophages PP7,1> 22,110 139 \S2 31,183, 212 gnd (pX174% have been used in
filtration, transport, adhesion, and adsorption experiments. In particular, PP7 was chosen for

this work because it can be a surrogate for poliovirus in water treatment processes, since both
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are icosahedral and have similar diameter (25 - 30 nm).'*> Besides, PP7 is non-infective to
humans, easy to enumerate and offers challenging conditions for membrane testing in virus

filtration due to its small size.

Virus-membrane interactions in an ultrafiltration process can be modeled in the light of
DLVO theory,®' which is often applied to predict colloidal stability.’® > Although the
widespread use of this theory, it makes assumptions (particles are dense, solid spheres with
homogenous surface) that sometimes lead to failure in explaining the interactions. Extended-
DLVO theory is subject of research to overcome these limitations, considering additional

interacting forces (Born repulsion, hydration forces, and Lewis acid-base forces among others).3!

In this work, we characterized bacteriophage PP7 and polyethersulfone membrane with
respect to size and surface charge, under a broad range of relevant conditions of pH and ionic
strength, and assessed the removal of bacteriophage at laboratory scale by ultrafiltration. The

mechanism and limitations were analyzed and discussed under DLVO and X-DLVO theories.

VI.2. MATERIALS AND METHODS

Bacteriophage PP7 (ATCC 15692-B2) belongs to Leviviridae family, Levivirus genus and infects
Pseudomonas aeruginosa. It is naked, has icosahedral capsid and consists of single-stranded
RNA. This coat protein has a molecular weight of 13,874 and contains 42% of hydrophobic

residues.’’

Reagent grade NaNOs; (J. T. Baker, Mexico), NaCl, MgCl,-6H,0, NaHCOs, CaCl-2H,0
(Anedra, Argentina) were employed. Solutions were prepared with Type | water (18 MQ.cm).
The nutrient broth (Britania, Argentina) was prepared mixing 8 g in 1 L of deionized water. The
soft nutrient agar for bacteriophage titration was prepared mixing 8 g of nutrient broth and 7.5
g of agar-agar technical for microbiology (Merck, Germany) in 1 L of deionized water. The
nutrient agar for Petri dishes was prepared mixing 8 g of nutrient broth, 8 g of NaCl and 15 g of
agar-agar technical for microbiology in 1 L of deionized water. Materials and reagents were
sterilized by autoclaving at 121°C for 20 minutes. A modified polyethersulfone (PES) flat sheet
ultrafiltration membrane was used (Pall Corp., USA), with MWCO 50 kDa as reported by the

manufacturer, and average pore size of 0.067 um determined by porosimetry.
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VI.2.1. Size and zeta potential measurements

First, the host bacteria Pseudomonas aeruginosa were incubated in nutrient broth for 24 hours
at 37°Con an orbital shaker at 120 rpm. PP7 was then inoculated and incubated under the same
conditions. Afterwards, the virus suspension was centrifuged at 1,000 xg for 15 minutes and the
supernatant filtered through a 0.22 um PVDF membrane (Millipore GVW P02500). This
suspension was dialyzed through a 100 kDa MWCO membrane (SpectraPor Biotech CE,
Spectrum Laboratories, USA) twice: first, against water, and second, against the appropriate
solution (fifteen in total: NaCl, NaNOs, NaHCOs, CaCl,, MgCl; of 1 mM, 10 mM, 100 mM ionic
strength) for 20 hours each. The final suspension was again filtered and kept at 4°C overnight

before measuring the zeta potential and hydrodynamic diameter.

The concentration of each bacteriophage suspension was determined after the last
filtration, with the double agar method. A plate containing only melted soft agar served as
negative control for bacteria. A plate only seeded with bacteria served as negative control for
bacteriophage. The plates were incubated at 37°C for 24 hours. The concentrations were

between 6x107 and 7x108 PFU/ml.

The hydrodynamic diameter and the zeta potential of the bacteriophage were measured
by DLS and laser Doppler micro electrophoresis respectively, using a Zetasizer Nano ZS (Malvern,

UK) at 25°C as described elsewhere.®

The membrane surface zeta potential was obtained using a zeta potential accessory and
a suspension of tracer particles in order to measure electro-osmosis near to the surface, from

which membrane zeta potential can be derived.'*

VI.2.2. Filtration experiments

The host bacteria in nutrient broth was inoculated with PP7 and incubated for 18 hours at 37°C.
Afterwards, the viral suspension was centrifuged at 1,000 xg for 15 minutes and the supernatant

filtered through a 0.22 um filter.

The experimental set up consisted of a membrane filtration unit, connected to a feed
tank through a peristaltic pump, a permeate tank on a scales, and control instruments (two
pressure gauges and a flowmeter); all components were sterilized prior to use and pH was

measured but not modified. Synthetic aqueous matrixes were prepared mixing: CaCl,.2H,0 (5.8
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g/L), MgCl2.6H,0 (5.9 g/L), Ca(NO3),.4H,0 (3 g/L), Mg(NO3).6H,0 (3 g/L), NaHCOs (8.94 g/L) in

deionized water.

The concentrations of the bacteriophage suspensions were determined by qPCR
(quantitative polymerase chain reaction) by taking samples of the inlet, permeate and retentate.

The bacteriophage concentration in the feed was kept between 1.7x10° and 1.1x10° PFU/ml.

VI1.2.3. DLVO

DLVO theory explains colloid stability and attachment between colloids themselves and
between colloids and surfaces, based on two predominant forces, electrical double layer

repulsion and van der Waals attraction.t>* 1>

The electrical double layer interaction potential energy between two spherical particles

can be calculated as:*

_ 2Ma1a;N6kT ;1 9 2 [2(13%@% 1+e % __2kh ]
VebL = g renes (P2 + d3) ¢%+¢§ln1_e_,€h+ln(1 e 2Kh) (VI1.1)

o ==L (V1.2)
kT

Kk = 2.32x10° /Z C; z} in aqueous solutions at 25°C (VI.3)

where Vepi: electrical double layer interaction potential energy (J), a: primary aggregate radius
of sphere (m), n: bulk number of ions (ions m3), k: Boltzmann constant (J K1), T: temperature
(K), x: Debye-Hiickel reciprocal length (m), ®: reduced potential, z: valence of symmetrical (z-
z) electrolyte, h: separation between surfaces (m), e: electron charge (C), ¢: electrical potential

(V), C;: ion concentration (mol dm3), z;: valence of ion j including sign of charge.

If there is a large difference between the particle sizes, the bigger one is perceived as an

infinite plate, and Eqg. VI.1 will reduce to:
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The electrical surface potential (¢) is commonly approximated by the zeta potential (£)

(potential at the shear plane) due to the impossibility to experimentally determine the first.

The attractive van der Waals interaction potential energy between two identical

spherical particles can be calculated as:?!

(VI.5)

A 2a? 2a? h?+4ah
Voaw = — - ( 2 + ;T 2 2)
6 h“+4ah h%+4ah+4a h4+4ah+4a

where V,qw: unretarded van der Waals interaction potential energy (J), Aiz:: Hamaker constant
for two spheres of material 1 suspended in a medium 3 (J). And for a sphere and an infinite

plate:!

_ _A132 a a h
Voaw = ==¢ (h te T h+2a) (v1.6)
where Ai3: combined Hamaker constant for the sphere 1 and the plate 2 in a medium 3 (J).

The DLVO interaction potential energy is the sum of electrical double layer and van der

Waals interactions:

Voivo = Vepr + Vvaw (VL.7)

Additional interacting forces (Born repulsion, hydration forces and Lewis acid-base

forces among others) may also exist, giving raise to extended-DLVO theory.

Born short-range repulsion is originated from the repulsion between electrons of
different atoms when their shells interpenetrate each other. For a sphere interacting with a

plate, Born repulsion energy can be obtained as:**’
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_ A1320'g [ 8a+h 6a—h]
Vs = S50 (2a+h)? T (V1.8)

where Vg: Born interaction potential energy (J), os: collision parameter (m).

Lewis acid-base interactions arise from migration of electrons between the surfaces,

adsorbed species, and the solvent; and can be calculated as follows for two spheres:3!

ho-h
_ a,az 2
Vap = 2m a+a, 48P 4B (n=noye 4B (V1.9)
_ K132
Qpp (h=ho) = — 2mhodng (V1.10)
logK = —3.5(Cos8, + Cosf,) — 18 (VI.11)

where Vag: Lewis acid-base interaction potential energy (J), Aas: decay (Debye) length of water
(m), ®as (n=ho): Lewis acid-base free interaction potential energy between surfaces at contact (J

m2), K: hydrophobic constant (J) 6;: contact angle of surface i (°). And for a sphere and a plate:3!

ho-h
Vug = ZT[ClAABq)AB (h=h0)€ A4 (VI.12)

Particles and surfaces that have superficial charges may be hydrated in a solution, and
this water will hinder the approximation of the mentioned surfaces. Then, the extra hydration
repulsion origins when particles need to eliminate the water to be in contact between them,

and diminishes exponentially with distance:*3?

h
Vy = maN,C,C,A%ze 4B (VI.13)

where Vu: hydration interaction potential energy (J), Na: Avogadro number, Cp: hydration

constant (J), Ce: salt concentration (mol m3).
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Therefore, the total interaction potential energy is obtained as the sum of:

Vrorar = Vepr + Voaw + Vg + Vap + Vy (VI1.14)

The bacteriophage PP7 was considered as a sphere due to its icosahedral shape3* and
the flat sheet membrane was regarded as an infinite plate. The Hamaker constants were: Ai; =
8.55x10%° J, Ay = 7.45x1072° J, Asz = 3.70x102° J, Asz1 = 1x10°%° J, Ass; = 8.06x102! J, which were

derived from literature. 200 202,213

Hydrated ions prevent separation between surfaces of less than 0.3 nm, thus, Born
repulsion forces were neglected.' 3! Lewis acid-base interaction was calculated according to Egs.
V1.9 and VI.12 and the needed parameters from Egs. VI.10 and VI.11. Hydration repulsion was
calculated from Eq. VI.13 using C, = 1.6x10"%° J and Aap = 0.6 nm**? regarding the bacteriophage

as a colloid with a protein capsid. Total interaction energies were calculated using Eq. VI.14.

VI.3. RESULTS AND DISCUSSION

VI.3.1. Bacteriophage size

No significant change in size was observed when varying salt or ionic strength. Average
hydrodynamic diameter of the bacteriophages ranged between 44 and 84 nm (Fig. VI.1), which

differs from the diameter of an isolate virus of around 27 nm reported in the literature.?'4

The hydrodynamic diameter is the diameter of a rigid hypothetical sphere whose
velocity of diffusion is the mean of the velocities of diffusion of its different spatial orientations.
Itis calculated from data of diffusion coefficients obtained by DLS. Macromolecules are not rigid
and spherical, but dynamic and they can interact with the solvent in which they are suspended.
Therefore, the calculated diameter indicates the apparent size taking into consideration
attraction and association with solvent molecules. In the light of filtration membrane processes,
the membrane cut-off accounts for the molecular weight but not for the tridimensional
structure of the molecule. This is particularly important for proteins, bacteria, and viruses, since

their apparent size may change as a result of the water matrix chemistry.
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Fig. VI.1: Hydrodynamic diameter of bacteriophage PP7.

The aggregation of viral particles is important when evaluating and comparing retention
efficiencies of different membranes so as to avoid overestimating removal. Perfectly disperse
viral particles represent the most challenging scenario.?'> However, this condition can only be
obtained in low ionic strength solutions; whereas in environmental waters many factors (such
as pH, ionic strength, and presence of colloids and organic matter) affect the ideal isolation state,

and aggregation occurs.?'% 217

VI.3.2. Bacteriophage and membrane zeta potentials

Zeta potential for both phage and membrane surface was measured at 1; 10; and 100 mM ionic
strength (Fig. V1.2 to Fig. VI.11). pH was varied between 5 and 8 in order to imitate pH of natural
waters? and its effect studied for the phage at all ionic strengths and at 10 mM for the

membrane.
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Fig. VI1.2: Zeta potential of bacteriophage and membrane at NaCl 10 mM ionic strength.
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Fig. VI1.3: Zeta potential of bacteriophage and membrane at NaNO; 10 mM ionic strength.

112



Study of interactions in ultrafiltration for virus removal

Zeta potential (mV)
N
(0]
T
-
-

# PES (NaHCO3 10 mM)  m PP7 (NaHCO3 10 mM)

Fig. VI.4: Zeta potential of bacteriophage and membrane at NaHCO3; 10 mM ionic strength.

s 4 5 6% ,,,,,,, pH 9

T i 77777777777777777777777777777777777777777777777777777 +
N PR S

T e e T T T

Zeta potential (mV)

30 e e e
B L T e h e TR TR

A0 L
¢ PES (CaCl2 10 mM)  mPP7 (CaCl2 10 mM)
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Fig. VI.11: Zeta potential of bacteriophage and membrane at MgCl, 1 mM and 100 mM ionic

strength.

Zeta potential of the bacteriophage PP7 was very negative. For each salt and ionic

strength level, there was no significant change over the considered pH range. This fact is in

agreement with previous modeling of the phage’s surface charge at NaCl 100 mM?” where this

stability was predicted for pH 6 and higher. Increasing ionic strength produced an increase in
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the zeta potential of the bacteriophage, as expected due to compression of the ionic double

layer.

For the flat membrane, the zeta potential showed negative values, with the exception

of NaNO3; 10 mM which was positive for the whole range of pH considered.

The membrane was less negatively charged than the virus for the case of NaCl and
NaNOs 1 and 10 mM, CacCl; 1; 10; and 100 mM, MgCl, 100 mM ionic strength, more negatively
charged for NaHCO; 1 mM and 10 mM ionic strength, and both had approximately the same
charge for NaCl, NaNOs, and NaHCOs 100 mM, MgCl, 1 and 10 mM ionic strength (Fig. VI1.12).
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Fig. VI.12: Zeta potential of bacteriophage and membrane at different ionic strengths.

VI.3.3. Filtration results

Ultrafiltration of bacteriophage PP7 was performed using a polyethersulfone membrane
(MWCO 50 kDa). Logarithmic removal values (LRV) varied between 1.50 and 2.83 and are

presented in Table VI.1. The least removal was obtained in the cases where Mg?* and Ca* were

117



Study of interactions in ultrafiltration for virus removal

dominant, an intermediate removal was obtained when NOs” was dominant, and the highest
removal was when Na* and HCOs™ were the dominant species together. To be consistent with
quantities of selected ions in natural waters, different high concentrations were employed for

different species.

Table VI.1: LRV for PP7 using polyethersulfone membrane.

lonic strength
LRV
Na* HCOs NOs Ca* Mg?*
high high
low low low 2.83
(1.23 mM) (1.23 mM)
high
low low low low 1.91
(0.48 mM)
high
low low low low 1.53
(2.50 mM)
high
low low low low 1.50
(1.24 mM)

The lowest LRVs were observed for the divalent cations, which have the largest hydrated
radiuses (Na*: 0.4 nm, Ca%: 0.6 nm, Mg?*: 0.8 nm).?*® The highest removal was obtained when
an indifferent ion such as Na* was present, suggesting its electrostatic nature. Besides,
adsorption or proximity of cations to the negatively charged membrane can act as bond with

the virus to the surface and could be the reason for the low existent removal.

VI.3.4. DLVO analysis

Attachment of viruses to surfaces is generally due to electrostatic interactions.?! The van der
Waals potential energies are equal at all conditions for two given surfaces, since they depend
on the geometry and on properties of the interacting macroscopic bodies and of the medium.
The electric double layer potential energies for two given surfaces change as function of the
solution ionic strength and the zeta potential of both bacteriophage and membrane. Lewis acid-
base and hydration repulsion energies were calculated and incorporated to the total interaction

potential energy, though they could be neglected if compared to DLVO interactions.
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VI1.3.4.1.

DLVO analysis of viral particle stability

Interaction potential energies were analyzed for the bacteriophages in different background

solutions (Fig. VI.13). An energy barrier preventing aggregation was predicted in all cases except

for the divalent cations at 100 mM ionic strength. This barrier was smaller with increasing ionic

strength.
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Fig. VI.13: Predicted interaction potential energies for two particles of bacteriophage at 1, 10

and 100 mM ionic strength.
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Experimentally we did not observe difference in size when varying ionic strength and

aggregates of only up to 84 nm were found (Fig. VI.1).

DLVO modeling was also performed for interactions under variable pH and all ionic
strengths. The total interactions did not show significant differences since the variations of zeta
potentials were very small. The analysis suggests that pH would not affect the stability of viral

aggregates, which was in agreement with experimental observations.

VI1.3.4.2. DLVO analysis of virus-membrane interactions

Interaction potential energies were analyzed for the bacteriophage and the membrane in
different background solutions (Fig. VI.14). Net attraction was predicted for NaNO; 10 mM
solution since the bacteriophage was negative and the membrane positive. Attraction forces
were also predicted for the highest ionic strength conditions (100 mM) for NaNOs, CaCl,, and
MgCl,. Low energy barriers were obtained (2 to 4 k T) for NaCl and NaHCO3; at 100 mM, not
expected to prevent attachment to the membrane. For all other background solutions (1 and 10

mM), energy barriers were obtained and electrostatic repulsion expected.

When both the virus and the membrane were negative, higher removal rates would be
expected due to electrostatic repulsion and therefore, viruses will not reach and attach to the
membrane surface, but remain in the retentate. The membrane average pore diameter of 67
nm makes size exclusion an important mechanism for removal in natural waters where viruses
are not usually present as individual particles but small aggregates.”® Additional mechanisms
such as electrostatic repulsion and adsorption are expected to play major roles both in natural

and synthetic solutions.
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Fig. VI.14: Predicted interaction potential energies for a particle of bacteriophage and PES

membrane at 1; 10; and 100 mM ionic strength.

The high ionic strength condition used in the laboratory scale ultrafiltration experiments

was very close to or barely exceeded 1 mM; therefore, DLVO modeling for 1 mM solutions was

applied to the interpretation the results (Fig. VI.15). The highest energy barriers corresponded

to NaHCOs and NaCl giving rise to repulsion which would enhance the effectiveness of filtration.

A slightly lower energy barrier was predicted for NaNOs and lesser values were obtained for

divalent cations. The presence of Ca?* and Mg* reduced the repulsion but in turn, prevented

attachment to the membrane due to the enhanced hydrated radiuses. Filtration removal rates

were expected to be reduced, as observed experimentally.
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Fig. VI.15: Predicted interaction potential energies for a particle of bacteriophage and PES

membrane at 1 mM ionic strength.

Theory predicted no significant changes when varying pH at 10 mM ionic strength. For
the case of NaNOs, attachment was predicted at all pH values but in all other cases energy

barriers prevailed, due to the small variation in zeta potentials with pH.

VI.4. CONCLUSIONS

Size of the bacteriophage did not vary considerably with ionic strength nor pH. Both the
bacteriophage and the membrane (except for NaNOs; 10 mM) were negatively charged; their

zeta potential increased with higher ionic strengths and did not substantially vary with pH.

The ultrafiltration experiments showed partial removal of PP7. This procedure to
disinfect waters proved to be efficient, but the process was affected by the aqueous matrix. The
presence of divalent cations diminished the effectiveness as opposed to monovalent cations and

species with amphoteric behavior such as bicarbonate.

DLVO and X-DLVO modeling was applied to predict PP7-PP7 and PP7-PES interactions.

In particular, the role of different electrolytes and the effect of pH were investigated. Modeling
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of interactions between two PP7 particles predicted stability for the whole range of studied
conditions, as it was confirmed by DLS measurements. For PP7-PES interactions, attraction was
predicted for NaNO; 10 mM due to opposite charges and for NaNOs, CaCl;, and MgCl; at the
highest ionic strength level. Low energy barriers were obtained for NaCl and NaHCO3 at 100 mM.

For 1 and 10 mM background solutions electrostatic repulsion was expected.

The removal increased in the following order: Mg?*, Ca**, NOs’, Na* with HCOs". The same
trend was observed for the height of the energy barriers predicted by DLVO modeling. These
results highlighted the importance of electrostatic interactions in virus-membrane filtration.
Changes in pH or ionic strength did not alter the modeling predictions regarding stability and

attachment; therefore, removal improvements are not expected.

Some limitations to the modeling arise from the fact that viruses are not perfect, rigid
spheres with homogeneous surface, but soft particles where the surface is not clearly defined
and electrolyte ions can penetrate it.1*3 Therefore, the electrical double layer is not limited to
the outside of the virus but it develops within the surface charge layer. Consequently, the zeta
potential importance and meaning might be questioned.®* 3> Moreover, commercial
polyethersulfone membranes are not smooth and homogenous in their surface as considered in

DLVO calculations.
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Chapter VII

SIMULATING PRESSURE RETARDED OSMOSIS IN THE NEGRO RIVER
MOUTH

Nomenclature

A: water permeability coefficient (m s kPa™)
Jw: water flux per unit of membrane area (m s?)
W: power density (W m2)

AP: hydrostatic pressure difference (kPa)

Am: osmotic pressure difference (kPa)

VII.1. INTRODUCTION

The great dependence on fossil fuels as energy source originated different research works on
alternative forms to generate energy due to economic and environmental factors as well as
resource availability. In particular, the close relationship between CO, emissions and global
warming is a key point to motivate the search and development of new green energy

technologies.

Pressure retarded osmosis (PRO) process is a promising technology that is under study
since the 1970’s. It is based on the possibility of obtaining electricity from two solutions of
different osmotic pressure which are separated by a semipermeable membrane.** One of the
solutions has high osmotic pressure due to its elevated salt content (draw solution), the other
one has low salt content, and therefore, low osmotic pressure (feed solution). Water will
permeate from the feed solution to the draw solution, which has been previously pressurized.
Afterwards, the draw solution can be depressurized through a hydroturbine to obtain
electricity.”* In this way, not only an alternative, renewable, and clean method for energy

generation is obtained, but also water of a certain quality to develop new pharmaceutical or
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food products. Environmentally, the process is of great relevance since there are no gaseous

emissions and it is more stable in terms of power generation than solar or wind energy.%

There is an intimate dependence between water and energy. For the production of

water, energy is required and in turn, natural waters can be employed for power generation.

The objective of this study was to investigate the application of PRO for energy
generation in Argentina. In order to achieve this objective, we simulated the process and
predicted the net power density taking into account natural water qualities and equipment

needed.

The selected place to simulate a PRO plant was the mouth of the Negro River (Rio Negro
Province, Argentina) in the Atlantic Ocean, due to its proximity to the city of Viedma and because
the hydrographic system is the most important in the Argentinian Patagonia and has the largest

flow in the country.

VIl.2. MATERIALS AND METHODS

The simulation software used was UniSim Design R390 with OLI Electrolyte fluid package for the
osmotic pressure calculation. PRO simulation included a membrane module (where the mass
transfer takes place), a high pressure pump (for the draw solution), a low pressure pump (for
the feed solution), a recycle pump (for part of the diluted draw solution after osmosis), a
pressure exchanger, and a hydroturbine. Fig. VII.1 shows the configuration and Fig. VII.2 the

UniSim simulation layout.

DSQ
Pressure
exchanger
Net
power
DDS DS Pump
Hydro " DDS P
v ; , turbine s ~ ES gu#]:)np

Of ~

Membrane module

Fig. VII.1: PRO plant configuration.
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Fig. VI1.2: Simulation layout.

Ideally, the best location for the system would be where a large salinity gradient is found
in a short geographical distance and is constant all year-round.®! Therefore, the feed solution is
usually a river that flows into the sea and this salty water constitutes the draw solution. The
difference in osmotic pressures is usually high enough, with standard salinity compositions of 0

219

for the river water and 3.5% w/w for the seawater;’’® giving an osmotic pressure of

approximately 29 bar for the last one.

The flux across the membrane was calculated using Eq. VII.1 and the power generated

in the membrane module was obtained from Eq. VII.2:7%7°

Jw = —A(AP — Am) (VIL1)

W =], AP (VI.2)

where J,,: water flux per unit of membrane area (m s), A: water permeability coefficient (m s
kPa?), AP: pressure difference (kPa), Ar: osmotic pressure difference (kPa), W: power density
per unit area of membrane (W m). The water permeability coefficient was obtained from

literature: 1.87x10° m s kPa.7*

River water is at ambient pressure. Seawater has to be pressurized because the
hydraulic pressure for the best power output is half the difference in osmotic pressures of both

solutions, as it can be seen as follows:
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W =], AP = —A(AP — Am)AP (vi.3)
;—WP = —A(2AP — Am) = 0 for obtaining maximum power (VI1.4)
Consequently, AP = AZ—” (VI11.5)

Thus, optimal pressure for the seawater is between 11 and 15 bar. This is equivalent to
100 - 145 m water head in a hydroelectric plant, enabling the generation of 1 MW per m3/s of

water 80, 91, 220

Mole flow balances were used to set composition, temperature and flows of the two
streams exiting the pressure exchanger. The pressure of the draw solution (DS) exiting the
pressure exchanger and going to the membrane module was 12 bar.” 7% 9! The pressure of the
diluted draw solution (DDS) going out of the pressure exchanger was equal to the pressure of

the DS entering the unit.

The reason for using the pumps depended on each specific stream. DS and FS pumps
allowed the fluids to move. DDS pump was necessary to compensate the pressure exchanger
efficiency: DDS needed to enter the unit at a higher pressure than the required at the exit of DS.
This fact implies that having a better efficiency in the pressure exchanger will reduce the pump’s

consumption of energy, generating an advantage in terms of produced net power.

The pressure exchanger may be an isobaric or a centrifugal device that transfers
pressure from a high- to a low-pressure flow. In particular, isobaric devices transfer pressure in
a rotor that is in a sleeve that, when filled with high-pressure water, creates an almost
frictionless hydrodynamic bearing. This technology is economically more accessible than high-
pressure pumps.??! In a PRO plant, this is vital to reduce costs since the high pressure of the DDS

is used to pressurize the inlet of the DS to the membrane module.

The pressure exchanger and the membrane module were not available among the
equipment in UniSim, so two spreadsheets were used to simulate them by introducing the

equations for mass balances.

In a first approximation, the pressure drop in the membrane module was considered to
be null, although some pressure loss is expected in real conditions.” The composition of the DDS

was calculated by mass balance.
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Hydraulic turbines are used to recover energy from high-pressure liquid flows. Gas
expansion is an isentropic process, which is not applicable to expansion of liquids, so the
expander module provided by the software cannot be employed because the resulting exit
temperature would be unrealistically low and the energy recovered too excessive. The hydraulic
turbine acts more like a reverse pump; thus, a pump with negative head was used instead. As
far as energy utilization, power recovered can be used to generate electricity, which

complements the electric requirements for other services.

The fact that power generated in the osmosis was actually obtained in the hydroturbine
was key to set the pressure at the exit of the hydroturbine. It was chosen to be the same as that
of the FS entering the membrane module. In this way, the decrease of pressure in the
hydroturbine was equal to the difference of pressures between the two flows feeding the

membrane module.

The temperature and concentrations were chosen upon hydrological and climate data

for the selected Negro River and the Atlantic Ocean respectively.

Flow measurements for the period 1997-2010 are presented in Fig. VII.3 and with
further detail in Appendix A.222 Monthly mean flows (average of daily registered values during a
month) are grouped by hydrologic year, which is defined as the 12-month period that comprises
a complete hydrologic cycle, beginning from the month when minimum values of the variable
are observed. Maximum and minimum daily mean flow correspond to the observed maximum
and minimum mean daily. Annual mean flow for a hydrologic year is the average of the monthly

mean flows.
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Fig. VII.3: Negro River flow measurements for the period 1997-2010.

To perform the simulation, the required variables to be defined correspond to fluid

currents and equipment performance, as indicated in Table VII.1. Changes in the amount of salts

both in river and seawater were considered, to establish the variability that can be accepted for

this technology.

Table VII.1: Defined variables for PRO simulation.

Current or equipment Variable Value Ref.
Pressure (bar) 0.02
Feed solution (FS) Temperature (°C) 10

Composition (% NaCl w/w)

0 to 0.20 for DS 3.50

Draw solution (DS)

Pressure (bar) 0.0121
Temperature (°C) 10
Flow (kg/day) Double of FS 223

Composition (% NaCl w/w)

3.35t03.50for FSO

219

Draw solution going to
pressure exchanger (DS to

PE)

Pressure (bar)

0.2

79
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Draw solution going out of

pressure exchanger (DS | Pressure (bar) 12 79,91
out PE)
Feed solution going to
membrane module (FS to | Pressure (bar) 0.07 &
M)
Diluted draw solution
going out of membrane | Composition (% NaCl w/w) Obtained by mass balance
module (DDS)
Diluted draw solution Equal to permeate
going to hydroturbine | Flow (kg/day) (responsible for power
(DDSto T) generation)
Increase of pressure (bar) DDS Pump: 0.63
Efficiency (pump efficiency
Pumps
multiplied by motor 0.90 x 0.88 =0.792 7
efficiency)
Pressure exchanger Efficiency 0.95 221
Permeate Jw = —A(AP — Am) (VI.1) | 7475
Membrane module A water permeability

coefficient (m s kPa™)

1.87x10°

74

Hydroturbine

Efficiency (turbine efficiency
multiplied by generator

efficiency)

0.92x0.98=0.90

79

The FS flux was also a defined variable. To determine the actual flow to use in the

simulation two different scenarios were considered. For the first case, the lowest minimum daily

mean flow (75 m3/s) was considered, in order to avoid variable water flows that would restrict

the analysis. For the second one, the average annual mean flow (847 m3/s) was considered, to

obtain more power and to be consistent with literature.??* In both cases, but more relevantly in

the second one, only 10% of these river flows were considered to enter the PRO plant, %2> due

to environmental reasons (the river flow after the extraction should not be considerable

modified) and economic reasons (such as the power required to move the pumps, the

installation equipment, and the turbine capacity). In both cases, the mass flow of the DS was set

to double that of the FS.22 According to the different fluxes employed, a total membrane area
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of 5.5x10° m? and 6x108 m? were respectively used in the first and in the second cases, as shown
in Table VII.2., and in agreement with previous predicted values for a targeted power output of

5 W/mZ'ZZO

Table VII.2: Defined FS flow and membrane area for PRO simulation.

Value
Current or equipment Variable
Casel Case 2
Feed solution (FS) Flow (kg/day) 6.48x108 7.32x10°
Membrane module Membrane area (m?) 5.5x10° 6x10°

The driving force in PRO is the difference in osmotic pressures between the FS and the
DS. Dissolved compounds determine the osmotic pressure, so NaCl concentration in the DS and

in the FS was varied to evaluate the operation range in terms of the driving force.

The output variables of interest were the power consumed by the pumps and the power
obtained from the hydroturbine. In this way, the net power production could be calculated as

the difference between them.

VII.3. RESULTS AND DISCUSSION

We investigated the feasibility of obtaining power considering different concentrations of both
draw and feed solutions. The most common scenario is to assume salt concentration in rivers to
be zero and in seawater to be 3.50% w/w, but these values can vary in real systems introducing

less efficiency in the process.

The power obtained from the turbine and the net power (subtracting the consumption
by the three pumps) were calculated for FS salt (NaCl) concentration varying between 0 and
0.20% w/w when DS concentration was fixed at 3.50% w/w. The same analysis was performed
for FS concentration fixed at 0% w/w and DS salt (NaCl) concentration varying between 3.35 and

3.50% w/w. The extended results are shown in Appendix A.

Osmotic power generated in the membrane module is transformed into extractable
power in the hydroturbine and the generator. The two values were not the same since a

combined efficiency of 0.90 was applied to the turbine and generator.
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As difference in osmotic pressure between FS and DS diminished, permeate flux and
consequently obtained power also diminished. Only positive net power results were taken as
valid, since the pumping power consumption cannot overcome the power obtained from the

hydroturbine.

For the values studied in this work, the variations in salinity of both flows and thus in
osmotic pressures resulted very short, taking into account the need to obtain power. As shown
in Fig. V1.4, FS salt concentration could be up to 0.15% w/w in case 1 and only up to 0.084% w/w
in case 2. The DS salt concentration should be greater than 3.36% w/w in case 1 and greater

than 3.42% w/w in case 2, as shown in Fig. VII.5.

1000 oo oo s
——Casel ——=Case?2

500

Net power (kW)
o

-500

-1000

FS concentration (% w/w)

Fig. VII.4: Net power obtained when varying FS concentration for the two scenarios analyzed.

Case 1: 10% of the lowest minimum daily flow. Case 2: 10% of the average annual mean flow.
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Fig. VII.5: Net power obtained when varying DS concentration for the two scenarios analyzed.

Case 1: 10% of the lowest minimum daily flow. Case 2: 10% of the average annual mean flow.

Net power for the maximum difference in osmotic pressures of DS and FS was 125.6 kW
in the first case and 764.7 kW in the second, corresponding to 0.22 and 0.13 W/m? of membrane
respectively. These values are too low and far from an economic implementation, which requires

improvements to reach at least the predicted 4 - 6 W/m? for commercial membranes 8 91226

VII.4. CONCLUSIONS

Simulating PRO process with UniSim is a useful tool to assess the feasibility of this technology.

Energy generation, under the current scenario and theoretical membrane efficiencies,
is possible for the Negro River case. Furthermore, improvements to the predicting capacities of
the model can be incorporated by a better description of the membrane process. Permeate
across the membrane was obtained with Eq. VII.1, but more complex models are available, that
take into account internal and external polarization as well as diffusion of salts in the opposite
direction to the water flow. Moreover, to avoid this drawback permeate data obtained in a pilot
plant can be utilized as it will be a more realistic representation of the process. In real conditions,
diffusion of salts and concentration polarization cause the osmotic pressure difference across
the membrane to be lower than the bulk osmotic pressure difference, and therefore, the

obtained water flux and power are lower than the calculated values.
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The efficiency of the hydroturbine was adopted from traditional values proposed in the
literature.” However, this important parameter can be modified, because it defined the

relationship between the obtained power in the hydroturbine and the power obtained thanks

to the osmosis.

Additionally, the development of new and better membranes for PRO may result in
significant improvements in the flux obtained and therefore, a decrease in the required

membrane area, affecting the economics of the process.
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Chapter Vil

CONCLUSIONS

VIIl.1. Main results

From the work described in the preceding chapters, the most important conclusions are listed

below.

Enhanced retention of bacteria by TiO, nanoparticles in saturated porous media

° Hydrophilic P25 TiO, was effectively retained by the saturated quartz sand due to a
combination of particle aggregation that clogged the pores and electrostatic attraction
that led to attachment. This attachment was highly increased by raising the ionic

strength of the matrix.

. Bacterial (Pseudomonas aeruginosa) retention in the saturated quartz porous bed was
very poor, since electrical repulsion originated unfavorable conditions for deposition.
However, when TiO, was present, the bacteria were completely retained. Many factors
can be mentioned as the cause of this behavior: heteroaggregation, straining, and

ripening effects.

° TiO; could be used for retaining bacteria in a well delimited subsurface area.

Virus removal by iron oxide ceramic membranes

. The mechanism that governs the removal of bacteriophages (P22) using ceramic
membranes was electrostatic in nature. DLVO analysis of the attachment was useful at

predicting it to be effective up to a pH of 6.5.

° Iron oxide ceramic membranes could be applied for the removal of viruses from water,

under well controlled chemistry of the medium.
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Study of interactions in ultrafiltration for virus removal

Ultrafiltration showed that partial removal of bacteriophages (PP7) was achieved, and
the process was affected by the aqueous matrix. The presence of divalent cations
reduced the effectiveness as opposed to monovalent cations and species with

amphoteric behavior such as bicarbonate.

DLVO and X-DLVO modeling proved to effectively predict PP7-PP7 and PP7-membrane
interactions energies; highlighting the relevance of electrostatic interactions in virus-

membrane ultrafiltration.

Ultrafiltration membranes can be used as a treatment to remove small viruses, with

special care of the salts and species dissolved in the aqueous matrix.

Simulating pressure retarded osmosis (PRO) in the Negro River mouth

Simulating PRO is useful as a first approach to the process.

Improvements to the model can be incorporated by a better description of the
membrane process and taking into account internal and external polarization as well as
diffusion of salts in the opposite direction to the water flow. Moreover, data and results

obtained at pilot plant scale would be more reliable.

Energy generation using PRO, under the current scenario and theoretical membrane

efficiencies, is possible but further refinement should be done.

VIIL.2. Future work

After having finished the experimental and research work, some complementary projects

derived from the present thesis can be performed in the near future, in order to reach a further

understanding of the addressed problems and to develop new and useful treatment methods

for better water quality.
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Conclusions

Transport and fate of viruses in saturated porous media and the effect of TiO;
nanoparticles needs to be further investigated, as the chemical, physical and biological behavior

of these much smaller microorganisms differs greatly from that of bacteria.

In ultrafiltration for virus removal, since the process is in part due to electrostatic nature,

membranes with surfaces specially modified can be evaluated and tested, to reach further LRV.

Performing the evaluation of pressure retarded osmosis process at laboratory scale
would be of great benefit, provided the necessary equipment and membrane materials are

available for the research.

These ideas can constitute new challenges for the quest of more conclusive answers as

well as different options concerning the increasing need of safe water and energy.
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Appendix A

FURTHER DATA USED IN THE PRO SIMULATION AND EXTENDED RESULTS

Table A.1: Flow measurements for the period 1997-2010.

Flow (m3/s)

Year Maximum daily mean Minimum daily mean Annual mean
1927-28 2,260 190 1,027
1928-29 2,890 225 767
1929-30 1,525 185 679
1930-31 3,235 150 1,292
1931-32 2,390 210 768
1932-33 3,355 195 1,161
1933-34 2,250 260 902
1934-35 2,255 205 1,039
1935-36 2,355 265 922
1936-37 2,020 275 1,001
1937-38 3,160 250 1,028
1938-39 2,300 300 948
1939-40 2,825 205 998
1940-41 3,255 200 1,161
1941-42 2,400 195 1,110
1942-43 1,680 150 692
1943-44 1,295 75 509
1944-45 2,585 75 1,159
1945-46 3,115 375 1,338
1946-47 1,530 210 668
1947-48 1,415 120 580
1948-49 1,940 110 827
1949-50 3,405 105 889
1950-51 2,445 105 1,113
1951-52 3,235 235 1,346
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Further data used in the PRO simulation and extended results

1952-53
1953-54
1954-55
1955-56
1956-57
1957-58
1958-59
1959-60
1960-61
1961-62
1962-63
1963-64
1964-65
1965-66
1966-67
1967-68
1968-69
1969-70
1970-71
1971-72
1972-73
1973-74
1974-75
1975-76
1976-77
1977-78
1978-79
1979-80
1980-81
1981-82
1982-83
1983-84
1984-85
1985-86

1,095
2,880
2,980
1,992
1,345
1,986
3,273
2,388
2,332
2,536
1,525
2,630
1,475
2,806
2,406
1,902
998
2,286
1,539
2,208
738
1,172
905
960
929
1,423
1,643
1,566
2,241
2,482
2,099
954
1,854
1,677
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160
145
170
215
95
90
136
162
187
130
97
104
249
230
310
200
152
117
145
225
204
274
345
389
352
280
410
266
387
337
413
430
435
348

554
1,193
900
708
614
781
997
1,158
837
986
450
911
680
1,226
1,038
786
457
1,005
792
892
335
598
592
622
631
799
933
899
1,100
897
1,129
639
1,068
720




Further data used in the PRO simulation and extended results

1986-87 1,706 382 858
1987-88 1,788 281 891
1988-89 1,133 338 580
1989-90 497 241 339
1990-91 875 296 408
1991-92 1,489 402 745
1992-93
1993-94 1,612 429 933
1994-95 1,810 462 1,008
1995-96 1,493 399 965
1996-97 1,558 351 650
1997-98 1,386 398 752
1998-99 1,467 226 564
1999-00 763 224 356
2000-01 1,420 366 667
2001-02 2,354 395 1,103
2002-03 1,715 512 1,057
2003-04 1,741 357 806
2004-05 1,524 417 768
2005-06
2006-07 2,364 418 1,183
2007-08 1,687 276 784
2008-09 928 240 483
2009-10 1,587 158 866
Mean 1,941 255 847
Maximum 3,405 512 1,346
Minimum 497 75 335

Data obtained from Secretaria de Obras Publicas. Subsecretaria de Recursos Hidricos.???
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Further data used in the PRO simulation and extended results

Table A.2: Obtained power and permeate when varying concentration of FS.

Case 1 (10% of the lowest minimum daily flow)

FS (kg/day) 6.48x10%

FS (% NaCl w/w) 0 0.05 0.10 0.15 0.20
DS (kg/day) 1.30x10°

DS (% NaCl w/w) 3.50

Permeate (kg/day) 1.39x108 1.36x108 1.32x108 1.29x108 1.25x108
DDS (kg/day) 1.44x10° | 1.43x10° | 1.43x10° | 1.42x10° | 1.42x10°
DDS (% NaCl w/w) 3.16 3.17 3.19 3.20 3.21
Am (kPa) 2,758 2,719 2,680 2,642 2,604
Osmotic power (kW) 1,877 1,830 1,785 1,740 1,695
Turbine power (kW) 1,689 1,647 1,606 1,566 1,525
Net power (kW) 125.6 83.94 43.03 2.416 -38.04

Case 2 (10% of the average annual mean flow)

FS (kg/day) 7.32x10°

FS (% NaCl w/w) 0 0.05 0.10 0.15 0.20
DS (kg/day) 1.46x10%

DS (% NaCl w/w) 3.50

Permeate (kg/day) 1.39x10% | 1.36x10%° | 1.32x108 | 1.29x10® | 1.25x10°
DDS (kg/day) 1.44x10° | 1.43x10° | 1.43x10° | 1.42x10° | 1.42x10°
DDS (% NaCl w/w) 3.16 3.17 3.19 3.20 3.21
Am (kPa) 2,758 2,719 2,680 2,642 2,604
Osmotic power (kW) 20,460 19,950 19,460 18,960 18,470
Turbine power (kW) 18,410 17,960 17,510 17,070 16,630
Net power (kW) 764.7 311.1 -134.8 -577.5 -1,018
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Further data used in the PRO simulation and extended results

Table A.3: Obtained power and permeate when varying concentration of DS.

Case 1 (10% of the lowest minimum daily flow)

FS (kg/day) 6.48x10%

FS (% NaCl w/w) 0

DS (kg/day) 1.30x10°

DS (% NaCl w/w) 3.50 3.45 3.40 3.35

Permeate (kg/day) 1.39x108 1.35x108 1.32x108 1.28x108

DDS (kg/day) 1.44x10° | 1.43x10° | 1.43x10° | 1.42x10°

DDS (% NaCl w/w) 3.16 3.12 3.09 3.05

Am (kPa) 2,758 2,715 2,673 2,632

Osmotic power (kW) 1,877 1,826 1,776 1,726

Turbine power (kW) 1,689 1,644 1,598 1,553

Net power (kW) 125.6 80.02 34.59 -10.73
Case 2 (10% of the average annual mean flow)

FS (kg/day) 7.32x10°

FS (% NaCl w/w) 0

DS (kg/day) 1.46x10%

DS (% NaCl w/w) 3.50 3.45 3.40 3.35

Permeate (kg/day) 1.39x108 1.35x108 1.32x108 1.28x108

DDS (kg/day) 1.44x10° | 1.43x10° | 1.43x10° | 1.42x10°

DDS (% NaCl w/w) 3.16 3.12 3.09 3.05

AT (kPa) 2,758 2,715 2,673 2,632

Osmotic power (kW) 20,460 19,910 19,360 18,810

Turbine power (kW) 18,410 17,920 17,420 16,930

Net power (kW) 764.7 268.3 -226.9 -721
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