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ABSTRACT

Novel disinfection system with recyclable magnetic nanoparticles and metal ions: evaluation

with bacteria, algae and virus

Qian Gao

Water pollution with pathogenic microorganisms is a serious threat to human health,
particularly in developing countries. Although traditional disinfection technologies, such as
the use of chlorine-containing substances, ozone and UV radiation, are effective to control
microorganism contamination in water sources, they present some disadvantages such as the
generation of disinfection byproducts or high energy consumption, which are major concerns
when considering their sustainable use. Thus, this dissertation proposes a novel disinfection
system employing metal ions as disinfectants, which can be recovered using magnetic
nanoparticles to reuse the disinfecting agents. Various microorganisms, including bacteria,
toxic cyanobacteria and waterborne virus are used for case studies to evaluate the efficacy of
this novel method, and the reusability of disinfectants and magnetic nanoparticles are
explored for long term application.

Chapter II presents a sustainable disinfection method with recyclable metal ions and
magnetic nanoparticles applied to E. coli K12. The disinfection ability of Ag®, Cu®" and Zn**

were evaluated. Ag"™ performed best to inactivate E. coli K12, compared to Cu®" and Zn?",
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with minimal effect of the general water characteristics except Cl". The concentration of
residual metal ions was maintained under a safe level, according to EPA guidelines, via
sorption by magnetic nanoparticles. Both the magnetic nanoparticles and metal ions can be
regenerated and reused with simple operating conditions and high recovery efficiency after 5
continuous cycles, indicating that this method is very promising for practical application.

Chapter III optimizes the disinfection method to address toxic cyanobacteria
contamination. A combination of metal ions, namely Ag" and Cu?*, was applied to the
disinfection of cyanobacteria. The disinfection effectiveness of the combination was more
effective compared to individual Ag* or Cu?’, especially at low concentration of disinfectants
and short contact time. In addition, the results in Chapter III demonstrate that the cyanotoxins
produced during disinfection and the residual metal ions can be removed effectively via
simultaneous sorption by recyclable magnetic nanoparticles.

Chapter IV explores the disinfection of waterborne viruses with magnetic nanoparticles
coated by various metal ions, including Ag”, Cu*" and Fe*". All three magnetic nanoparticles
with metal ions can inactivate above 99% of the target viruses within 0.5 hours, and the
magnetic nanoparticles with Cu?>* and Fe** are more suitable for large-scale application than
with Ag’, considering the price of metal ions. The recovery of the nanoparticles can be easily
achieved with external magnetic field, for their regeneration and recycling. The disinfection
efficiency remains above 99% after 5 continuous disinfection cycles.

This dissertation contributes to overcome some of the disadvantages of traditional
disinfection methods in a drinking water treatment plant, providing a novel approach that

recovers a large fraction of the disinfectants for reuse. It serves as a scientific reference for
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environmental engineers in drinking water treatment, by providing an innovative approach

for disinfection of water sources contaminated with a range of pathogens.
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1. Introduction

A. Background

The global water crisis is a growing issue in the 21 century due to several reasons, one
of which is the increasing pollution of freshwater resources. As a main source of
contamination, various microorganisms, including pathogenic bacteria, harmful algal blooms
and waterborne viruses, can reduce water quality and spread disease through water, which is
a major concern for public health 2. According to the data from the Centers for Disease
Control and Prevention (CDC), 119 outbreaks of waterborne pathogens in untreated
recreational water were reported from 31 states voluntarily during 2009-2019, with 22%
related to Shiga toxin-producing Escherichia coli and 19% due to norovirus 3, both of which
are associated with severe bloody diarrhea % . Different from the outbreak of waterborne
pathogens, harmful algal blooms reduce water quality by depleting the oxygen level in
natural water ® and releasing toxins and secondary metabolites 7. Specifically, the
cyanotoxins produced by some cyanobacteria will lead to vomiting, acute liver failure,
respiratory irritation or even death when humans are exposed to them, even at very low
concentrations in water ®. Thus, disinfection, the process that reduces the levels of harmful
microorganisms through physical or chemical inactivation, is an important component of a
drinking water treatment plant.

Disinfection methods have been explored, studied, and developed ever since ancient
times. Traditional disinfection methods of water include the use of chlorine-containing
substances, ozone and ultraviolet radiation (UV) radiation, which have wide applications for

different purposes in water treatment. Chlorine-containing substances are common



disinfectants due to the strong oxidative power of chlorine. Common forms used as
disinfectants include gaseous chlorine (Clz), hypochlorite (ClO") and chlorine dioxide (Cl1O,).
The main mechanism of disinfection with chlorine is to depolymerize cell walls, penetrate
cell membrane °, destroy enzyme systems through oxidation or to interrupt the synthesis of
metabolism related proteins '°, thus inhibiting their development and reproduction. Chlorine-
containing substances are widely used disinfectants in drinking water treatment plants, due to
their simple production and storage, easily achieved disinfecting conditions and residual
effect !'. However, several factors need to be considered for operation, one of which is the
natural organic content in water. Many common natural organic compounds, such as humic
acids, can react with chlorine in water to form harmful byproducts including trihalomethanes
(THMs), haloacetic acids (HAAs), chlorophenols, chloral hydrate and haloacetonitriles
(HANSs) 2, and the effects of these byproducts on human health have been studied '*. For
example, recent epidemiological studies have shown that long-term exposure to THMs via
oral ingestion, dermal contact and inhalation is associated with development of bladder and
colon cancers ', Toxicological evidence has also revealed that chloroform and
bromodichloromethane are possibly carcinogenic to humans !°. In addition, the control of pH
in a disinfection system is very important, since pH determines the speciation of chlorine-
containing disinfectants and an inappropriate pH can greatly reduce the effectiveness of
disinfection '°. Some chlorine-containing disinfectants such as ClO> are quite unstable and
must be produced on-site for direct use. Thus, correct design and operation of a chlorine-
containing disinfection system is important, and the production of disinfection by-products

must be monitored constantly 2.



The use of ozone as disinfectant is another conventional disinfection method. As a strong
oxidant, ozone can react with various components of cell walls and cause damage to cell
surfaces !”. Thus, ozone has a great potential to be used as disinfectant. Advantages of ozone
as disinfectant include short contact time (approximately 10 to 30 minutes) and elevation of

t '®. However, there are several

dissolved oxygen (DO) concentration in the effluen
disadvantages that prevent ozonation from being a prevalent disinfection approach. Firstly,
ozone is quite reactive, corrosive and unstable. Thus, it requires corrosion-resistant materials
such as stainless steel for storage '%, and needs to be generated in-situ during disinfection. An
ozone generator consists of feed gas preparation, electrical power supply, high voltage and
ground electrodes with dielectric material forming the discharge gap, and cooling system to
remove heat generated ''. The high energy use of an ozone generator is a major concern.
Secondly, the ozonation system, which consists of an ozone generator, contactor, destruction
unit, instrumentation and controls '!, is complex and requires significant operator training
and safety considerations '°. Thirdly, both organic and inorganic disinfection by-products
may be produced during ozonation 2°. By-products resulting from ozonation of wastewater
include aldehydes (e.g. formaldehyde, acetaldehyde, glyoxal, methyl glyoxal), acids (e.g.
acetic acids, formic acid, oxalic acid and succinic acid), aldo- and ketoacids (such as pyruvic
acid), brominated byproducts (e.g. bromate ion, bromoform, brominated acetic acids,
brominated acetonitriles, cyanogen bromide) and other byproducts (such as hydrogen
peroxide) 2!. These by-products may lead to additional contamination to the environment and
present health risks. For example, bromoform may be produced when the bromide ions in
water are oxidized by ozone, and it is related to cancer, liver, kidney and reproductive effects

to humans 2.



UV is a physical disinfection process. Since no chemicals are added during disinfection,
UV has the advantage of no toxic residuals that may threaten human health and the
environment. UV can destroy nucleic acid in microorganisms to achieve disinfection 2°. As
UV radiation needs to pass through the cell wall of microorganism to damage the nucleic
acid, the composition and thickness of cell well are two factors that determine the
effectiveness of disinfection 2. Other factors, such as lamp intensity, time of exposure and
characteristics of water (color and turbidity) will influence the effectiveness as well !,
Although UV disinfection has the advantages of short contact time, wide range of target
microorganisms, and simpler controls than ozonation, some limitations of this disinfection
approach cannot be ignored 2**. The main considerations focus on high energy demand, and
operation and maintenance of the disinfection system. To solve these problems, some
advanced disinfection methods tend to combine UV radiation with other chemicals, to
improve the efficiency, and reduce the energy demand at the same time. For example, in
many cases, UV is combined with ozone or hydrogen peroxide to increase the effectiveness
26, or with peracetic acid (PAA) 27, albeit at a higher operating requirement. Precise operating
conditions (for example, dosage of chemicals and radiation, and current density of electricity)
are required during disinfection, and these conditions need to be adjusted carefully for each
water source, considering seasonal variance in source water composition.

Membrane filtration, including microfiltration, ultrafiltration, nanofiltration and reverse
osmosis (RO), is another typical treatment for water purification, which allows the separation
of ions, molecules, and particles from drinking water through a physical barrier ''. The main
differences between microfiltration, ultrafiltration, nanofiltration and reverse osmosis are the

pore sizes of the membranes and the pressure gradient across the membrane. Generally, a



membrane with smaller pores (e.g., reverse osmosis) requires higher pressure for separation
than one with larger pores (e.g., microfiltration). Since both the suspended solids and
biological species can be removed efficiently from water with less sludge generated and
minimized disinfectants demanded compared to other conventional disinfection methods ',
this process can achieve a higher level of disinfection albeit it doesn’t serve as the main
disinfection step. However, the efficiency of the membranes depends on the water quality,
the load of solids and membrane fouling during treatment !!. Membrane biofouling is a
prominent problem for these systems, as it will not only deteriorate the permeate quality of
the membrane, but also increase the operational energy and chemical additions to minimize
this issue 2®. Thus, membrane filtration is usually combined with other disinfection treatment
(e.g., final chlorination) to make sure the number of target microorganisms are maintained
below a certain level, and to prevent them from regrowth during the distribution of the
treated water.

To overcome the disadvantages of traditional disinfection methods, a number of studies
on improving disinfection systems with nanoparticles have been conducted, including the use
of titanium dioxide (Ti02), magnesium oxide (MgO), zinc oxide (ZnO) and nanosilver
(nAg). TiO» is the most widely used metal oxide nanoparticle for pathogen inactivation in

water. The mechanism of disinfection with TiO; nanoparticles is based on the formation of

reactive oxygen species (ROS) such as hydroxyl radical (OH - ), superoxide radical (O2 - ),

and hydrogen peroxide (H>02), generated by TiO photocatalytic reactions %, which will not
only puncture the cell wall, destroy cell membranes, damage or even breakdown DNA of
microorganisms, but also interfere with metabolic activities, such as oxidizing important

protein structures or hampering electron transfer . Several studies using pristine and



functionalized TiO> nanoparticles (TiO2 NPs) for inactivating bacteria (such as E. coli, S.
Aureus, P. Aeuroginosa and L.monocytogens) have shown that the disinfection process can
be achieved with high efficiency in a short contact time 3!**. Apart from metal oxide
nanoparticles, silver nanoparticles (Ag NPs) have generated considerable interest as

disinfectants during recent years >3’

, mainly due to the antimicrobial properties of silver.
Recent studies on the application of Ag NPs in disinfection focus on the combination of Ag
NPs and polymers to fully develop the disinfection potential of Ag NPs. Ag NPs have been
applied in a gravity-driven membrane for disinfection **, and have also been deposited on
polypropylene filters that completely remove pathogens from drinking water 3%, Other
novel Ag NP-based membranes have been developed, such as silver nanowire-
polyacrylonitrile/thermoplastic polyurethane (AgNW-PAN/TPU) composite membrane *!
and silver/reduced graphene oxide hydrogel ** for point-of-use drinking water disinfection.
Despite the great potential of nanoparticles as novel disinfectants, several concerns need to
be addressed before practical application. Firstly, the separation of nanoparticles from water
after disinfection is needed, to reduce the environmental impact on the ecosystem. However,
due to their small (nanoscale) size and high surface area over volume ratio, nanoparticles
cannot be efficiently separated from water by classic water treatment such as filtration +*.
Thus, additional technologies may be needed to deal with the nanoparticles after disinfection,
which may require extra energy and cost. Secondly, free metal ions may be released from the
nanoparticles during disinfection. The loss of dissolved metal ions will weaken the
disinfection ability of nanoparticles and make them not suitable for sustainable use. Besides,

the released metal ions may threaten ecological health if the concentration is not kept at a low

enough level before the treated water eventually reaches the natural environment.



Considering the issues related to microbial contamination of water sources, as well as the
disadvantages of current disinfection processes, this dissertation proposes a more sustainable
disinfection method with recyclable metal ions and magnetic nanoparticles, to achieve high
disinfection efficiency with easier operating conditions and reduced environmental effects
compared to other nanoparticle-based approaches. In this system, contaminated water
containing the target microorganisms is mixed with various metal ions as disinfectants for
sufficient time to achieve the required disinfection level. After disinfection, treated water is
filtered to separate the dead cells, and the residual metal ions are captured and removed by
magnetic nanoparticles via sorption. Magnetic nanoparticles with adsorbed metal ions can be
easily removed from the water with an external magnet, which effectively reduces the
environmental effect caused by the free metal ions in the water. Later, the magnetic
nanoparticles and metal ions are regenerated under proper conditions, and the key materials
are reused for several cycles.

Compared to traditional disinfection methods, this novel system has several advantages
which make it suitable for practical application in drinking water treatment plants. Firstly,
there is no need to generate the metal ions disinfectants on site for direct use during
disinfection, thus no extra generator for disinfectants is needed and the disinfection system
can be simplified compared to the use of unstable chlorine-containing disinfectants or ozone.
Secondly, free metal ions remaining after disinfection can be maintained at a low level by
recovering them with the magnetic nanoparticle, which will not only reduce their
environmental effects, but also serve as residual disinfectants to prevent the regrowth of
microorganisms during distribution **. Thus, the proposed approach may be a better choice

than membrane filtration which requires further steps for residual disinfection. Lastly, the



key materials for the system can be easily regenerated for recyclable use, which is an
important breakthrough compared to the use of other nanoparticles as disinfectants.
However, a more in-depth life-cycle assessment should be conducted, following the proof-of-

concept studies presented in this dissertation.

B. Objectives and significance

The main objective of this dissertation is to develop a novel and sustainable disinfection
method, using metal ions and recyclable magnetic nanoparticles, which overcomes the
disadvantages of traditional technologies such as the production of disinfection byproducts,
environmental effects caused by residual disinfectants and high operation cost or energy
consumption. To achieve this objective, the following chapters address these research
questions: (1) What effective metal ions can be used as disinfectants for the target
microorganisms, and what are the factors that determine disinfection effectiveness? (2) How
to reduce the environmental effect caused by residual metal ions after disinfection? (3) How
to recover and regenerate key materials, and what is the recovery efficiency after long term
application?

Throughout the dissertation, the feasibility of this novel disinfection method was
demonstrated, with case studies covering bacteria, toxic cyanobacteria, and waterborne
viruses, and the method was optimized according to different target microorganisms with the
disinfection effectiveness evaluated under a wide range of environmental conditions. The
reusability of key materials in the disinfection method was explored as well, to achieve more
sustainable use for practical application in the future.

This dissertation contributes to overcome the disadvantages of traditional disinfection

methods by proposing a novel disinfection system that is easy to operate, capable to achieve



high disinfection efficiency and suitable for recyclable use. Specifically, Chapter II addresses
the issue related to the residual metal ions after disinfection through the efficient adsorption
with magnetic nanoparticles and achieves the sustainable use of key materials under proper
regenerating conditions. Chapter III broadens the range of target microorganisms of this
disinfection method and improves the method correspondingly, lowering the time and
concentration of disinfectants needed for the system. The simultaneous removal of residual
metal ions and cyanotoxins after disinfection makes this method suitable for a complicated
environment including toxins released by microorganisms. Chapter IV further shortens the
time needed to disinfection by adsorbing the metal ions onto magnetic nanoparticles,
eliminating the use of free metal ions and the need for a metal ion recovery step. Compared
to other nanoparticles that have been considered as disinfectants which release metal ions and
lose their disinfection ability gradually, the adsorbed metal ions on magnetic nanoparticles
will remain stable during the continuous disinfection process, making them suitable for long
term application. The evaluation with waterborne viruses, as well as the studies with bacteria
and cyanobacteria, support the finding that this novel disinfection system is suitable for
various target microorganisms and may be suitable for practical application in drinking water

treatment plants in the future.



I1. Redesigning water disinfection using recyclable nanomaterials and
metal ions: evaluation with Escherichia coli

Material from:
Gao, Q. and Keller, A.A.. Redesigning water disinfection using recyclable nanomaterials

and metal ions: evaluation with Escherichia coli. ACS ES&T Water 1, 185-194 (2021).

Abstract We present a novel disinfection method that redesigns the conventional approach,
by recycling the disinfectant. This can lead to lower energy requirements and minimize
environmental impacts. In this study, metal ions were mixed with target microorganisms in
water for disinfection, followed by the sorption of metal ions with magnetic nanoparticles for
reuse. As a proof of concept, the disinfection effectiveness of various metal ions (e.g. Ag”,
Cu?* and Zn*") on a target microorganism, E. coli K12, were compared. Only Ag* exhibited a
bactericidal effect on E. coli K12, while Cu*" and Zn?" just reduced the growth rate.
Disinfection efficiency of Ag" remained stable within a range of environmental conditions
(pH, temperature, water hardness, nutrient content and initial cell concentration) indicating
that Ag" speciation and effectiveness is not modified. The initial ratio of Ag" per cell is a
major factor that will determine disinfection effectiveness. Sorption of Ag”™ by one type of
magnetic nanomaterial (Mag-Ligand) was studied to explore the removal of Ag" after
disinfection. Mag-Ligand can effectively reduce the concentration of Ag" from 100 mg/L to
nearly 100 ng/L in one cycle, and below 10 pg/L in three recovery cycles. Changes in
environmental conditions (pH, concentration of Cl", water hardness and addition of E. coli

K12) were studied to determine how these changes will affect the sorption process. Results
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showed that sorption capacity will be influenced when the concentration of free Ag" is
reduced (e.g. when CI” concentration is elevated), or when there are competitive metal ions in
the aqueous environment (i.e. water hardness). Sorption efficiency remained stable when the
speciation of Ag" was not influenced (e.g. pH and addition of E. coli K12). The regeneration
of Ag" was studied to evaluate the reuse of disinfectant. We demonstrate that Ag" can be
recovered after sorption in an acidic environment, and the recovery remains above 80% after
5 continuous cycles, indicating that this disinfection method may be sustainable for practical

use.

A. Introduction

Waterborne pathogens are one of the major sources of microbial contamination in water.
The US Environmental Protection Agency (EPA) has determined that over 500 waterborne
pathogens can increase human health risk by spreading diseases in drinking water.! Among
various waterborne pathogens, Escherichia coli (E. coli) is a ubiquitous and widely studied
bacterium. E. coli is a rod-shaped, Gram-negative bacterium which is commonly found in the
lower intestine of warm-blooded organisms *°. As one of the most common microbial
contaminants in natural waters, E. coli is usually used as an indicator organism to evaluate
the effectiveness of water disinfection “¢*7. Although most strains of E. coli are harmless,
there are some pathogenic strains that can cause severe diseases (such as diarrhea) and are a
major concern in public health *4°, For example, an outbreak of diarrheagenic E. coli
occurred on June 8, 2015, when a group of middle school students from Korea developed
diarrhea and vomiting after attending a school camp. Further microbiological analysis of
patient stools and environmental water samples indicated that the contamination of water

bodies by enterohemorrhagic E. coli, enteropathogenic E. coli and enteroaggregative E. coli
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were responsible for this outbreak °'. Another outbreak of pathogenic E. coli happened in
Japan in April and May 2011, when 181 patients suffered from serious food-poisoning
because of the enterohemorrhagic E. coli strains O111:H8 and O157:H7 from raw beef
dishes . Since the outbreak of pathogenic E. coli may lead to severe bloody diarrhea and
haemolytic uraemic syndrome (HUS)*, it is essential to develop efficient disinfection
approaches, to improve water quality and protect human health.

Disinfection methods have been explored, studied, and developed ever since ancient
times. Several important factors need to be considered when choosing disinfection treatment,
including water characteristics, final effluent quality, disinfectant agent toxicity, disinfection
byproducts formation, local characteristics and energy and other costs '!. Based on these
needs, many disinfection technologies have been explored and developed for different
environmental purposes. Traditional disinfection technologies include chlorination,
ozonation and ultraviolet (UV) radiation. While traditional disinfection processes have
demonstrated very good performance, the disadvantages of these conventional methods
cannot be ignored. For example, chlorine may react with natural organic matter (NOM) in the
source water and produce disinfection byproducts (DBPs) during the disinfection process >,
and some DBPs have proven to be toxic and will threaten human health 3. To overcome the

18-19

issues related to production of DBPs %, high energy cost >, frequent maintenance and

other aspects 2+

, a number of novel disinfection methods have been explored in recent
years, among which the application of nanotechnology in disinfection has generated
considerable interest. In some studies, nanomaterials are embedded in water treatment

membranes for disinfection and purification 3% #!#2. However, since the technology relies on

the release of metal ions, which are left in the treated water, these nanotechnologies have a
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relatively short life and must be replaced frequently. The metal ion is completely lost,
remains in the treated water, passes through the human body and eventually is discharged to
the environment, with a single use. Dissolution and leakage of the nanomaterials does not
only reduce the disinfection efficiency of the filters and membranes for future use, but also
threatens ecological health when these waters eventually reach the environment °.
Separation of nanoparticles from water after disinfection is another challenge, due to their
nano-scale, and cannot be efficiently separated from water by classic water treatment **. In
addition, the cost of synthesizing these nanocomposite filters and membranes is a major
concern for practical applications !!.

Given the issues related to microbial contamination of water sources, the need to meet
more stringent requirements, as well as the disadvantages of current disinfection processes,
we propose a radically different and sustainable disinfection method, using metal ions as the
disinfectant, to be recovered through sorption after disinfection by magnetic nanoparticles
coated with chelating agents, and recovered under proper conditions for reuse. The objectives
of this study were to: (1) investigate the disinfection effects with metal ions on target
microorganisms, and evaluate the influence of different environmental conditions (e.g. pH,
temperature, water hardness); (2) study the sorption of metal ions with magnetic
nanoparticles, and the influence of different environmental conditions on this process; and
(3) explore the conditions needed to recover the metal ions from the magnetic nanoparticles

for reuse.
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B. Materials and Methods

1. Materials

Escherichia coli K-12 Strain (E. coli K12) was purchased from Carolina Biological
Supply (USA) and was used as a target microorganism in this study. Tryptic soy broth (TSB)
and tryptic soy agar, silver nitrate, copper sulfate, zinc chloride, nitric acid, sulfuric acid,
sodium hydroxide, sodium chloride, and calcium carbonate were purchased from Fisher
Scientific (USA). The recipe of TSB is shown in Table S1 (Supporting Information). Sodium
dihydrogen phosphate was purchased from Acros Organics (Geel, Belgium). Mag-Ligand
was synthesized using the method developed in our previous study®’, and the maghemite
(iron (IIT) oxide) nanoparticles (30 nm in diameter) used for synthesis were purchased from
Alfa Aesar (USA). In brief, the maghemite nanoparticles were dispersed in toluene and
coated with amino groups by mixing with (3-aminopropyl) triethoxysilane and refluxed in a
water bath (90 °C) for 2 h. After cooling down to room temperature,
ethylenediaminetetraacetic acid (EDTA) and pyridine were added to the solution to make the
maghemite nanoparticles functionalized with EDTA. The pH of the solution was adjusted,
and the synthesized magnetic nanoparticles were rinsed and dried under room temperature.
All chemicals were used as received without further purification. All solutions were prepared
with deionized water (18 MQ-cm) from a Barnstead NANOpure Diamond Water Purification

System (USA).

2. Disinfection of E. coli K12 with Ag", Cu** and Zn**

Stock culture of E. coli K12 was prepared by inoculating the E. coli K12 strains in 50 mL

of TSB medium and growing them at room temperature (20 °C) with constant shaking (200
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rpm) overnight. 2 mL of stock culture were transferred into 50 mL of fresh TSB medium and
inoculated for 1 h before disinfection, to make sure the growth of E. coli K12 was within the
exponential phase. After inoculating, the culture was centrifuged at 5000 rpm for 10 min, and
the supernatant was disposed. The pellet was then washed with TSB medium for 2-3 times
and then re-dispersed and diluted with fresh TSB medium until the optical density at 600 nm
(ODeoo) of the diluted sample reached 0.05. The ODeoo of bacterial samples were determined
by a UV-1800 UV-Vis Spectrophotometer (Shimadzu Scientific Instruments Inc).

The disinfection of E. coli K12 was performed in 24-well tissue culture plates. Silver
nitrate, copper sulfate, and zinc chloride were utilized as disinfectants. An E. coli K12
solution with an ODgoo of around 0.045 was exposed to Ag”, Cu®>" and Zn** at different
concentrations (5-100 mg/L for Ag®, 5-500 mg/L for Cu** and Zn*") for different contact
times (up to 10 h) in TSB medium. The ODeoo of each sample was measured after exposure.

Different operating conditions for disinfection were tested to explore their influence on
disinfection. Temperature, pH, water hardness and nutrient content are typical aqueous
environmental conditions that need to be considered. Thus, each of the conditions was
changed within a proper range. The pH of the TSB medium was adjusted from 6 to 8 using
0.1 M nitric acid and 0.1 M sodium hydroxide, and temperature was adjusted from 10 °C to
30 °C. CaCOs was used to adjust the water hardness within a range from 50 mg/L to 200
mg/L, to simulate conditions from soft to moderately hard, hard, and very hard. The
disinfection process was done at different nutrient content levels by diluting the TSB medium
with deionized water to different percentages (full strength = 100%, 60% and 10%) to

determine how this factor will influence disinfection effectiveness. In addition, the initial
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ODeoo of E. coli K12 was adjusted to different levels (0.013, 0.065 and 0.13) as well, to

explore the differences in disinfection effectiveness.

3. Batch sorption of Ag" with Mag-Ligand

Adsorption of Ag" with Mag-Ligand was evaluated under different conditions. Different
amounts of Mag-Ligand particles (50.0-200.0 mg) were mixed with 20 mL of Ag" solution
(100 mg/L) in 20 mL glass vials, and the vials were placed in an end-over-end shaker on a
Dayton-6Z412A Parallel Shaft (USA) roller mixer with a speed of 70 rpm at room
temperature (22-25 °C) for 24 h to ensure sufficient equilibration time. Adsorption kinetics
studies were carried out with the mixture of 20.0 mg Mag-Ligand and 20 mL Ag" solution
(100 mg/L) at the same conditions but for a set amount of time, varying from 30 min to 24 h.
All the studies were done at pH = 7 and room temperature. After mixing well, the Mag-
Ligand particles were separated from the aqueous phase with an Eclipse magnet. Samples
were collected from the supernatant and diluted with 2% HNOj. Then the concentration of
Ag" in the samples was analyzed by an Agilent 7900 (Agilent Technologies) inductively
coupled plasma mass spectrometer (ICP-MS).

Influence of different environmental conditions on the removal efficiency of Ag" by
Mag-Ligand, including pH, concentration of CI, water hardness and the presence of bacterial
cells, were studied as well. pH was adjusted to the desired condition (range from 6 to 8) by
using sodium dihydrogen phosphate buffer. Different concentrations of Cl” (1-100 mg/L)
were added into the mixture to explore the possible influence on sorption, as different
combinations of Cl" and Ag" may affect the sorption behavior of Mag-Ligand. CaCO3 with
the range of concentration from 50 mg/L to 200 mg/L was used to adjust water hardness. In

other experiments, different concentrations of bacteria (102-10° colony forming units
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(CFU)/mL of E. coli K12) were introduced to the sorption system, to determine if the

presence of bacteria would influence the sorption process.

4. Regeneration and reuse of Ag"

To investigate the regeneration and reuse of Ag" after sorption with Mag-Ligand, 100
mg/L Ag" were adsorbed onto the Mag-Ligand particles, followed by separation of Mag-
Ligand from solution with the handheld magnet. The Mag-Ligand collected was then washed
with 0.01 M H2SO4 (pH=1.70) for 30 min at room temperature, and the Ag" concentration in
the supernatant solution was determined by ICP-MS. The acid-washed Mag-Ligand particles
were then reused for subsequent Ag" sorption experiments and the sorption, extraction, and

reuse processes were repeated for five times.

5. Data analysis
All tests in this study were performed in triplicate and analysis of variance (ANOV A)
was used to test the significance of results. A p<0.05 was considered to be statistically

significant. The p values of each test are listed in Table 4, 6 and 9.

C. Results and discussions

1. Disinfection of E. coli K12 with metal ions

1.1 Comparison of disinfection effect with various metal ions

Results of disinfection with Ag*, Cu®" and Zn*" at different concentrations and contact
times are shown in Figure 1. Generally, the effectiveness of a disinfectant on its target can be
described as bacteriostatic or bactericidal. Bacteriostatic refers to the phenomenon that
bacteria are inhibited partially or totally from reproducing by the addition of disinfectant, and
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bactericidal means killing the bacteria °%. In this study, the effectiveness of disinfection was
determined by comparing the ODsoo of samples exposed to disinfectants with that of the
control at the same contact time. Measurement of ODgo is a common technique to estimate
the concentration of bacteria in microbiology, as the ODeoo is quantitatively related to the
biomass in cell suspension within a certain range >°. Although ODgo cannot provide
quantitative information about the living cells in samples, it can serve to determine whether
the growth of bacteria is influenced by the disinfectants. An increase in ODgoo correlates
linearly with an increase of living cells within the experimental range, while a decrease in
ODsoo indicates there are fewer cells, likely since cell death occurred. Results of disinfection
of E. coli K12 showed that the effectiveness is related to both the type and concentration of
metal ions. As shown in Figure 1, addition of Cu** and Zn** only slowed the growth rate of
E. coli K12 compared to that in the control group. However, no bacteriostatic or bactericidal
effect was found at any concentration (5-500 mg/L in this study), as the ODsoo increased
continuously at longer contact times. Compared to Cu?>" and Zn**, Ag" had much better
disinfection efficacy. Cu®* has a stronger disinfection ability on E. coli K12 than Zn*", as the
growth rate of E. coli K12 exposed to Zn>" was closer to the control than that exposed to
Cu®*. As shown in Figure 1 (D), the bactericidal effect appeared when the concentration of
Ag" was above 20 mg/L, and the effect was more noticeable at a higher concentration of Ag”.
Thus, the disinfection efficacy for these metal ions follows the order: Ag">>Cu?*>Zn*". The
reason for the difference of disinfection ability between Ag”, Cu*" and Zn** is mainly due to
the mechanisms of interaction with cells °°. Ag* has several ways to interfere with the
metabolism of cells and destroy the cell structure by binding with membranes, enzymes,

nucleic acid and other cellular components. Compared to Ag*, Cu*" is not so effective in

18



inactivating cells as the main mechanism is just increasing intracellular reactive oxygen
species and impairing cell membranes. Zn?>* has the weakest ability to inactivate cells

compared with Ag* and Cu**, as Zn?" can only deplete the total cellular thiols to achieve

protein dysfunction.
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Figure 1. Disinfection effect on E. coli K12 (initial ODg00=0.053) with (A) Cu** (5-500
mg/L); (B) Zn?* (5-500 mg/L); (C) Ag* (5-100 mg/L); and (D) Ag* (20-100 mg/L), to
show more detail for this range of concentrations.

Table 1. Detailed results about the disinfection effect on E. coli K12 with Ag", Cu** and Zn**
at different concentrations.

19



[Metal ions] ODs0o
(mg/L) =0h t=Ih t=2h t=4h t=6h =8h  t=10h
Az 0 | 0053t 0061z 0096t 0213 0348t 0697 1.890+
0.000  0.002 0002 0004 0002 0072  0.157
5 0053t 0060f 009 0150t 0274t 0380 1.013%
0.000  0.000 0007 0004 0007 0007  0.101
10 | 0053 0059t 0087t 0099 0119t 0134 0217+
0.000 0001 0018 0004 0003 0006 0015
20 0053 0045t 0043 0039t 0037¢ 0034t 0.032%
0.000  0.000 0002 0000 0001  0.001  0.000
50 |0.053f 0.042f 0043 0038 0037t 0034= 0030+
0.000  0.002 0000 0002 0002  0.004  0.000
100 | 0,053 0044 0.044= 0038= 0037¢ 0.034: 0.030+
0.000  0.000 0001 0001 0003 0000  0.004
Cu® 0 |0054= 0070 0115t 0220& 0393 0756 L117%
0.000  0.001 0002 0009 0005 0008  0.032
5 0054t 0062f 0114 0222 0380t 0.736= 1.120%
0.000 0002 0015 0008 0006 0018  0.156
10 0054t 0061 0110t 0221= 0392% 0759 1.110%
0.000  0.005 0001 0004 0001 0013 0.19]
20 0054 0061= 0102 0214% 0384 0755t 1.184%
0.000  0.002 0003 0006 0004 0034  0.040
50 0054t 0061= 0123 0220f 0401 0.741= 1.013%
0.000  0.000 0002 0010 0013 0006 0.172
100 | 0054t 0061 0108t 0.191= 0340f 0647¢ 0.930%
0.000  0.002 0011 0001 0007 0034  0.192
200 | 0054 0075 0118 0224t 0289f 0483t 0833+
0.000  0.006 0012 0026 0017 0021  0.098
500 |0.054f 0.080f 01065 0142 0171+ 0275t 0382+
0.000  0.009 0011 0012 0029 0030  0.095
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Zn*" 0 0.058+ 0.090+ 0.129+ 0.255+ 0472+ 0.756+ 1.117+
0.000 0.009 0.003 0.005 0.009 0.060 0.055
5 0.058+ 0.083+ 0.136+ 0.269+ 0.454+ 0.781= 1.100+
0.000 0.004 0.013 0.000 0.008 0.040 0.125
10 0.058+ 0.087+ 0.132+ 0.265+ 0.472+ 0.808+= 0.977+
0.000 0.001 0.002 0.007 0.006 0.004 0.025
20 0.058+ 0.089+ 0.136+ 0.259+ 0.439+ 0.840+ 0.956+
0.000 0.004 0.001 0.002 0.005 0.046 0.101
50 0.058+ 0.086+ 0.136+ 0.268+ 0.433+ 0.803= 0.966+
0.000 0.003 0.001 0.003 0.008 0.049 0.036
100 | 0.058+ 0.081+ 0.132+ 0.263+ 0419+ 0.791+ 0.983+
0.000 0.000 0.004 0.002 0.002 0.013 0.053
200 |0.058+ 0.078+ 0.107+= 0.229+ 0411= 0.724+ 1.027+
0.000 0.013 0.003 0.008 0.007 0.102 0.081
500 ]0.058+ 0.044+ 0.076x 0.155+ 0.296+ 0.412+ 0.545+
0.000 0.003 0.019 0.012 0.006 0.039 0.092

To further study the disinfection ability of Ag", we measured the survival kinetics of E.
coli K12 exposed to a high concentration of Ag" (100 mg/L) and long contact time (up to 32
h). Samples were collected and measured every 4 h (Figure 2). ODeoo decreased until a
contact time of 16 h, indicating that cells were killed by Ag" during this time, and the death
of E. coli K12 increased with longer contact time. However, after 16 h contact, the ODsgoo
remained at a stable level (around 0.020) with a slight variance. To confirm if the cells were
still alive after 16 h of contact time, an aliquot (0.1 mL) of the sample was transferred onto a
tryptic soy agar plate for plate counting. The tryptic soy agar plate was then cultured on the
incubator with a shaking speed of 200 rpm under 20 °C for more than 48 h, until colonies
formed on the agar plate. Results of the plate counting test are shown in the Supplementary

Information (Figure S1). Based on plate counting, the concentration of living cells after 16 h
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of treatment with 100 mg/L Ag" decreased to 170 CFU/mL, slightly above the EPA standard
(<126 CFU/100 mL) ®!. This may be due to precipitation of Ag" over time, which reduces the

availability of disinfectant.
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Figure 2. Disinfection Kinetics with 100% nutrient and [Ag"] = 100 mg/L (initial
OD¢00=0.04).

Table 2. Detailed results about the disinfection kinetics with 100% nutrient and [Ag"] = 100

mg/L

Time (h) ODs0o

0 0.040+0.000
4 0.297+0.003
8 0.026+0.005
12 0.024+0.002
16 0.020+0.002
20 0.020+0.001
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24 0.021+0.002
28 0.021+0.002
32 0.020+0.002

1.2 Influence of different environmental conditions on disinfection

1.2.1 Initial cell concentration

Different initial concentrations of E. coli K12 (initial ODgoo = 0.013, 0.065 and 0.13)
were studied, at [Ag'] =100 mg/L and 4 h contact time, to explore their effect on disinfection
effectiveness. As shown in Figure 3, the effectiveness of disinfection on E. coli K12 is
influenced by the initial cell concentration. Under the same Ag" dosing, a lower initial ODeoo
(0.013) resulted in a larger decrease in final ODgoo (around 34% of initial ODeoo) compared to
the higher initial ODgoo (0.13) where the final ODgoo was around 76% of initial ODsgo. In all
treatment cases, the final ODgoo was less than the initial ODggo, which was not the case for the
control. Note that even dead cells contribute to ODsggo, but as shown above, the CFU can be
quite low after treatment. This is supported by previous research stating that the disinfection
effect is determined by the initial level of silver per cell 2, and a higher initial level of silver

will lead to a more rapid disinfection process.
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Figure 3. Comparison of disinfection effectiveness at [Ag"] =100 mg/L, 4 h contact time

and different initial ODgo.

Table 3. Detailed results about the comparison of disinfection effectiveness at [Ag'] =100
mg/L, 4 h contact time and different initial ODsoo.

Initial ODeoo End ODeoo
Control [Ag]=100 mg/L
0.013 0.070+0.008 0.004+0.003
0.065 0.280+0.000 0.045+0.004
0.130 0.489+0.011 0.099+0.003
1.2.2 pH

Effectiveness of disinfection at [Ag"] =100 mg/L, 4 h contact time and initial ODgoo =

0.043 under different pH (6, 7 and 8) was evaluated. As shown in Figure 4 (A), after 4 h the

increase in ODeoo in the control group was a function of initial pH. A more acidic
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environment (pH = 6) decreased the growth rate of E. coli K12, compared to alkaline or
neutral conditions. In the group exposed to Ag", there was a decrease of ODgoo (from 0.043
to 0.029 at pH=6, from 0.043 to 0.028 at pH=7 and from 0.043 to 0.026 at pH=8) after the
treatment. However, the differences in final ODgoo between treatments were not significant
(p=0.057>0.05). Ag" is a stable species in the environment at pH from 6 to 8 %, leading to a

stable disinfection effectiveness for E. coli K12.

1.2.3 Water hardness

Water hardness, usually expressed as the concentration of CaCO3 in water, is one of the
main environmental factors that determine the quality of freshwater. In this study, different
concentrations of CaCOs (50, 100 and 200 mg/L) were added to simulate different degrees of
water hardness. As shown in Figure 4 (B), the addition of CaCOs slightly influences the final
ODsoo in the control. However, no influence on the disinfection effectiveness was observed
under different water hardness (p=0.063>0.05), as the addition of CaCO3 did not change the
speciation or concentration of Ag". This confirms a previous study on the disinfection
effectiveness of Ag™ even when the water is very hard ®*. Thus, water hardness will not

influence the disinfection process.

1.2.4 Temperature

Different temperatures (10, 20 and 30 °C) were considered to explore their influence on
disinfection effectiveness. As shown in Figure 4 (C), temperature is a factor that will affect
the growth of E. coli K12. At a low temperature (10 °C), the final ODgoo of the control is
lower than the initial ODeoo, indicating that a cold environment will inhibit the growth of E.

coli K12. At higher temperatures (20 or 30°C), the final ODgoo of E. coli K12 in control
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increased, and growth was accelerated by an increase in temperature, while the temperature
is below optimal (37 °C for E. coli)%. Based on the result that disinfection efficacy decreases
with higher cell concentration (Figure 3), it is reasonable that the efficacy is lower at a higher

temperature than that at a lower temperature (Figure 4 (D)).
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Figure 4. Disinfection effectiveness as a function of (A) pH; (B) water hardness; and (C)
temperature with [Ag"] =100 mg/L and 4 h contact time (initial ODg00=0.043, 0.043 and
0.067 respectively). (D) Detail on ODgoo for the Ag* treatment condition at different
temperatures.

Table 4. Detailed results and p value tests about the disinfection effectiveness as a function
of pH, water hardness and temperature (p <0.05 is considered to be statistically significant).
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Environmental Conditions ODsoo p value Statistical
- ([Ag'1=100 | Significance
Control [Ag =100
mg/L)
mg/L

pH 6 0.183+0.002  0.029+0.000 | 0.057 Statistically

7 0.295+0.005 0.028+0.001 not

8 0.285+0.003  0.026=0.000 significant
[CaCO3] 0 0.345+0.000 0.027+0.001 | 0.063 Statistically
(mg/L)

50 0.387+0.001  0.025+0.001 not

100 0.378+0.003  0.022+0.003 significant

200 0.371£0.000  0.022+0.003
Temperature 10 0.054+0.003  0.040+0.003 | 0.001 Statistically

C o

© 20 0.346+0.006  0.044+0.003 significant

30 0.566+0.019  0.064+0.006

1.2.5 Nutrient content

Nutrient content is another environmental factor that may affect the disinfection process,

as it influences the degree to which bacteria grow in the aqueous environment. Some organic

matter in water may be utilized by bacteria as nutrients and result in an outbreak. In this

study, TSB medium with organic matter such as tryptone and glucose is used for the culture

of E. coli K12, to provide an environment with abundant nutrients. However, the nutrient

content in water samples from natural environments is usually not as rich as the laboratory

conditions. Thus, a batch of experiments with different concentration of medium were done

to explore the possible influence of organic matter as nutrients. The TSB medium (full

strength = 100%) was diluted using deionized water to different degrees (60% and 10% of

original) for the study, and the experiment was done with [Ag"] =100 mg/L, initial

ODg00=0.062 and up to 32 h contact time. As shown in Figure 5 (A) which is the disinfection

27



effectiveness at 24 h contact time, the change in nutrient content did influence the growth
rate of E. coli K12 in both unexposed and exposed cells, but in quite different ways. In the
unexposed group (control), the final ODeoo in different nutrient conditions follow the order:
100% nutrient>60% nutrient>10% nutrient, indicating that the nutrient conditions and growth
of E. coli K12 have positive correlation; more nutrients, more growth. However, in the group
exposed to 100 mg/L Ag" (Figure 5 (B)) the final ODsoo and different nutrient conditions
followed the order: 10% nutrient>60% nutrient>100% nutrient. A possible explanation may
be that a low nutrient environment stimulates the metabolism of bacteria ®, making it more
difficult to destroy the cell structure and thus reducing the effectiveness of disinfection.

The contact time was extended to determine if the ODgoo would remain stable after
enough contact time (up to 32 h) with 100 mg/L Ag" in 10%, 60% and 100% nutrient
conditions (Figure 5 (C)). The time needed for ODgoo to reach a stable level in various
treatments was different. In the treatment with 10% nutrient, the ODsoo decreased by 22.6%
in 24 h and remained stable at the low level (ODg00=0.048, p=0.198>0.05). In the treatment
with 60% nutrient, it took 24 h for the ODgoo to reach a stable level of 0.047 (p=0.332>0.05)
with a decrease of 24.2% compared to the initial ODggo. In the treatment with 100% nutrient,
the decrease in ODgop at early stage (<16 h) was more significant (27.4%) than for nutrient-
poor conditions, and the ODgoo remained at 0.045 after 16 h (p=0.211>0.05). Thus,
disinfection effectiveness reaches a stable level faster in a nutrient-rich environment than in

nutrient-poor conditions.
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Figure 5. Disinfection tests under various nutrient contents with [Ag"] =100 mg/L,
initial ODg00=0.062 and 24 h contact time. (A) Influence of nutrient content on growth
rate in control. (B) Influence of nutrient content on disinfection effectiveness. (C)
Comparison of survival kinetics with different nutrient conditions (10%, 60% and
100%).

Table 5. Detailed results about the disinfection test under different nutrient conditions (10%,
60% and 100%).

Time (h) ODeoo

Nutrient Nutrient Nutrient

content=10% content=60% content=100%
16 0.053+0.003 0.053+0.004 0.047+0.000
20 0.051+0.003 0.051+0.003 0.045+0.000
24 0.048+0.001 0.048+0.001 0.045+0.004
28 0.046+0.002 0.046+0.001 0.043+0.002
32 0.046+0.001 0.046+0.001 0.043+0.002

Table 6. P value tests about the disinfection test under different nutrient conditions (10%,
60% and 100%), p<0.05 is considered to be statistically significant.

Environmental Condition

p value test

Statistical Significance

Nutrient content (10%, >24 h)

Nutrient content (60%, >24 h)

Nutrient content (100%, >16 h)

0.198
0.332
0.210

Statistically not significant
Statistically not significant

Statistically not significant
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2. Sorption of metal ions with Mag-Ligand

2.1 Sorption isotherm and kinetics

Sorption of Ag" (100 mg/L) at different concentrations of Mag-Ligand (2.5-10 g/L) at
pH=7 and room temperature were studied. As shown in Figure 6 (A), removal efficiency of
Ag" increased substantially with higher adsorbent dosage up to 5 g/L, reaching 96%. Above
5 g/L the removal efficiency increased asymptotically up to 98.3%, probably due to the
challenge of keeping the Mag-Ligand particles suspended at concentrations above 5 g/L.

Kinetics of sorption of 100 mg/L Ag" with Mag-Ligand (2.5 g/L) were studied at pH=7
and room temperature (Figure 6 (B)). Rapid sorption occurred, with removal efficiency
reaching a maximum of 55% at this dosage within 3 h. The results are consistent with our
previous study on Mag-Ligand kinetics with other metal ions °’. The kinetics is influenced by

the amount of EDTA coated on Mag-Ligand, as well as the affinity between metal ions and
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Figure 6. (A) Adsorption of Ag* onto Mag-Ligand as a function of adsorbent dose with
[Ag'] =100 mg/L. (B) Ag" sorption uptake versus time (with [Ag"] =100 mg/L and [Mag-
Ligand] =2.5 g/L).
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Table 7. Detailed results about the adsorption of Ag" onto Mag-Ligand versus adsorbent

dose or time.

Sorption Process Removal Efficiency (%)

[Mag-Ligand] (g/L) 0 0.00+0.00
2.5 59.76+0.10
5 96.87+0.05
7.5 98.32+0.04
10 98.33+0.19

Time (h) 0 0.00+0.00
0.5 43.05+0.81
1 47.63+2.29
3 55.16£2.53
6 55.21+1.85
12 57.80+4.34
24 56.73+3.36

As discussed above, the removal efficiency reaches an asymptotic level of 98.3% even
with increasing Mag-Ligand dose. However, the residual concentration of Ag” is above the
USEPA secondary maximum contaminant standard (100 pug/L) . To reduce the
concentration of Ag" below 100 ug/L, another experiment was performed, with the same
total dosage of Mag-Ligand but applied in separate sorption cycles. The total dosage of Mag-
Ligand was 10 g/L, and the initial Ag" concentration = 100 mg/L. Three different sorption
experiments were evaluated: (1) 10 g/L in 1 cycle; (2) 7.5 g/L in cycle 1 and 2.5 g/L in cycle

2;and (3) S5 g/Lincycle 1, 2.5 g/L in cycle 2 and 2.5 g/L in cycle 3. In experiments (2) and
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(3), after allowing sorption to reach equilibrium (24 h) the Mag-Ligand were separated from
the suspension using a magnet, and immediately after additional Mag-Ligand was dosed as
indicated above. Samples were collected after each cycle, and the concentration of Ag"™ was
measured. As indicated in Table 8, the concentration of Ag” decreases to 7 pg/L after 3
sorption cycles. Compared to the sorption with just 1 cycle, the removal effectiveness was
substantially improved without increasing total Mag-Ligand dose. Further study showed that
the concentration of Ag™ can be reduced to below the secondary MCL after 3 sorption cycles
with shorter time (2 h for each cycle, Table S2). Thus, increasing the number of sorption
cycles can decrease [Ag'] well below the secondary MCL; further optimization could be
done to determine the minimum total Mag-Ligand dosage and sorption time, depending on

conditions.

Table 8. Concentration of Ag" (mg/L) after different continuous sorption cycles.

Mag-Ligand dose [Ag'] after sorption (mg/L)

Cycle 1 Cycle 2 Cycle 3
10 g/L in one cycle 1.66
7.5¢g/Lincycle 1 + 1.67 0.11

2.5 g/Lin cycle 2

5¢g/Lincycle 1 +2.5 3.11 0.14 0.007
g/L in cycle 2 + 2.5
g/L in cycle 3
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2.2 Influence of different environmental conditions on adsorption

2.2.1pH

The influence of pH on the adsorption process of Ag" with Mag-Ligand was evaluated
with 100 mg/L Ag" and 5 g/L Mag-Ligand (Figure 7). Removal efficiency remained stable at
around 96%-97% when the pH varied from 6 to 8 (p=0.179>0.05) (Figure 7 (A)). This is
mainly due to the sorption mechanism of Ag” and EDTA. The complex formation constant,
Kag-enTa, 0f Ag” and EDTA is very high with log (Kag-epra) = 7.20 ¢, indicating that Ag*
forms a stable complex with the EDTA coated on the surface of Mag-Ligand, resulting in
high removal efficiency. Since the change in pH in the range of 6-8 does not affect the

+ 69

aqueous speciation of Ag™ *”, the removal efficiency is not influenced.

222Cr

Different concentrations of C1" (1, 10 and 100 mg/L) were considered to explore the
influence on the adsorption process, as the presence of CI could affect the speciation of Ag”
by forming AgCl precipitates or an AgCl,” complex in water, thus affecting the removal via
Mag-Ligand. The addition of CI" reduced the removal of Ag" via adsorption (Figure 7 (B)).
At alow CI' level (1 mg/L), a small percentage of Ag" (1.56% of initial Ag") will combine
with CI" to form AgCl precipitates. This is calculated using the solubility product constant,
Ksp, of AgCl, which is 1.77#1071° at room temperature 7°. After sorption, 93.94% of the initial
Ag" ions were captured by Mag-Ligand. When the concentration of CI was increased to 10
mg/L, the percentage of Ag" in AgCI(s) increased to 27.63%, and the percentage adsorbed on
Mag-Ligand decreased to 61.01%. Although AgClI(s) could be removed in the slurry in a

commercial operation, the presence of CI" would result in a small loss of Ag" for reuse
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directly. It may be possible to re-dissolve Ag" from the slurry for reuse; this was not
evaluated here. At a concentration of Cl” of 100 mg/L, soluble AgCl>™ (logKagci2-=5.25) may
form 7!. The CI" in water will compete with EDTA coated on nanoparticles to form a

complex with Ag", resulting in a decrease of removal efficiency to 55.36%.

2.2.3 Water hardness

The addition of 50 mg/L CaCOj; reduced the removal efficiency of Ag” by around 3.75%,
compared to that with no CaCOs3 (Figure 7 (C)). When the concentration increased to 100
mg/L CaCQOs, the removal efficiency decreased to 89.1%. This is due to the increased
concentration of dissolved Ca?* in solution, which can combine with EDTA and form a
complex, with a higher complex formation constant (log Kca-epra = 10.69) than that of the
Ag-EDTA complex ¢’. However, due to the low solubility of CaCOs, the dissolved Ca** is
limited. At a concentration of 200 mg/L CaCO3, the removal efficiency was almost the same

as at 100 mg/L CaCOs3 (p=0.123>0.05).

2.2.4 E. coli concentration

Sorption experiments of Ag" on Mag-Ligand at different concentrations of E. coli K12
were performed to determine if the presence of bacteria interferes with the sorption process.
No significant difference was found with addition of £. coli K12 at different concentrations
(p=0.873>0.05) (Figure 7 (D)). Ag" likely does not adhere to E. coli K12 cell walls, and E.
coli K12 does not appear to interact with the surface of Mag-Ligand. Given this result, the
removal of Ag" with Mag-Ligand can take place immediately after the disinfection reaches

the desired level without separating the bacteria first, thus reducing time and cost.
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Table 9. Detailed results and p value tests about the influence of pH, CI" concentration, water
hardness and E. coli concentration on the sorption of Ag” with Mag-Ligand (p<0.05 is

considered to be statistically significant).
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[CI] (mg/L) 0 96.3440.11 4.67 E-12 Statistically significant
1 95.50+0.26
10 88.64+0.70
100 55.36+1.19
[CaCO3] 0 96.34+0.11 0.123 Statistically not
(mg/L) 50 92.59+0.20 ([CaCO3]>100 significant
100 89.07+0.29 mg/L)
200 88.51+0.40
[E. coli] 0 96.92+0.11 0.873 Statistically not
(CFU/mL) 10? 97.01+0.12 significant
10* 96.91+0.22
10° 96.96+0.18

3. Regeneration and reuse of metal ions and Mag-Ligand

Recovery of Ag" adsorbed onto Mag-Ligand was performed under acidic conditions
(0.01 M H,SO4, pH = 1.7), using the initial Ag" and Mag-Ligand. The recovery efficiency of
Ag" after five sequential cycles of Mag-Ligand regeneration remained above 80% (Figure 8),
indicating that a large fraction of the initial Ag" can be reused for several cycles. Given the
high price of AgNOs (e.g. $5.44 /g from Sigma-Aldrich, in small quantities), recycling Ag®
as a disinfectant will reduce the cost of this disinfection method, making it a more
sustainable practice than approaches using nanoAg where the Ag” is lost after just one cycle.
Mag-Ligand can be captured and separated from the aqueous phase by an external magnet

after use, thus reducing the potential environmental influence.
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Figure 8. Recovery efficiency of Ag™ after five Mag-Ligand regeneration cycles.

Table 10. Detailed results about the recovery efficiency of Ag" after five Mag-Ligand
regeneration cycles.

Regeneration Cycle Recovery Efficiency (%)
1 96.66+2.88
2 87.24+2.25
3 84.34+3.80
4 80.75+3.32
5 84.23+7.54

D. Conclusions

This study evaluated the disinfection effectiveness of various metal ions (Ag*, Cu** and
Zn*>") on the target microorganism, E. coli K12, and explored the influence of different

environmental conditions on the disinfection process. To make the disinfection process more
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sustainable and economical, the metal ions were recovered using a magnetic nanomaterial
(Mag-Ligand), which was then regenerated, recycling both the metal ion disinfectant and the
nanomaterial. Ag" was shown to have a better disinfection efficiency than Cu?" and Zn?", as
the bactericidal effect occurred only with Ag*. Factors that may determine the effectiveness
of disinfection by Ag" include the initial level of Ag" per cell, as well as the speciation of
Ag" in the environment. Different initial cell concentration and operating temperatures will
influence the disinfection effectiveness, with higher cell to Ag" ratios and higher
temperatures decreasing disinfection effectiveness. However, pH, water hardness and
nutrient content have minimal influence on the disinfection process, since the speciation of

Ag" remains stable under these conditions.

The adsorption of Ag" by Mag-Ligand can be used to reduce the concentration of Ag" to
below 100 pg/L under proper conditions, but may require optimizing the dosage of Mag-
Ligand and the number of sorption cycles, depending on conditions. The mechanism of
sorption of Ag" by Mag-Ligand is the formation of a stable complex between Ag” and the
EDTA coated on the surface of Mag-Ligand. The influence of several environmental
conditions on sorption efficiency were evaluated as well. The addition of CI- will influence
the concentration of free Ag" in solution thus reducing Ag" removal efficiency. Water
hardness decreases Ag" sorption, since the dissolved Ca*" will compete with Ag” for sorption
site. The effect of hardness increases up to 100 mg/L CaCOs; above that level there is no
further effect of hardness on sorption. pH has no influence on the removal efficiency, as the
speciation of Ag” remains stable within the range in this study. Addition of E. coli K12 also
did not affect the removal efficiency, which means that removal of Ag" can proceed directly

after disinfection. Mag-Ligand can be regenerated under an acidic environment after

38



sorption, and the recovery of Ag" remains above 80% after 5 sequential cycles. This novel
approach allows for a recyclable disinfectant, aided by a regeneratable nanomaterial. Due to
the simple method for synthesizing Mag-Ligand, as well as the recyclable use of both the

metal ions and Mag-Ligand, this method is very promising for practical use in the future.
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F. Appendix

1. Evaluation of live cells after disinfection

To further confirm if the living cells still exist after long-time disinfection, 0.1 mL of the
sample after 16 h disinfection with 100 mg/L Ag" was transferred onto a tryptic soy agar
plate for a plate counting test. The tryptic soy agar plate was then cultured on the incubator
with a shaking speed of 200 rpm under 20 °C for more than 48 h, until the colony formed on
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the agar plate. According to the plate counting test result shown in Figure S1, the number of

colonies is 17. Thus, the concentration of living cells after 16 h disinfection is 170 CFU/mL.

+

Figure S1. Plate counting test of sample after 16 h exposure to 100 mg/L Ag™.

2. Recipe of tryptic soy broth

Table S1. Recipe of tryptic soy broth

Tryptone 17g
Soy 3g
NaCl 5¢g
KoHPO4 25¢g
Glucose 25¢g
Distilled water 1L
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3. Determination of Sorption Time for Ag" Removal using Mag-Ligand

To determine the proper time for sorption in each continuous cycle, a batch of experiment
was done with 3 continuous sorption cycles (with 5 g/L. of Mag-Ligand for cycle 1, 2.5 g/L
for cycle 2 and 2.5 g/L for cycle 3), and the contact time for each cycle are 1 hand 2 h
respectively. The concentration of Ag" after each cycle was shown in Table S2. According to
the results in Table S2, the concentration of Ag"™ reduced from 100 mg/L to 70 ug/L with 2 h
contact time in each cycle, while that with 1 h contact time can only reduce the concentration
of Ag" to 400 pg/L. Given the EPA standard that the concentration of Ag” should be under
100 pg/L in water, 2 h for each sorption is a proper contact time to reach an ideal removal

effect.

Table S2. Concentration of Ag" after several continuous sorption cycles with different
sorption time

Contact time for | Initial [Ag'] after [Ag'] after [Ag'] after

each cycle concentration | sorption cycle 1 | sorption cycle 2 | sorption cycle 3
(mg/L) (mg/L) (mg/L) (mg/L)

1h for each 100 49.27 15.38 0.40

cycle

2h for each 100 33.76 6.33 0.07

cycle

41



II1. Novel disinfection method for toxic cyanobacteria (Oscillatoria
tenuis) and simultaneous removal of cyanotoxins aided by recyclable

magnetic nanoparticles

Material from:
Gao, Q. and Keller, A. A. Novel disinfection method for toxic cyanobacteria
(Oscillatoria tenuis) and simultaneous removal of cyanotoxins aided by recyclable

magnetic nanoparticles. J. Environ. Chem. Eng. 106589 (2021).

Abstract An optimized disinfection method with metal ions to address cyanobacteria
contamination in freshwater is presented, based on recyclable magnetic nanoparticles. In this
study, the disinfection ability of individual metal ions (Ag" and Cu**) and combined (Ag" +
Cu®") were evaluated with a target cyanobacteria, Oscillatoria tenuis, under various
environmental conditions. The usage of combined Ag" and Cu?" reduces the time and
concentration needed to achieve the same disinfection effectiveness compared to individual
metal ions. However, the addition of Cu?" and Ag" stimulated production of cyanotoxin
during disinfection, with an increase of 24.8% for anatoxin-a. To reduce the potential health
risk, we evaluated the recovery and reuse of metal ions, and removal of cyanotoxins after
disinfection, using magnetic nanoparticles with permanently confined micelle arrays (Mag-
PCMA) under various environmental conditions. Recovery efficiency of Ag”, the most
valuable ion, was excellent (99.8%), although it decreased to 74.5% with increasing CI°
concentration (0-10 mg/L). The regeneration and reuse of Mag-PCMA was studied for 5
cycles. Removal efficiency of Cu?*, anatoxin-a and cylindrospermopsin were minimally
changed during the 5 sorption-desorption cycles, and that of Ag" remained above 93% by the
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end of 5th cycle, indicating that this disinfection method may be sustainable for practical use

with low energy requirements and minimized environmental impacts.

A. Introduction

Harmful algae blooms (HABs) refer to a rapid increase in toxic algae population in
freshwater or marine systems, due to a nutrient overload. HABs threaten aqueous
environment by decreasing water quality 2, depleting oxygen ®, accumulating biomass to alter
food web dynamics 7%, and releasing toxins and secondary metabolites’. In particular, some
cyanobacteria species produce and release cyanotoxins when the cells rupture or die ®.
Humans and other organisms may be exposed to cyanotoxins either directly via inhalation,
ingestion and dermal contact of contaminated water, and indirectly by contacting animals or
plants exposed to cyanotoxins, resulting in threats to human and ecological health. People
may suffer from acute intoxication and have the symptoms like visual disturbance, nausea,
vomiting, acute liver failure, respiratory irritation or even death once exposed to water
contaminated with even very low concentrations of cyanotoxins ®. Apart from acute toxicity,
cyanotoxins have a close relationship with various diseases through chronic exposure as well.
For example, microcystins, a class of cyanotoxins, may cause gastroenteritis, allergic and
irritation reactions, and liver diseases after chronic exposure ’*. Thus, seeking efficient ways
to deal with HABs caused by cyanobacteria and providing safe drinking water sources is
very important for public health.

Generally, particulate cyanobacteria cells can be removed through coagulation,
sedimentation, filtration and chlorination in drinking water treatment plants according to the

EPA guideline ™. However, further disinfection is necessary to inactivate residual
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cyanobacteria, as regrowth during distribution may increase health risks. The use of metal
ions as algaecide has been well studied to solve this problem. For example, copper has been
shown to be an effective algaecide for various cyanobacteria, including Microcystis
aeruginosa” and Lyngbya wollei’®. Ferrate (VI) can be used for the pre-treatment of two
cyanobacteria, Chlorella sp. and Pseudanabaena limnetica in wastewater treatment plants
due to its effective disinfection ability 7. Compared to other disinfection methods which will
produce disinfection by-products (e.g. the use of chlorine ’®) or require high cost of energy or
maintenance (e.g. ozone or UV radiation '"), the use of metal ions as algaecides is
inexpensive and efficient, thus having great potential for wide application. However, some
environmental issues related to metal ions need to be addressed before practical use. First,
the residual metal ions in the water after treatment can cause potential environmental risks, as
high concentrations of these metal ions are toxic to various aquatic organisms. For example,
the 96-h lethal concentration 50% (LCS50) of copper ion for 90-day old Ctenopharyngodon
idella is 5.17 mg/L"°. Dentomuricea aff. meteor, a cold-water gorgonian, is very sensitive to
copper ions, with 96-h LC50 of 137 pg/L ®. Thus, the concentration of residual metal ions
needs to be decreased to a safe level after treatment.

Another concern is the release of cyanotoxins during disinfection with metal ions. Some
studies have found that the addition of metal ions have a positive effect on the production of
cyanotoxin, which will increase the release of cyanotoxin when the cells rupture or die. For
example, the addition of Fe will increase the concentration of microcystins produced by
Microcystis aeruginosa®'. Traditional technologies such as the use of chemical oxidizing
agents, UV radiation and activated carbon adsorption have been shown to be effective for

only some types of cyanotoxins. For example, free chlorine is effective for
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cylindrospermopsin and saxitoxin but not for anatoxin-a ’4. Thus, it is essential to seek an
efficient way that can remove a broad range of cyanotoxins before further distribution of the
treated water.

To address these issues (i.e, residual metal ions and released cyanotoxins after
disinfection), we propose an innovative, more sustainable disinfection method, using
magnetic nanoparticles with permanently confined micelle arrays (Mag-PCMA) to achieve
simultaneous sorption of both metal ions and cyanotoxins, followed by the regeneration of
Mag-PCMA under proper conditions for reuse. A schematic of the process is provided in the
graphical abstract. Briefly, cyanobacteria are exposed to metal ions at concentrations needed
for disinfection. After sufficient contact time, the treated water is filtered to separate dead
algae cells, and Mag-PCMA are added to remove the residual metal ions as well as the
cyanotoxins produced during disinfection. Previous studies have shown that Mag-PCMA
can achieve simultaneous removal of both organic and inorganic chemicals (e.g.
acenaphthene and Cd**) via hydrophobic interactions and electrostatic attraction 32. Thus, we
hypothesized that the metal ions and cyanotoxins could be effectively removed by Mag-
PCMA after disinfection. In the final step, the metal ions adsorbed on Mag-PCMA can be
regenerated under proper conditions and reused for several continuous cycles.

The objectives of this study were to: (1) explore the disinfection effectiveness of
combined metal ions rather than individual ones to reduce the effective concentration and
contact time, and evaluate the influence of different environmental conditions (e.g. pH,
nutrient content, water hardness); (2) quantify the production and distribution of extracellular
and intracellular cyanotoxins during disinfection; (3) study the simultaneous sorption of

metal ions and cyanotoxins with magnetic nanoparticles, and the influence of different
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environmental conditions on this process; and (4) explore the conditions needed to regenerate

the magnetic nanoparticles, and release the metal ions for reuse in continuous cycles.

B. Materials and Methods

1. Materials

Oscillatoria tenuis (O. tenuis) was selected as target cyanobacteria in this study, as it can
produce two types of cyanotoxins (i.e. anatoxin-a and cylindrospermopsin) which are of
concern in water supply. Both O. tenuis and BG-11 medium (used for culturing O. tenuis)
were purchased from UTEX Culture Collection of Algae at The University of Texas at
Austin (USA). Silver nitrate, copper sulfate, nitric acid, sulfuric acid, sodium hydroxide,
sodium chloride and calcium carbonate were purchased from Fisher Scientific (USA). Ag”
and Cu®" are selected as the metal ions disinfectants as they are commonly used as algaecides

in many studies ** 7576

and have demonstrated effectiveness. Our innovative approach allows
the recovery of the metal ions for reuse, making it less expensive and more sustainable. The
recipe of BG-11 is presented in Table S1 (Supporting Information). Mag-PCMA was

synthesized using the method developed in our previous studies %%

, and the maghemite
(iron (III) oxide) nanoparticles (30 nm in diameter) used for synthesis were purchased from
Alfa Aesar (USA). Detailed information about synthesizing Mag-PCMA is shown in
Supporting Information. All chemicals were used as received without further purification. All

solutions were prepared with deionized water (18 MQ-cm) from a Barnstead NANOpure

Diamond Water Purification System (USA).
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2. Disinfection of O. tenuis with individual and combined metal ions

The disinfection of O. fenuis at exponential phase was performed in 125 mL baffled
polycarbonate Erlenmeyer flasks purchased from Corning Inc. (USA), with silver nitrate and
copper sulfate as disinfectants. O. fenuis culture was exposed to individual metal ions (i.e.
Ag’, Cu*") and combined metal ions (Ag* + Cu?") at various concentrations (10-200 mg/L)
for different contact times (up to 10 h) in BG-11 medium. The concentration of O. tenuis was
determined by the Trilogy Laboratory Fluorometer (Turner Designs, Inc., USA) and was
expressed as total chlorophyll fluorescence (raw fluorescence unit (RFU)/mL). All the
chlorophyll fluorescence mentioned in this study refer to the total chlorophyll fluorescence.
The chlorophyll fluorescence of O. tenuis was 75.91 RFU/mL (1.8*10° cells/mL in cell
concentration). The disinfection process was evaluated under various environmental
conditions (e.g. initial chlorophyll fluorescence, pH, water hardness, nutrient content, natural
organic matter (NOM) and light conditions) within a broad range (Table 1), to simulate the
natural environment with complex conditions. The chlorophyll fluorescence of O. fenuis for
the study with different environmental conditions (except the study about initial chlorophyll

fluorescence) was 89.89 RFU/mL (2.1*10° cells/mL in cell concentration).

Table 1. Range of environmental conditions for disinfection with Ag* and Cu** and the
methods for adjustment.

Environmental condition Range Method

Initial chlorophyll 24.83-143.71 RFU/mL Addition of different initial

fluorescence concentration of O. tenuis

pH 6-8 Adjusted by 0.1 M nitric acid
and 0.1 M NaOH
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Water hardness [CaCO3]=0-200 mg/L Addition of CaCOs3 from 0 to

200 mg/L
Nutrient content 0% (with no nutrients)-100% | Dilution of the BG-11
(full strength) medium with deionized

water to different percentage

NOM [Humic acid]=0-10 mg/L Addition of humic acid (HA)
from 0 to 10 mg/L

Light condition Light & dark With/without light

irradiation

3. Extracellular and intracellular cyanotoxin quantification

To explore how the concentration of extracellular and intracellular cyanotoxin may
change over time, O. tenuis with initial chlorophyll fluorescence = 111.46 RFU/mL (2.6*10°
cells/mL in cell concentration) were exposed to 50 mg/L Ag* and Cu?*, and 5 mL culture
samples were collected every 2.5 h. The culture samples were centrifuged at 1500 rpm for
20 min. After centrifugation, 800 uL of supernatant was taken for extracellular toxin
quantification, and was transferred into a liquid chromatography glass vial followed by
addition of 150 pL of methanol and 50 pL of 1000 ng/mL internal standard mix ('*C-labelled
anatoxin-a and '’N-labelled cylindrospermopsin). The pellets obtained from centrifugation
were used for intracellular toxin extraction by suspending them in 5 mL of 5% aqueous
acetic acid. The suspension was then vortexed for 30 minutes, sonicated for 30 min and
centrifuged for 20 minutes at 4500 rpm. After centrifugation, 800 pL of supernatant was
mixed with 150 pL of methanol and 50 pL of 1000 ng/mL internal standard mix. The toxin
quantification was performed on an Agilent 6470 (Agilent Technologies) Triple Quad liquid

chromatography/mass spectrometry (LC/MS).
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4. Simultaneous sorption of metal ions and cyanotoxin with Mag-PCMA

Simultaneous adsorption of Ag”, Cu®" and two cyanotoxins produced by O. tenuis (i.e.
anatoxin-a and cylindrospermopsin) with Mag-PCMA was evaluated under various
conditions. Different amounts of Mag-PCMA particles (20.0-100.0 mg) were added to 20 mL
of mixed solution (50 mg/L Ag”*, 50 mg/L Cu?*, 20 ng/L anatoxin-a and 20 pg/L
cylindrospermopsin) in 20 mL glass vials, and the vials were placed in an end-over-end
shaker on a Dayton-6Z412A Parallel Shaft (USA) roller mixer with a speed of 70 rpm at
room temperature (22-25 °C) for 24 h to ensure sufficient equilibration time. Adsorption
kinetics studies were carried out with the mixture of 50.0 mg Mag-PCMA and 20 mL mixed
solution at the same conditions but for a set amount of time, varying from 1 to 8 h. All the
studies were done at pH = 7 and room temperature. After mixing well, the Mag-PCMA
particles were separated from the aqueous phase with an Eclipse magnet. Samples were
collected from the supernatant and diluted with 2% HNO3 to measure metal ion
concentration. The concentration of Ag™ and Cu?>* was analyzed by an Agilent 7900 (Agilent
Technologies) inductively coupled plasma mass spectrometer (ICP-MS). Supernatant
samples were also analyzed for the concentrations of anatoxin-a and cylindrospermopsin by
LC-MS.

The influence of different environmental conditions on the removal efficiency of Ag”,
Cu?*, anatoxin-a and cylindrospermopsin by Mag-PCMA, including pH, concentration of CI,
water hardness, and NOM were evaluated as well. pH was adjusted to the desired condition
(range from 6 to 8) by using 0.1 M NaOH. Different concentrations of CI" (0, 1 and 10 mg/L)
were added into the mixture to explore the possible influence on sorption, as the

combinations of CI" and Ag" may affect the sorption behavior of Mag-PCMA. CaCOs3 with a
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range of concentrations from 50 mg/L to 200 mg/L was used to adjust water hardness. HA
with concentration of 1-10 mg/L was introduced to the sorption system, to explore the

influence of NOM.

5. Regeneration of Mag-PCMA and reuse of metal ions

Regeneration and reuse of Mag-PCMA was investigated in this study. 50 mg/L Ag" and
Cu?* and 20 ug/L anatoxin-a and cylindrospermopsin were adsorbed onto the Mag-PCMA
particles, followed by magnetic separation of Mag-PCMA from solution. Concentration of
Ag’, Cu*", anatoxin-a and cylindrospermopsin were determined after sorption. The Mag-
PCMA collected was first rinsed with methanol to extract sorbed cyanotoxins, then washed
with 0.01 M H2SO4 (pH=1.70) for 30 min at room temperature to remove sorbed metal ions.
The acid-washed Mag-Ligand particles were reused for subsequent sorption experiments and

the sorption, extraction, and reuse processes were repeated for five times.

6. Data analysis

All tests in this study were performed in triplicate and analysis of variance (ANOV A)
was used to test the significance of results. A p<0.05 was considered to be statistically

significant. The p values of each test are listed in Table 5, 6, 8, 10, 12 and 14.

C. Results and discussions

1. Disinfection of O. tenuis with metal ions

1.1 Comparison of disinfection effectiveness of various metal ions on O. fenuis

Cu*" and Ag" were selected as disinfectants, and disinfection effectiveness of both

individual and combined metal ions at different concentrations were compared. The change
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in total chlorophyll fluorescence as compared to the initial one was used to determine
disinfection effectiveness, since monitoring the level of total chlorophyll is a direct way of
tracking algae growth’”. As shown in Figure 1 (A) and (B), chlorophyll fluorescence after
treatment with low Cu?" or Ag" concentrations (10-20 mg/L) and short contact time (2.5 h for
Ag" and 5 h for Cu?*) was higher than that in the control, indicating growth instead of cell
death. This might be due to the stimulation of cyanobacteria metabolism at low metal ion
concentrations and short exposure times, resulting in increased chlorophyll fluorescence. At
longer contact times chlorophyll fluorescence decreased. When exposed to high Cu®" or Ag*
concentrations (50-200 mg/L), chlorophyll fluorescence decreased even within a short
contact time (2.5 h) and the reduction became more and more significant with longer contact
times. Compared to the individual ions, the combination Cu**+ Ag"* has better disinfection
effectiveness at the same concentration and contact time. As shown in Figure 1 (C), no
abnormal increase in chlorophyll fluorescence was observed even at the lower dose and
contact time, and the final chlorophyll fluorescence for the combined metal ion treatment was
less than that with Cu?* or Ag" at all concentrations and contact times, indicating better
disinfection effectiveness with the combined metal ions than the individual ions under same
conditions. This is an important finding, since it reduces the use of Ag”*, a more expensive

on.
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Figure 1. Disinfection kinetics of O. tenuis with different concentrations (10-200 mg/L)
of (A) Ag'; (B) Cu**; and (C) Cu**+Ag™.

52



Table 2. Detailed results about the disinfection kinetics of O. fenuis with different

concentrations of Ag", Cu?*" and Cu**+Ag".

[Disinfectants] Chlorophyll fluorescence
(mg/L) t=0 h t=2.5h t=5h t=7.5h t=10 h
Ag’ 0 7591+ 86.33+ 100.04+ 102.89+ 114.07+
0.85 2.56 2.35 0.44 1.33
10 7591+ 97.65+ 66.03+ 42.49+ 35.31+
0.85 1.75 1.77 0.70 0.45
20 7591+ 92.34+ 53.44+ 38.31+ 30.48+
0.85 1.02 1.52 1.89 1.91
50 7591+ 31.26+ 23.22+ 18.05+ 15.91+
0.85 1.34 0.28 1.23 0.75
100 7591+ 23.42+ 19.64+ 16.36+ 15.02+
0.85 0.57 0.33 1.23 0.65
200 7591+ 13.23+ 10.00+ 7.66+ 6.02+
0.85 0.50 0.63 0.59 0.83
Cu** 0 7591+ 86.33+ 100.04+ 102.89+ 114.07+
0.85 2.56 2.35 0.44 1.33
10 7591+ 115.58+ 113.68+ 77.35+ 52.97+
0.85 3.33 2.02 1.96 2.08
20 7591+ 107.85+ 79.28+ 47.68+ 39.21+
0.85 1.43 1.93 2.51 2.53
50 7591+ 49.49+ 37.65+ 29.35+ 29.82+
0.85 1.38 0.69 0.55 3.39
100 7591+ 48.71+ 34.36+ 28.42+ 28.57+
0.85 0.23 0.37 1.16 3.92
200 7591+ 35.63+ 28.50+ 23.00+ 19.50+
0.85 0.62 0.57 0.72 0.54
Ag+ 0 7591+ 86.33+ 100.04=+ 102.89+ 114.07+
Cu* 0.85 2.56 2.35 0.44 1.33
10 7591+ 49.37+ 33.83+ 25.17+ 22.77+
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0.85 2.55 0.66 1.25 0.70
20 7591+ 39.69+ 28.03+ 22.17+ 18.98+
0.85 0.43 0.67 0.30 0.29
50 7591+ 23.07+ 17.63+ 14.47+ 11.84+
0.85 0.97 0.26 0.56 0.53
100 7591+ 14.39+ 10.94+ 9.87+ 6.38+
0.85 1.40 1.34 0.32 0.70
200 7591+ 8.89+ 5.40+ 3.11+ 2.89+
0.85 0.43 1.28 0.53 0.19

The concentration of disinfectants and contact time are the main factors that determine
disinfection effectiveness. To further discuss these factors in a quantitative way, as well as to
see if the disinfection effectiveness of combined metal ions is synergetic, the relationship
between concentration of disinfectants, contact time and chlorophyll fluorescence can be
described with two exponential equations. For a given disinfectant concentration, the

relationship between chlorophyll fluorescence and contact time can be described by Equation

(D:

Chlorophyll fluorescence=Rmc+Race ™ (1)

Here, Ry is residual chlorophyll fluorescence after a long time of disinfection at a given
disinfectant condition (i.e type of metal ion and concentration); Rqc is the decrease in
chlorophyll fluorescence compared to the initial chlorophyll fluorescence at t = 0. B, is the
rate of disinfection, or the disinfectant ability, under a given condition. A larger value of B¢
means it takes a shorter time for the system to reach the same disinfection effectiveness than

other conditions. The values of R, Rac, and Be for all systems in this study are shown in
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Table 3. Due to the metabolic stimulation by individual Ag" and Cu?* treatments at 10 and 20
mg/L, the results of these systems cannot be described by Equation 1.

The value of B, follows the order: Cu**+Ag"> Ag"> Cu?" for the same total
concentration of disinfectant. Thus, the combined disinfectant has better disinfection
effectiveness than the individual metal ions at the same concentration, and Ag" is better than
Cu?* as an individual disinfectant. At low disinfectant concentrations (10 and 20 mg/L), there
is clearly a synergistic effect by combining the two metal ions, since the metabolic
stimulation is not observed and there is disinfection even at low contact times. To see if the
disinfection effectiveness of combined metal ions is additional or synergetic, a comparison of
B. at the higher disinfectant concentration (50, 100 and 200 mg/L) is shown in Figure 2 (A).
Here, the sum of B, for the individual metal ions is compared to the combination. One can
see that B, (Cu?>"+Ag") is less than B, (Ag") + B. (Cu*") at higher levels of disinfectant
concentrations (>50 mg/L). Thus, the disinfection effectiveness of combined disinfectant is

not synergetic at high concentrations.
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Figure 2. (A) Comparison of B. with Ag*, Cu?* and Ag*+Cu?" at different
concentrations (p values given in Table S2). (B) Comparison of B with Ag*, Cu?* and
Ag'™+Cu®" at different contact times (p values given in Table 5).
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Table 3. Values of Rinc, Rac, Bc and R? for Equation 1.

Disinfectant Rimc (RFU/mML) | Rac (RFU/mL) | Bc (h) R?

concentration

[Ag']=50 mg/L 16.94+0.95 58.84+1.01 0.57+0.01 0.9965

[Ag']=100 mg/L 16.48+0.57 59.40+0.67 0.83+0.07 0.9969

[Ag]=200 mg/L 7.60+0.42 68.29+0.46 0.97+0.02 0.9981

[Cu?*]=50 mg/L 25.78+4.33 50.10+3.84 0.31+0.07 0.9954

[Cu?*]=100 mg/L 25.07+£2.96 51.04+£2.04 0.33+0.05 0.9926

[Cu?"]=200 mg/L 21.03+0.90 54.66+1.60 0.49+0.03 0.9933

[Ag']=10 mg/L + 18.80+0.50 57.14+£1.36 0.27+£0.00 0.9976

[Cu*']=10 mg/L

[Ag"]=20 mg/L + 18.53+0.61 57.23+0.57 0.38+0.02 0.9986

[Cu?"]=20 mg/L

[Ag"]=50 mg/L + 13.77+£0.47 62.08+0.41 0.73+£0.06 0.9966

[Cu?"]=50 mg/L

[Ag']=100 mg/L + 8.77+0.67 67.23+1.52 0.98+0.07 0.9971

[Cu?*]=100 mg/L

[Ag']=200 mg/L + 3.58+0.57 72.32+1.04 1.03+£0.05 0.9991

[Cu?*]=200 mg/L

Table 4. Values of Rin, Rat, Bt and R? for Equation 2.
Disinfectant | Contact time | Rt Rt B (L/mg) R?
(RFU/mL) | (RFU/mL)

Ag’ t=2.5h 15.13+£0.93 70.99+2.04 0.028+0.001 | 0.9932
t=5h 14.62+0.58 84.97+1.43 0.042+0.003 | 0.9892
t=7.5h 14.23+0.54 86.61+0.98 0.089+0.004 | 0.9662
t=10h 13.96+0.23 99.42+1.15 0.132+0.004 | 0.9764

Cu* t=2.5h 38.33+£1.43 47.53+1.32 0.020+0.001 | 0.9610
t=5h 27.23+0.16 75.57+2.34 0.027+0.001 | 0.9599
t=7.5h 26.25+£2.17 79.88+1.20 0.053+0.001 | 0.9850
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=10 h 24.76+0.77 | 87.38+3.04 | 0.110£0.006 | 0.9853

Ag+Cu® [ t=2.5h 13.33+0.68 | 70.90+3.27 | 0.054+0.002 | 0.9790
t=5h 12.44+0.36 | 86.85£2.09 | 0.120+0.005 | 0.9731
t=7.5h 10.89+0.16 | 91.65+0.49 | 0.167+0.008 | 0.9781
t=10 h 8.85+0.28 105.04+1.49 | 0.186+0.004 | 0.9871

Table 5. P value tests about the comparison of B, and B, with Ag”, Cu®" and Ag"™+Cu?" at
different concentrations or contact times.

Test Conditions | p value Statistical significance
Comparison of B, with Ag", 50 mg/L 0.044 Statistically significant
Cu** and Ag™+Cu?" at different | 100 mg/L 0.049 Statistically significant
concentrations 200 mg/L 1.25%10* | Statistically significant
Comparison of B, with Ag", 25h 0.016 Statistically significant
Cu** and Ag™+Cu?" at different | 5 h 1.38*10* | Statistically significant
contact times 7.5h 9.36*10° | Statistically significant

10 h 1.04*%10* | Statistically significant

The relationship between disinfectant concentration and chlorophyll fluorescence for a

given contact time and type of disinfectant is exponential as well (Equation 2):

Chlorophyll fluorescence=Rm+Rae B (2)

Here, Ry is the residual chlorophyll fluorescence when the concentration of disinfectant
is theoretically close to infinity; Rq is the corresponding decrease of chlorophyll fluorescence
as compared to the chlorophyll fluorescence with concentration of disinfectants=0; and By
indicates the disinfectant ability under specific conditions. A larger value of Bt means lower

concentration of disinfectants is required for the system to reach the same disinfection
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effectiveness. The values of Rot, Ry, and By for all the systems in this study are shown in
Table 4.

As shown in Table 4, B, follows the order: Cu**+Ag" > Ag*> Cu?" with the same contact
time. This means that combined disinfectant has better disinfection effectiveness than
individual ions at the same contact time, and Ag" is better than Cu?’. The comparison of By
(Ag™+Cu?") and B (Ag") +B: (Cu®") with different contact times (2.5, 5, 7.5 and 10 h) are
shown in Figure 2 (B). The disinfection effectiveness of the combined metal ions is
synergetic when contact time is less than 7.5 h. At t=10 h, B (Ag'+Cu?") is less than B (Ag")
+B; (Cu?").

The better disinfection ability of the combined Cu**+Ag" relative to the individual Ag” or
Cu** is mainly due to the differences in disinfection mechanisms for Ag* and Cu*". Ag*
inactivates the algae cells via extracellular binding and precipitating on the cell wall, and
intracellular binding with enzymes, DNA or electron donor groups . The disinfection
mechanism of Cu?* is mainly the increase in cell wall permeability and destruction of cell
walls *°, but does not result in intracellular binding. Thus, the disinfection ability of Cu*" is
weaker than Ag”. Both disinfectant concentration and contact time will influence the
disinfection effectiveness. At low concentrations, the disinfectant will be attached onto the
cell walls and once the concentration increases to a certain level, the cell walls will be
damaged. If the concentration of disinfectant continues to increase beyond that level, the
additional disinfectant will not accelerate the rate of disinfection, even though it will be
attached onto the cell walls as well*. Contact time is another important factor in this process
since the precipitation and uptake of disinfectant are time-dependent and it will take time for

the attached disinfectant to destroy the cell structure *. Given enough contact time or
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disinfectant concentration, the disinfection effectiveness will remain stable at a certain level
under those conditions.

When a combination of metal ions (Cu?**+Ag") is applied to the system, synergetic effects
appear as it will be easier for Ag" to enter the cell and interact with enzymes or DNA, since
the cell wall is damaged by Cu?*. The synergetic effect is significant at low concentrations
and short contact times. When the concentration of individual disinfectant is high, or the
contact time is long, the disinfection process may reach an equilibrium with individual
disinfectants. Thus, no synergetic effect appears under those conditions, but the disinfection
effectiveness of combined disinfectant is still better than that with individual metal ions.

In conclusion, disinfection effectiveness of combined metal ions is synergetic compared
to the addition of individual ones at low concentration and short contact time. At high
concentration and long contact time, the disinfection effectiveness of combined ones is
weaker than the sum of individual ones but is still stronger than each of them. Thus,
treatment with combined metal ions will reach expected disinfection effectiveness with lower
concentration and shorter contact time than with individual metal ions. The cell concentration
of O. tenuis in this study was very high (1.8*10° cells/mL) to be able to simulate an
environment with cyanobacteria bloom, which required a high concentration of metal ions
and longer contact times, for this proof-of-concept study. One can expect that lower dosages
of combined metal ions will be needed to achieve desired disinfection effectiveness for the
lower cell concentrations in normal environmental conditions. With further treatment of the
residual metal ions in the water after disinfection (i.e. sorption with Mag-PCMA), the
concentration of metal ions will be reduced to a safe level which minimizes the potential

environmental risk.
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1.2 Influence of various environmental conditions on the effectiveness of disinfection

Various environmental conditions, such as initial cell concentrations, pH, water hardness,
NOM, nutrient content, and light condition, were considered and their influence on
disinfection effectiveness were evaluated. All the experiments were done with exposure to 50
mg/L Cu?" and 50 mg/L Ag" and 2.5 h contact time. Results are shown in Figure 3 (A)-(F).
The initial chlorophyll fluorescence was 89.89 RFU/mL (2.1*10° cells/mL in concentration)
for experiments 3B to 3F. The pH of the BG-11 remained stable at 8 during the studies with

different initial cell concentrations, water hardness, NOM, nutrient content, and lighting.
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Figure 3. Disinfection effectiveness as a function of (A) initial chlorophyll fluorescence
(24.83, 89.89 and 143.71 RFU/mL respectively); (B) pH; (C) water hardness; (D) NOM;
(E) nutrient content; and (F) light condition with [Cu?'] =50 mg/L, [Ag'] = 50 mg/L
and 2.5 h contact time. The blue dash line refers to the initial chlorophyll fluorescence
= 89.89 RFU/mL for (B) to (F), * means there is a statistically significant difference
between treated groups under given conditions, p value given in Table 6.
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Table 6. Detailed results and p value tests about the disinfection effectiveness as a function
of initial chlorophyll fluorescence, pH, water hardness, NOM, nutrient content and light
condition (p<0.05 is considered to be statistically significant).

Environmental Chlorophyll fluorescence p value test Statistical
Condition (RFU/mL) (([Ag'1=50 Significance
Control group  Metal ions mg/L+[Cu®*]
treated group =50 mg/L)
([Ag']=50
mg/L+[Cu®]=
50 mg/L)
Initial 24.83 | 26.76+1.60 7.18+0.54 5.04*107"! Statistically
chlorophyll 89.89 | 104.48+3.09 29.71+0.13 significant
fluorescence  143.71 | 171.50+8.69 51.53+0.49
(RFU/mL)
pH 6 83.31+3.24 18.23+0.15 3.41*107 Statistically
7 95.96+3.61 26.75+0.35 significant
8 104.48+3.09 29.71+0.13
[CaCOs] 0 104.48+3.09 29.71+0.13 0.165 Statistically
(mg/L) 50 104.25+0.97 28.74+0.84 not significant
100 110.06+3.66 29.78+0.22
200 123.334+2.42 29.29+0.69
[Humic acid] 0 104.48+3.09 29.71+0.13 0.423 Statistically
(mg/L) 1 100.56=+1.47 29.52+1.38 not significant
10 93.07+2.35 28.74+0.70
Nutrient 0 88.68+1.25 15.31+0.31 4.19*10” Statistically
content (%) 50 88.71+£2.33 21.39+0.37 significant
100 104.48+3.09 29.71+0.13
Light Light | 104.48+3.09 29.71+0.13 4.24*10° Statistically
conditions Dark | 102.77+0.52 60.72+2.78 significant
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1.2.1 Effect of initial cyanobacteria concentration on disinfection

Initial cyanobacteria concentration (as determined from chlorophyll fluorescence) of the
samples was adjusted to 24.83, 92.58 and 143.71 RFU/mL and then the cyanobacteria were
exposed to 50 mg/L Ag" and Cu?" for 2.5 h, to explore the possible influence of
cyanobacteria concentration on disinfection effectiveness. As shown in Figure 3 (A), initial
chlorophyll fluorescence is a factor that determines disinfection effectiveness. When exposed
to the same concentration of Cu** and Ag", the one with lowest initial chlorophyll
fluorescence resulted in largest decrease of the final chlorophyll fluorescence (around
71.06% of initial RFU), followed by the medium RFU (66.94%) and the high RFU (64.14%
of the initial one). This is supported by previous research stating that the disinfection effect is
determined by the initial level of disinfectant per cell *°. Thus, a higher initial level of

disinfectant per cell will accelerate the disinfection process.

1.2.2 Effect of pH on disinfection

The pH of the BG-11 medium was adjusted to 6, 7 and 8 respectively with 0.1 M HNO3
and 0.1 M NaOH to explore the possible influence of pH on disinfection effectiveness. As
shown in Figure 3 (B), the growth and disinfection of O. tenuis are sensitive to the change of
pH in the environment. Chlorophyll fluorescence decreased the most under an acidic
environment (pH = 6), followed by neutral (pH = 7) and alkaline (pH = 8). The possible
reason for this phenomenon is due to the speciation of Ag™ and Cu** in the medium under
different pH conditions. Although the speciation and concentration of free Ag* remains
stable under the environment with pH=6 to 8, the change of pH will influence the speciation
of Cu®" in BG-11 medium, as the constituents include CO32" which will combine with Cu?*

and form insoluble CuCOs°!. Free Cu?" is the dominant species in water under an acidic
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environment, while CuCO; dominates at alkaline conditions °!. Since the free Cu®* ions are
the predominant toxic species against microorganisms within short contact time 2, reduction
of free Cu?" ions in the medium will weaken the disinfection effectiveness. Thus, the
difference of chlorophyll fluorescence in the disinfectant-treated group is due to the change

of dominant species of Cu®" at different pH.

1.2.3 Effect of water hardness on disinfection

Water hardness, usually expressed as the concentration of CaCO3 in water, is one of the
main environmental factors that determine the quality of freshwater. In this study, different
concentrations of CaCOs (50, 100 and 200 mg/L) were added into the system to simulate
soft, moderate hard and very hard water. As shown in Figure 3 (C), the chlorophyll
fluorescence increased more with higher concentration of CaCOj3 in the control group.
However, no significant change of the chlorophyll fluorescence was found in the group
treated with Cu?’"+Ag" and different concentrations of CaCOj3 (p=0.165>0.05). This is mainly
because the speciation of Cu?" and Ag” was not changed substantially with the addition of

CaCOs %2, Thus, water hardness is not a factor that will influence the disinfection process.

1.2.4 Effect of NOM on disinfection

NOM, which is derived from decaying plant and animal matter, is one of the main
constituents in many environmental and drinking supply water sources, particularly those
that harbor cyanobacteria. To evaluate the influence of NOM on the disinfection process,
different concentrations of humic acid (HA) (0, 1 and 10 mg/L) were added into the system.
As shown in Figure 3 (D), the growth of O. fenuis is influenced by the addition of HA, as the

chlorophyll fluorescence decreased with the increasing concentration of HA in the control.
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However, no significant difference of fluorescence was found between the groups treated
with Cu**+Ag" and different concentrations of HA (p=0.423>0.05). Although HA could
form complexes with Cu®** and Ag*, and the Cu-HA and Ag-HA complex are not so toxic
compared to free ions **°°, the affinity is quite limited under the concentration range of HA
considered in this study (0-10 mg/L). Thus, the concentration of effective free Cu®" and Ag"

1s not influenced noticeably, and no influence on disinfection effectiveness was observed.

1.2.5 Effect of nutrient content on disinfection

To explore the influence of different nutrient levels on the disinfection effectiveness, the
BG-11 medium for O. tenuis was diluted to 0% (i.e. with no nutrient and only deionized
water) and 50% of original concentration with deionized water. As shown in Figure 3 (E), the
decrease of nutrients (0% and 50%) did not influence the fluorescence of the control group
significantly. This is mainly because the poor nutrient environment will stimulate the
metabolism of O. tenuis during the short contact time (2.5 h). In the group exposed to
Cu**+Ag", the fluorescence decreased the most with 0% nutrient, followed by 50% and
100% nutrient. A possible reason for this phenomenon might be that the concentration of free
Ag" is affected to the nutrient concentration in the medium, as CaCl, is one of the ingredients
of the medium (Table S1) and CI" will combine with Ag" thus influencing the disinfection
effectiveness. In a low nutrient environment, free Ag” will be present in higher amounts and
result in better disinfection effectiveness. Compared to Ag", the disinfection ability of Cu®" is
not influenced by the concentration of nutrients, as the ingredients of the medium do not

change the speciation of Cu®" in water.

65



1.2.6 Effect of lighting condition on disinfection

[llumination is essential for the growth of cyanobacteria, thus the influence of lighting
conditions on disinfection effectiveness was considered as well. The disinfection process was
done under both light and dark conditions for comparison., and the results are shown in
Figure 3 (F). Change of lighting conditions within a short contact time (2.5 h) did not lead to
noticeable difference of the chlorophyll fluorescence in the control group. However, the
chlorophyll fluorescence decreased more under the lighting condition than that under a dark
one in the group exposed to Cu®"+Ag". As Cu?’ is not sensitive to the light, the main reason
for this phenomenon is due to one of the disinfection mechanisms by Ag” which is related to
the lighting condition. Ag" can combine with the thiol group of proteins and hinder their
enzymatic function ®°, but the behavior of Ag™-protein complex may be affected by the light
irradiation °°. According to the results from a previous study about disinfection of E. coli by
Ag’, the inactivation of E. coli is enhanced by the photochemical reaction of Ag'-protein
complex under UV-A or visible light irradiation °®. Thus, disinfection is more effective under

the illuminated rather than dark conditions.
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Figure 4. Concentration of extracellular and intracellular anatoxin-a (A) and
cylindrospermopsin (B) versus time during disinfection with [Cu?*] =50 mg/L and [Ag"]
=50 mg/L. * means there is a statistically significant difference between treated groups
under given conditions, p value given in Table 8.

Table 7. Detailed results about the concentration of extracellular and intracellular anatoxin-a
and cylindrospermopsin versus time during disinfection with combined Ag* and Cu?*".

Cyanotoxin Time | Extracellular | Intracellular
(h) concentration | concentration
(ug/L) (ug/L)
Anatoxin-a Control group 0 18.04+2.07 17.82+2.38
2.5 20.24+2.18 14.58+4.19
5 28.66+4.22 | 7.3542.15
7.5 34.55+¢1.07 | 5.91£2.20
10 39.10+1.41 5.22+1.55
Metal ions treated group 0 18.04+2.07 17.82+2.38
([Ag]=50mg/L+[Cu*"]=50 |2.5 41.78+3.03 3.27+0.41
mg/L) 5 44.81+0.71 2.76+0.18
7.5 48.21£1.70 | 2.90+0.32
10 52.49+0.70 | 2.83+0.27
Cylindrospermopsin  Control group 0 3.65+0.04 3.83+0.03
2.5 3.72+0.28 3.85+0.02
5 3.79+0.14 3.87+0.02
7.5 4.00+0.06 3.86+0.07
10 3.79+0.01 3.88+0.02
Metal ions treated group 0 3.65+0.04 3.83+0.03
([Ag'1=50mg/L+[Cu*']=50 |2.5 4.10+0.23 3.86:0.09
mg/L) 5 3.86+0.15 3.94+0.16
7.5 3.99+0.19 3.88+0.02
10 3.90+0.14 3.84+0.12
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Table 8. P value tests about the concentration of extracellular and intracellular anatoxin-a
and cylindrospermopsin versus time during disinfection with combined Ag* and Cu**
(p<0.05 is considered to be statistically significant).

Test p value Statistical
Significance
Anatoxin-a Extracellular 3.69*10¢ Statistically
(control) significant
Extracellular (metal | 5.67*107 Statistically
ions-treated) significant
Intracellular 4.49*10* Statistically
(control) significant
Intracellular (metal | 3.13*10° Statistically
ions-treated) significant
Cylindrospermopsin  Extracellular 0.097 Statistically not
(control) significant
Extracellular (metal | 0.056 Statistically not
ions-treated) significant
Intracellular 0.616 Statistically not
(control) significant
Intracellular (metal | 0.714 Statistically not
ions-treated) significant

In this study, 5 mL of O. tenuis culture was monitored at different times during
disinfection to determine the levels of cyanotoxins. After centrifuging the culture, the
extracellular toxin was collected from the supernatant, and the intracellular toxin was
extracted from the pellet using 5 mL 5% aqueous acetic acid. Samples from both the control
and the combined metal ions treatment (50 mg/L each of Cu*" + Ag") groups were collected
and quantified for comparison. Total and extracellular concentration of anatoxin-a increased

(Figure 4 (A)), and the intracellular concentration decreased overtime in both the control and
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metal ions treated groups. However, compared to the control group, in the combined metal
ion treatment the total, extracellular and intracellular concentrations of anatoxin-a had
pronounced changes. Both the increase of total and extracellular concentrations and the
decrease of intracellular concentrations were amplified when the O. fenuis was treated with
Cu?" and Ag". This indicates that the addition of Cu** and Ag" will stimulate not only the
production of anatoxin-a, but also the release of anatoxin-a through the cell membrane.

In contrast, the addition of disinfectant (combined Cu?* and Ag") did not lead to a
significant change in the total, extracellular and intracellular concentrations of
cylindrospermopsin in either the control or treatment groups over time (p values are given in
Table 8). Since extracellular cylindrospermopsin concentration increases only in the late
exponential or stationary phase °’, and the culture used for this study was at an early
exponential phase, both the extracellular and intracellular concentrations of
cylindrospermopsin remained stable within 10 h. Although cell lysis during disinfection may
lead to the release of cylindrospermopsin, it has been studied that the main reason of
increasing extracellular cylindrospermopsin concentration is not due to the release of
cylindrospermopsin during cell lysis, but due to the active release or leakage from intact cells
%8 Since the addition of Cu?" and Ag"™ did not influence the release or leakage of
cylindrospermopsin from intact cells, the intracellular and extracellular distribution of

cylindrospermopsin remained stable over time.
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3. Simultaneous sorption of Cu?’, Ag’, anatoxin-a and cylindrospermopsin by Mag-

PCMA

3.1 Relationship between adsorbent dosage and removal efficiency

Simultaneous sorption of the disinfectants (Cu?* and Ag", 50 mg/L each) and the
cyanotoxins produced by O. tenuis (anatoxin-a and cylindrospermopsin, 20 ug/L) at different
concentrations of Mag-PCMA (1-5 g/L) were studied at pH = 7 and room temperature. As
shown in Figure 5 (A), Ag" can be efficiently captured by Mag-PCMA, with a removal
efficiency reaching 99.5% at 2 g/L of Mag-PCMA. Compared to Ag*, Cu*" cannot be
adsorbed by Mag-PCMA with that level of removal efficiency. The removal efficiency of
Cu?" increased substantially with higher adsorbent dosage up to 3 g/L, reaching 38.89%.
Above 3 g/L the removal efficiency increased asymptotically up to 40.34%, probably due to
the challenge of keeping the Mag-PCMA particles suspended at concentrations above 3 g/L.

The main reason for the difference in removal efficiency of Cu®* versus Ag™ by Mag-
PCMA is due to the sorption mechanism and the core-shell structure of Mag-PCMA. Due to
the negatively charged surface, Mag-PCMA can adsorb metal ions through electrostatic
interactions. However, since the surface of the magnetite core is coated with cationic
surfactant (3-trimethoxysilyl propyl octadecyl dimethyl ammonium chloride), there will be
electrostatic repulsion between the coated cationic surfactant and the metal ions, which will
cancel out part of the electrostatic interaction. The electrostatic repulsion is determined by
the electronegativity of each metal ion (2.00 for Cu®" and 1.93 for Ag", dimensionless *°),
resulting in the selectivity of sorption among various metal ions. Stronger repulsion will take

place between the cationic surfactant and more positively charged metal ions. Thus, Ag" can
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be captured by Mag-PCMA with higher efficiency than Cu®*. The concentration of metal
ions can be further decreased by additional sorption cycles until reaching a safe level °°.
Simultaneous removal of anatoxin-a and cylindrospermopsin are shown in Figure 5 (A).
Compared to cylindrospermopsin, anatoxin-a can be removed by Mag-PCMA with higher
efficiency. 38.91% of anatoxin-a was removed by 3 g/l Mag-PCMA, and the removal
efficiency increased slowly up to 42.80% with 5 g/l Mag-PCMA. As comparison, only
15.24% of cylindrospermopsin can be captured by 3 g/ Mag-PCMA, and the removal
efficiency remains at this level even with additional dosing of Mag-PCMA up to 5 g/L.. The
differences in removal efficiency for anatoxin-a and cylindrospermopsin can be explained by
considering the sorption mechanism and chemical structure of these two cyanotoxins (Figure
S1). Mag-PCMA can attract anatoxin-a through electrostatic interaction due to its negatively
charged surface ®, as anatoxin-a is positively charged in a neutral environment (pKa=9.4) '%°.
Although the same mechanism is valid for sorption between cylindrospermopsin and Mag-
PCMA, the anionic sulfur group in cylindrospermopsin (Figure S1) will weaken the
attraction by Mag-PCMA '°!, Thus, the removal efficiency of cylindrospermopsin is lower
than that of anatoxin-a at the same dosage of Mag-PCMA. Nevertheless, it is an added value
to be able to partially remove these cyanotoxins with the same magnetic nanoparticles used
to recover the metal ion disinfectants, thus reducing their concentrations in the treated water.
Since in these studies we simulate a cyanobacteria bloom with very high cell concentrations,
the concentration of metal ions and cyanotoxins are high. Even so, the simultaneous removal
of metal ions and cyanotoxins is considered to be efficient. Less Mag-PCMA would be
needed for practical use when the cyanotoxins and metal ions are at a lower level than under

the tested conditions, and the removal efficiency of target chemicals will be improved with a
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reduced initial concentration. Further optimization of the magnetic nanoparticle may result in
tailored nanomaterials for this specific application. The high dosage of Mag-PCMA is due to

the high concentration of cyanobacteria considered here, and would be optimized for lower

concentrations.
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Figure 5. (A) Adsorption of Cu?*, Ag*, anatoxin-a and cylindrospermopsin onto Mag-
PCMA as a function of adsorbent dose with [Ag*] =50 mg/L, [Cu*'] =50 mg/L,
[anatoxin-a] =20 ug/L and [cylindrospermopsin] =20 ug/L. (B) Sorption uptake of Cu?",
Ag*, anatoxin-a and cylindrospermopsin versus time (with [Ag"] =50 mg/L, [Cu?'] =50
mg/L, [anatoxin-a] =20 ug/L, [cylindrospermopsin] =20 ug/L and [Mag-PCMA] =2.5
g/L).

Table 9. Detailed results about the simultaneous sorption of Cu**, Ag*, anatoxin-a and
cylindrospermopsin onto Mag-PCMA as a function of adsorbent dose or time.

Sorption process Removal efficiency (%)
Ag" Cu** Anatoxin-a  Cylindrospermopsin
[Mag-PCMA] 0 0.00£0.00  0.00+£0.00  0.00£0.00  0.00+0.00
(mg/L)
20 78.91£2.83 20.70+3.37 16.1942.80 7.75+2.23
40 99.53+0.26 28.76+4.91 24.81£1.35 9.72+0.78
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99.86+0.02
99.79+0.05
99.85+0.03

38.90+1.77
39.32+1.64
40.34+2.34

38.92+2 .91
40.05+3.32
42.80+2.66

15.25+1.02
15.01£1.24
15.42+1.58

Time (h)

0.00+0.00

74.46+0.74
92.61£1.91
99.41+0.04
98.39+0.26
99.02+0.53

0.00+0.00

34.27+1.84
39.25+1.76
39.20+£5.42
38.12+6.38
38.00£5.40

0.00+0.00

17.99+1.43
34.03+£3.20
34.91£2.93
34.9543.57
35.06+0.86

0.00+0.00
6.88+0.61
10.55+1.26
11.37+£2.36
11.87+1.27
10.76=1.08

Table 10. P value tests about the simultaneous sorption of Cu?*, Ag”, anatoxin-a and
cylindrospermopsin onto Mag-PCMA as a function of adsorbent dose or time (p<0.05 is
considered to be statistically significant).

Test p value Statistical
Significance

Cu* [Mag-PCMA]>3 0.667 Statistically not
g/L significant

Ag’ [Mag-PCMA]>2 0.053 Statistically not
g/L significant

Anatoxin-a [Mag-PCMA]>3 0.327 Statistically not
g/L significant

Cylindrospermopsin  [Mag-PCMA]>3 0.928 Statistically not
g/L significant

Cu*" t>2h 0.983 Statistically not
significant

Ag’ t>4 h 0.913 Statistically not
significant

Anatoxin-a t>2 h 0.967 Statistically not
significant

Cylindrospermopsin ~ t>2 h 0.733 Statistically not
significant
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3.2 Sorption kinetics

Simultaneous sorption kinetics of 50 mg/L Ag®, 50 mg/L Cu®*, 20 ug/L anatoxin-a and
20 ug/L cylindrospermopsin with Mag-PCMA (2.5 g/L) were studied at pH = 7 and room
temperature (Figure 5 (B)). As shown in Figure 5 (B), rapid sorption occurred within 1 h and
the removal efficiency gradually increased until reaching a maximum (99% for Ag" after 4 h,
38.5% for Cu®" after 2 h, 35% for anatoxin-a after 2 h, and 10.5 % for cylindrospermopsin
after 2 h). The kinetics is mainly influenced by the available sorption sites on the surface of
Mag-PCMA. The rapid sorption within 1 h is due to the abundant sorption sites at first. With
more and more adsorbates loaded onto the Mag-PCMAs, the available sorption sites
decrease, and the sorption rate slows down. Thus, it will take longer time for a system with

higher removal efficiency (e.g. Ag") to reach equilibrium.

3.3 Influence of different environmental conditions on adsorption

3.3.1pH

The influence of pH on the adsorption process of the four target chemicals with Mag-
PCMA was evaluated with 50 mg/L Ag*, 50 mg/L Cu?", 20 ug/L anatoxin-a, 20 ug/L
cylindrospermopsin and 2.5 g/L. Mag-PCMA at room temperature. Removal efficiency of all
these four chemicals remained stable when the pH was varied from 6 to 8 (around 99.5% for
Ag’, 28% for Cu?', 24.5% for anatoxin-a and 11.5% for cylindrospermopsin, Figure 6 (A)).
The p-values for these experiments are given in Table 12. This is mainly due to the sorption
mechanism of these four chemicals by Mag-PCMA, which is electrostatic interaction. Since
the speciation of Ag" and Cu®" remains stable with the change of pH from 6 to 8 (Ksp

(AgOH)=2*10"%, Ky, (Cu(OH)2)=2.2*1072 at room temperature 1°219%), the removal
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efficiency was not influenced. Besides, there was no significant change in the surface charge
of Mag-PCMA at different pH 2, resulting in stable removal of anatoxin-a and

cylindrospermopsin.

3.3.2 Water hardness

Different concentrations of CaCO3 were considered to evaluate the possible influence of
hardness on the sorption process with Mag-PCMA. As shown in Figure 6 (B), no significant
influence was observed on the removal efficiency (around 99.5% for Ag*, 28% for Cu*",
24.5% for anatoxin-a and 11.5% for cylindrospermopsin, p values for these systems are
given in Table 12). This is because the addition of CaCOj did not change the aqueous
speciation of Ag" and Cu?", nor did it influence the surface charge of Mag-PCMA. Although
a small fraction of Ca** may be dissolved from CaCOs and released into the water and be
captured by Mag-PCMA, it does not compete significantly with the sorption of Ag" and Cu?*
(Ksp (CaCO3) =2.8 x 107 at room temperature '*). Thus, water hardness is not a major

concern for the removal of the target chemicals.

333ClI

The presence of CI" may be another factor that could influence the removal of the target
chemicals in this study, as CI is able to combine with Ag" to form precipitation thus
reducing the concentration of free Ag" in water. Thus, different concentrations of C1° (0, 1
and 10 mg/L) were added. As shown in Figure 6 (C), no significant change in removal
efficiency on Cu?*, anatoxin-a and cylindrospermopsin was observed (around 28% for Cu?",
24.5% for anatoxin-a and 11.5% for cylindrospermopsin; p values for these systems are

given in Table 12), since the presence of CI did not influence the surface charge of Mag-
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PCMA or the speciation of Cu?" in water. However, the sorption process of Ag” was
influenced by CI, as the concentration of C1” determines the percentage of free Ag" in water.
With the addition of 1 mg/L CI, free Ag" decreased from 100% to 96.74% (Ksp
(AgC1)=1.77*10"1" at room temperature "°). After sorption, 90.97% of the free Ag" was
removed by Mag-PCMA, which is less than the removal efficiency without Cl™ (99.5%).
When the concentration of Cl™ increased to 10 mg/L, the percentage of free Ag” decreased to
41.96%, and the percentage of free Ag™ adsorbed by Mag-PCMA decreased to 75.64%. Thus,
the presence of CI" is a factor that needs to be considered when evaluating the disinfection
and sorption process with Ag". The AgCl complex is likely to precipitate, and Ag can be

recovered in the sludges, but it would be a more expensive separation.

3.3.4 NOM

Similar to the addition of CaCO3, the presence of humic acid with different
concentrations did not influence the removal efficiency of the four chemicals significantly
(around 99.5% for Ag*, 28% for Cu**, 24.5% for anatoxin-a and 11.5% for
cylindrospermopsin in Figure 6 (D); p values for these systems are given in Table 12). The
added HA did not compete with the four target chemicals for sorption sites, as both HA and
Mag-PCMA are negatively charged 3% 1. Thus, the surface charge of Mag-PCMA remains
stable with the addition of HA. Nor will HA change the speciation of Ag" and Cu?", since the
combination between Ag* or Cu** and HA is quite limited at the range of concentrations
considered for HA in this study (0-10 mg/L) and is not comparable to that between Ag" or
Cu*" and Mag-PCMA. This is supported by a previous study of the simultaneous sorption of

Cd**, acenaphthene and NOM. When a large amount of Mag-PCMA (>1 g/L) is added, the
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difference of sorption capacity of Cd*" and acenaphthene in the absence or presence of NOM

is negligible .
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Figure 6. Influence on sorption for [Ag*] =50 mg/L, [Cu**] =50 mg/L,
[cylindrospermopsin] =20 ug/L, [anatoxin-a] =20 ug/L and [Mag-PCMA] =2.5 g/L of
different (A) pH; (B) water hardness; (C) CI concentration; and (D) NOM

concentration.

Table 11. Detailed results about the influence on simultaneous sorption for Ag”, Cu®*,
anatoxin-a and cylindrospermopsin with different pH, water hardness, CI" concentration and

NOM concentration.

Environmental Removal efficiency (%)
Conditions Ag’ Cu** Anatoxin-a  Cylindrospermopsin
pH 99.744+0.01 29.35+1.81 24.39+0.23 12.91%1.35

99.39+0.05 29.32+1.05 24.78+0.20 11.64+0.53
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8 99.50+0.07 30.19+1.08 24.36+0.54 11.69+0.52
[CaCO3] (mg/L) 0 99.81+0.06 28.65+0.15 24.32+2.11 11.03+1.03
50 99.76+0.05 27.13+1.84 24.85+0.56 11.91+0.46
100 99.84+0.05 27.1240.68 24.86+1.19 11.48+0.52
200 99.83+0.07 27.72+1.63 24.46+1.60 11.82+0.10
[CI] (mg/L) 0 99.81+0.06 28.65+0.15 24.32+2.11 11.03+1.03
1 90.13£0.42 29.04+0.89 25.01+1.21 11.52+0.19
10 74.53£0.97 29.1040.95 24.53+2.24 12.71+1.01
[Humic acid] 0 99.81+0.06 28.65+0.15 24.32+42.11 11.03+1.03
(mg/L) 1 99.80+0.08 28.33+2.03 24.61+3.56 11.81+0.55
10 99.93+0.01 28.67+0.72 24.50+£0.96 11.28+0.70

Table 12. P value tests about the influence on simultaneous sorption for Ag*, Cu?*, anatoxin-

a and cylindrospermopsin with different pH, water hardness, CI" concentration and NOM
concentration (p<0.05 is considered to be statistically significant).

Environmental Condition p value Statistical
Significance
Cu* pH 0.692 Statistically not
significant
Water hardness 0.460 Statistically not
significant
Cr 0.743 Statistically not
significant
NOM 0.934 Statistically not
significant
Ag" pH 0.814 Statistically not
significant
Water hardness 0.473 Statistically not
significant
Cr 1.22*10°8 Statistically
significant
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NOM 0.060 Statistically not
significant
Anatoxin-a pH 0.345 Statistically not
significant
Water hardness 0.955 Statistically not
significant
Cr 0.903 Statistically not
significant
NOM 0.989 Statistically not
significant
Cylindrospermopsin  pH 0.221 Statistically not
significant
Water hardness 0.365 Statistically
significant
Cr 0.115 Statistically
significant
NOM 0.509 Statistically not
significant

4. Regeneration and reuse of Mag-PCMA

To evaluate the regeneration and reusability of Mag-PCMA, Cu?’, Ag", anatoxin-a and
cylindrospermopsin adsorbed onto Mag-PCMA were extracted with methanol (for anatoxin-a
and cylindrospermopsin) and 0.01 M H,SOs (for Cu** and Ag"). After extraction, Mag-
PCMA was mixed with 50 mg/L Ag", 50 mg/L Cu**, 20 ug/L anatoxin-a and 20 ug/L
cylindrospermopsin immediately to evaluate the simultaneous removal performance of Mag-
PCMA after regeneration. The sorption and regeneration processes were repeated for five
continuous cycles, and the removal efficiency of Cu**, Ag”, anatoxin-a and

cylindrospermopsin are shown in Figure 7 (A) and (B). No significant change in removal
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efficiencies of Cu?*, anatoxin-a and cylindrospermopsin was observed for the regenerated

Mag-PCMA up to 5 cycles (p values are given in Table 14). Although the removal efficiency

of Ag" decreased gradually during the sorption-desorption cycles, it still remained above

93%, indicating good reusability of Mag-PCMA.
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Figure 7. Sorption and recovery efficiency of Cu?*, Ag*, anatoxin-a and

cylindrospermopsin after five Mag-PCMA regeneration cycles.

Table 13. Detailed results about the sorption and recovery efficiency of Cu?*, Ag®, anatoxin-

a and cylindrospermopsin after five Mag-PCMA regeneration cycles.

Regeneration Removal efficiency (%)

Cycle Ag" Cu** Anatoxin-a Cylindrospermopsin
1 98.97+0.55 29.88+4.95 26.25+2.52 13.04+0.56

2 95.75+1.19 29.16+2.49 27.2443.12 14.85+0.43

3 96.31+0.10 29.214+0.65 27.134£3.70 15.50+1.01

4 96.19+0.28 28.32+1.89 27.35+1.26 14.43+1.67

5 92.91+0.21 27.82+1.94 27.41+1.64 16.00+0.97
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Table 14. P value tests about Sorption and recovery efficiency of Cu?*, Ag", anatoxin-a and
cylindrospermopsin after five Mag-PCMA regeneration cycles (p<0.05 is considered to be
statistically significant).

Continuous sorption after p value Statistical Significance
regeneration

Cu®* 0.900 Statistically not significant
Ag’ 5.31*10° Statistically significant
Anatoxin-a 0.981 Statistically not significant
Cylindrospermopsin 0.523 Statistically not significant

D. Conclusions

In this study, a combination of metal ions (Ag™+ Cu?") resulted in better disinfection of
O. tenuis than the individual ions (Cu**, Ag"), since the combination can achieve the same
disinfection effectiveness with shorter time and lower concentration. Environmental
conditions that will determine the dominant speciation of metal ions (i.e. pH and nutrient
content) or will influence the ratio between cyanobacteria cells and free metal ions, will
influence disinfection effectiveness, while those that do not influence the metal ions in water
(i.e. water hardness and presence of humic acid) will not change the disinfection
effectiveness. Although the addition of metal ions will stimulate the production of
cyanotoxin during the disinfection process, both the metal ions and cyanotoxins can be
effectively removed by Mag-PCMA through simultaneous adsorption later, and the sorption
of metal ions and toxins remains stable under various environmental conditions. Thus, the
potential environmental risk caused by the use of metal ions as disinfectant and the
production of cyanotoxin during disinfection will be substantially reduced. The disinfection
method in this study is sustainable, as metal ions and Mag-PCMA can be regenerated with

high efficiency and reused for several continuous cycles (removal efficiency above 93% after
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5 cycles). Thus, this novel disinfection method is very promising for practical application in

the future.
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F. Appendix

1. Recipe of BG-11 medium

Table S1. Recipe of BG-11 medium

NaNOs3 17.6 mM
KoHPO4 0.23 mM
MgSO4+7H,0O 0.3 mM
CaCl*2H,0 0.24 mM
Citric Acid*H,O 0.031 mM
Ferric Ammonium Citrate 0.021 mM
Na;EDTA<2H,0 0.0027 mM
Na,COs3 0.19 mM
H;BO;s 4.6¥10-2 mM
MnCL+4H>0 9*10-3 mM
ZnSO4°*7H>0 7.7%10-4 mM
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Na;MoO42H,0 1.6%10-3 mM
CuSO4+5H,0 3#10-4 mM
Co(NO3),*6H20 1.7%10-4 mM

2. Method of synthesizing Mag-PCMA

The Mag-PCMA was prepared by a three-steps procedure ¥’. First, maghemite iron (III)
oxide nanoparticles were negatively activated by dispersing the magnetic nanoparticles in
tetramethylammonium hydroxide solution under constant stirring overnight. Next, a cationic
surfactant, 3-trimethoxysilyl propyl octadecyl dimethyl ammonium chloride, was deposited
onto the activated magnetite surface with constant stirring of the suspension. In the end,
tetraethyl orthosilicate was attached to the trimethoxysilyl groups of the surfactants through
covalently bonds to cross-link the surfactant onto the magnetic iron core. All the steps were

performed at room temperature.

3. Chemical structure of anatoxin-a and cylindrospermopsin

Figure S1. Chemical structure of (a) anatoxin-a and (b) cylindrospermopsin !°1,
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IVv. Removal of MS-2 viruses with recyclable magnetic

nanoparticles coated with metal ions

Abstract A novel disinfection method with recyclable magnetic nanoparticles is presented to
optimize the traditional method with metal ions on virus contamination. In this study, magnetic
nanoparticles with permanently confined micelle arrays (Mag-PCMA) were coated with Ag",
Cu?* and Fe** via sorption to increase the zeta potential from negative to positive. The increase
of zeta potential was influenced by both the concentration of adsorbed metal ions, and the
number of positive charges for each metal ion. Three types of Mag-PCMA coated with
different metal ions (Mag-PCMA-MI) were mixed with a model virus, MS-2, to evaluate their
disinfection ability. MS-2 removal by Mag-PCMA-MI was influenced by the concentration of
Mag-PCMA-MI and contact time. MS-2 removal efficiency reached 99% with 0.5 g/L. Mag-
PCMA-Ag after 30 min. Removal with Mag-PCMA-MI remains stable under most
environmental conditions (e.g., water hardness and presence of natural organic matter), except
change in pH which decreases of removal efficiency (0.43% for Mag-PCMA-Ag, 0.35% for
Mag-PCMA-Cu and 0.28% for Mag-PCMA-Fe) for an increase of pH from 6 to 8. As a
common constituent in natural water bodies, the presence of Cl” has no influence on removal
with Mag-PCMA-Cu and Mag-PCMA-Fe, but it will weaken the disinfection ability of Mag-
PCMA-Ag by combining with the adsorbed Ag", leading to a decrease in removal efficiency
01 0.24% as the CI" concentration increases from 0 to 100 mg/L. The reuse of Mag-PCMA-MI
can be achieved by simply rinsing the nanoparticles with deionized water to remove the
inactivated virus after disinfection, and the removal efficiency remains above 99.8% for all

three Mag-PCMA-MI after 5 continuous cycles, highlighting the recyclability of the process.
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A. Introduction

The worldwide spread of COVID-19 has made the disinfection of viruses one of the
hottest topics since 2020. As one of the major sources of microbial contamination in water,
viruses have attracted much concern in wastewater treatment due to their potential for
spreading diseases. The World Health Organization (WHO) has reported that several types of
water-transmitted viruses, including DNA viruses (e.g. adenovirus and herpesviruses) and
RNA viruses (e.g. astrovirus, rotavirus, norovirus and other caliciviruses), can spread disease
through water, resulting in the increase of threat to human health %, For example, several
enteric viruses including norovirus, rotavirus, sapovirus, astrovirus and adenovirus have been
recognized to be the main causes of nonbacterial acute gastroenteritis, and they have been
detected in tap water, especially in some developing countries 7', During recent years,
many outbreaks of water-transmitted viruses have been reported around the world due to
fecal contamination, making it a major concern for public health, as hundreds of people were
involved in each case. In April-May 2018, over 500 patients were infected by Hepatitis E
virus due to an outbreak in Halisohor, Bangladesh caused by the fecal contamination of water
110 Another large gastroenteritis outbreak that occurred in Northern Greece in 2019 was later
identified as a waterborne norovirus outbreak ''!. Given the fact that many viruses can
survive in the water for several weeks to months and are infectious even when highly diluted
H2-113 "seeking efficient methods to remove viruses from water is a high priority in water
treatment.

Traditional microfiltration or ultrafiltration methods in drinking water treatment plants

are not effective for the removal of viruses in the water due to their size (~0.01-0.1 um) >

114 Other conventional disinfection methods, such as chlorination, ozonation or UV
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radiation, may produce disinfection by-products '3 115-116

or have a high maintenance
requirement !, which are major concerns during practical applications. In contrast, metal ions
used as disinfectants have the advantages of good effectiveness without formation of
byproduct(s) and low cost of operation. Metal ions can be attracted to the negatively charged
surface of viruses through electrostatic interaction, and then destroy DNA, RNA or the
enzymes to inactivate target microorganisms 718, Some studies have shown that many
metal ions, such as Ag" and Cu?*, are effective disinfectants for both DNA and RNA viruses
119 However, the residual metal ions in the water after disinfection may be a major concern,
as metal ions with concentration beyond a certain level are toxic to humans or ecological
receptors. To address this issue, some improvements of the disinfection method with metal
ions have been done, such as the combination with other disinfectants to reduce the
concentration of metal ions °®, or the use of metal nanoparticles, such as silver nanoparticles
120 photocatalytic TiO> '?! and nano-sized ZnO '%2, instead of dissolved metal ions. However,
many issues need to be addressed before putting the improved methods into practical use. For
example, some metal nanoparticles such as TiO2 and ZnO cannot inactivate target

microorganisms effectively without the help of visible light irradiation '2!-122

, which will
increase the energy consumption and maintenance cost for the disinfection system. Besides,
the removal of nanoparticles from the water after disinfection is another concern, as the
nanoparticles will also generate environmental risk if they are discharged into the natural
environment without efficient treatment. Thus, research on the optimization of disinfection

with metal ions is still necessary to achieve both high efficiency, low environmental effect,

as well as easy operating conditions.
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To optimize the disinfection method of virus with metal ions, as well as to reduce the
cost, energy consumption and environmental risk, novel magnetic nanoparticles with
permanently confined micelle arrays (Mag-PCMA) were coated with metal ions through
sorption, and were used to disinfect and remove the target virus under different
environmental conditions. In contrast to previous disinfection methods where the waterborne
viruses are exposed to the metal ions or to metallic nanoparticles, the proposed method
adsorbs the metal ions on the surface of magnetic nanoparticles, and then the magnetic
nanoparticles coated with metal ions (Mag-PCMA-MI) are used for disinfection. In this way,
the novel magnetic nanoparticles can retain the disinfection ability of the metal ions, and can
be easily removed from the water with the external magnetic field after treatment. After
finishing one removal cycle, the magnetic nanoparticles can be regenerated and reused for
several continuous cycles by simply rinsing with water, which makes this method suitable for

sustainable use.

B. Materials and Methods

1. Materials

Escherichia bacteriophage MS-2 was selected as the target virus in this study, as it has
been used as a surrogate for pathogenic RNA viruses in many studies to evaluate the efficacy
of disinfection technology, since it is harmless to humans and is easy to propagate, store and
quantified 2124, E. coli C-3000 was used as the host of MS-2. Both MS-2 and E. coli C-
3000 were purchased from ATCC. Silver nitrate, copper sulfate, iron nitrate, nitric acid,
sulfuric acid, sodium hydroxide, sodium chloride and calcium carbonate were purchased

from Fisher Scientific (USA). The magnetic nanoparticle, Mag-PCMA, was synthesized

87



8288 "and the maghemite (iron (I1I) oxide)

using the method developed in our previous studies
nanoparticles (30 nm in diameter) used for synthesis were purchased from Alfa Aesar (USA).
In brief, the Mag-PCMA was prepared by a three-steps procedure. First, maghemite iron (III)
oxide nanoparticles were negatively activated by dispersing the magnetic nanoparticles in
tetramethylammonium hydroxide solution under constant stirring, overnight. Next, a cationic
surfactant, 3-trimethoxysilyl propyl octadecyl dimethyl ammonium chloride, was deposited
onto the activated magnetite surface with constant stirring of the suspension. In the end,
tetraethyl orthosilicate was attached to the trimethoxysilyl groups of the surfactants through
covalently bonds to cross-link the surfactant onto the magnetic iron core. All the steps were
performed at room temperature. All chemicals were used as received without further

purification. All solutions were prepared with deionized water (18 MQ-cm) from a Barnstead

NANOpure Diamond Water Purification System (USA).

2. Synthesis and characterization of Mag-PCMA coated with metal ions (Mag-PCMA-

MI)

50 mg Mag-PCMA were exposed to different concentrations of metal ion solutions (Ag”,
Cu?* and Fe**, 20-150 mg/L) in 20 mL vials for sorption under room temperature. After
sorption reached equilibrium, the Mag-PCMA-MI were separated with a handheld magnet,
and samples were collected from the supernatant to measure the concentration of metal ions
via an Agilent 7900 (Agilent Technologies) inductively coupled plasma mass spectrometer
(ICP-MS). Mag-PCMA-MI were then washed with deionized water for 2 times and dried in
the oven at 75 °C for 24 h. Dried nanoparticles were dispersed in water again and the

dispersion was used for zeta potential analysis by a Malvern Zetasizer.
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3. Removal of MS-2 with Mag-PCMA-MI

MS-2 was mixed with different concentrations of the various Mag-PCMA-MI (0.5-2.5
g/L) in 20 mL glass vial for disinfection and removal. Samples were collected at various
contact times (0.5, 1 and 2 h) and passed through a 0.22 um Millipore filter for measurement.
The removal process was done under a pH=6.0 environment adjusted via a phosphate buffer
saline solution. The concentration of infectious MS-2 in each sample was determined by
double layer agar plaque assay '». In brief, the sample was diluted properly, then 100 ul of
the diluted sample was mixed with 100 pul E. coli host at exponential phase and 5 mL melted
tryptic soy agar (with 0.75% agar) which was kept in a 45 °C water bath. The mixture was
then poured onto the tryptic soy agar plate (with 1.5% agar) immediately, and the agar plate
was incubated at 37 °C for 24 h. The number of plaques on the agar plate was then counted
and the concentration of MS-2 was calculated and measured as plaque-forming units
(PFU)/mL.

Different environmental conditions, including pH, water hardness, concentration of C1-
and natural organic matter (NOM) were evaluated, to explore the possible influence on
removal efficacy by Mag-PCMA-MI. The pH of the deionized water was adjusted from 6 to
8 using 0.1 M NaOH, and a phosphate buffer saline solution was added to maintain a stable
pH. To adjust the water hardness from soft to hard, 50 and 100 mg/L CaCO3 were used.
Different concentrations of CI" (1-100 mg/L) were added into the mixture to explore the
possible influence of CI" on removal. This could be especially important for Mag-PCMA-Ag,
as the combination of free Cl" and adsorbed Ag" on Mag-PCMA may affect the removal
efficacy. In addition, humic acid (HA) with different concentrations (0, 1 and 10 mg/L

respectively) was added into the system to explore the influence of NOM.
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4. Regeneration and reuse of Mag-PCMA-MI

Regeneration and reuse of Mag-PCMA-MI were investigated in this study. A suspension
of MS-2 (2.2 *10% PFU/mL) was exposed to 2.5 g/L Mag-PCMA-Ag, Mag-PCMA-Cu or
Mag-PCMA-Fe for 1 h to achieve sufficient removal. After removal by an external handheld
magnet, the Mag-PCMA-MI were then rinsed with deionized water for 2-3 times to remove
the inactivated virus from the surface, and reused for another removal cycle immediately.
The continuous removal and regeneration cycles were repeated for five times. Samples were
collected in each cycle and the concentration of MS-2 was measured with a double layer agar

plaque assay.

5. Data analysis

All tests in this study were performed in triplicate and analysis of variance (ANOV A)
was used to test the significance of results. A p<0.05 was considered to be statistically

significant. The p values of each test are listed in Table 4 and 6.

C. Results and discussions

1. Sorption-based characterization of Mag-PCMA by metal ions

Zeta potential is an important indicator that reflects the stability of nanoparticle
dispersions. Previous studies have shown that the zeta potential of Fe>O3 nanoparticles with a
size ~30 nm is negative when the pH is above 4 %6, To attract negatively charged MS-2 in
neutral environments, the surface of Mag-PCMA was modified to be positively charged
using different concentrations of Ag", Cu** and Fe**. The metal ion solutions were
individually mixed with Mag-PCMA to adsorb the metal ions. After sorption reached

equilibrium, the relationship between the zeta potential of Mag-PCMA-Ag, Mag-PCMA-Cu
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and Mag-PCMA-Fe, and the amount of adsorbed positive charges were explored. The
amount of adsorbed positive charges can be calculated with the concentration of adsorbed

metal ions on Mag-PCMA and the charge number for each metal ion (Equation 1):

[adsorbed positive charges] = [adsorbed metal ions] * charge number (1)

The relationship between zeta potential and adsorbed positive charges with data from the

three systems are shown in Figure 1, and the linear relationship in Figure 1 can be described

by Equation 2:

Zeta potential = Ky * [adsorbed positive charges] + b (2)

Here Kmi (V*L/equivalents) is the coefficient of the relationship, and b (mV) equals to

the zeta potential of Mag-PCMA with no metal ions on the surface. According to the

calculation results based on Figure 1, the Kwi is 37.895 (V*L/equivalents), and b is -30 mV

(R?=0.9862).
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Figure 1. Relationship between concentration of adsorbed positive charge and zeta
potential (red plots refer to the data from sorption of Ag” by Mag-PCMA, blue ones
refer to those from sorption of Cu?* and yellow ones refer to those from sorption of

Fe’").

Table 1. Detailed results about the concentration of adsorbed positive charge and zeta

potential.

Metal ions [Adsorbed positive charge] | Zeta potential
(*10-3 equivalents/L)

Ag’ 0.00+0.00 -30.00+0.60
0.15+0.01 -22.10+£1.97
0.31£0.01 -16.33+0.85
0.59+0.04 -8.98+1.93
0.81+0.01 1.57+0.44
0.97+0.03 5.99+1.38

Cu** 0.00+0.00 -30.00£0.60
0.41+0.03 -13.97+0.42
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0.60+0.01 -7.74+0.43
0.71+0.03 -4.73+0.79
0.94+0.01 5.90+1.58
1.13+0.02 14.03£2.40
Fe** 0.00+0.00 -30.00+0.60
0.08+0.01 -22.87+£2.94
0.31+0.02 -18.5+1.37
0.66+0.01 -5.76+0.24
0.94+0.02 5.86+0.46
1.05+0.03 9.18+0.07

Based on the relationship in Figure 1 and the corresponding Kwmi and b, as well as the
relationship between the concentration of adsorbed metal ions and positive charges (Equation
1), the minimum concentration of adsorbed metal ions needed to convert the zeta potential of
Mag-PCMA from negative to positive can be calculated. For Ag”, the value is 7.9%10
equivalents/L, for Cu®* it is 3.9 *10™* equivalents/L and for Fe*" it is 2.6*10* equivalents/L.
Due to the limitation of available sorption sites on the surface of Mag-PCMA, there is a
maximum sorption capacity which reflects the maximum adsorbed concentration of each
metal ion under a specific condition. The maximum sorption capacity for Ag”, Cu?>" and Fe**
by Mag-PCMA was calculated based on the Langmuir isotherm equation, and the calculation
results as well as the R? for each system are given in Table S1. Within the range between
minimum and maximum adsorbed concentration mentioned above, one can control the zeta
potential of Mag-PCMA-MI by adjusting the concentration of metal ions adsorbed to Mag-

PCMA with Equation 1 and 2.
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2. Disinfection effectiveness on MS-2 by three types of Mag-PCMA-MI

Three types of Mag-PCMA-MI with different adsorbed metal ions (i.e. Mag-PCMA-Ag,
Mag-PCMA-Cu and Mag-PCMA-Fe) with similar zeta potential were used for the removal
of MS-2, and the concentration of infectious virus after removal was measured. The removal
efficiency is defined in terms of log removal value (removal efficiency=-log(N¢/No), where
N; is the number of MS-2 at t h and Ny is the initial number of MS-2 (1.6*10° PFU/mL in
this study). The concentration of MS-2 in the control remains stable during the removal
process, as there is no disinfectant or E. coli host in the aqueous environment that may result
in the decrease or increase of MS-2 concentration respectively. Figure 2 presents the
relationship between removal efficiency and concentration of Mag-PCMA-MI while Figure 3
explores removal efficiency as a function of contact time. According to Figures 2 and 3, the
removal ability of three Mag-PCMA-MI at the same concentration and contact time follow
the order: Mag-PCMA-Ag>Mag-PCMA-Cu>Mag-PCMA-Fe. The main reasons are the
mechanisms of the removal process including both electrostatic interaction between
positively charged Mag-PCMA-MI and negatively charged MS-2 (at pH=6), and the
destruction of the host-cell receptor or the nucleic acid of MS-2 by the adsorbed metal ions
on the surface of Mag-PCMA '8, Since the zeta potential of the three Mag-PCMA-MI are
quite close (11.5 eV for Mag-PCMA-Ag, 11.9 eV for Mag-PCMA-Cu and 11.7 eV for Mag-
PCMA-Fe), the difference in electrostatic interaction between three Mag-PCMA-MI and
MS-2 is not significant. Thus, the slight difference in removal efficiency between the three
Mag-PCMA-MI is mainly due to the disinfection ability of adsorbed metal ions on Mag-
PCMA. Although the disinfection mechanism of metal ions on viruses have not been fully

understood yet, it is believed that the inactivation of viruses by free metal ions is mainly due
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to the combination with amino acids and prevention of RNA replication, and that disinfection
capacity is proportional to the concentration of metal ions 2’128, Based on the relationship
between the concentration of adsorbed metal ions and zeta potential, to achieve the same zeta
potential, more Ag" needs to be adsorbed on Mag-PCMA than Cu®* or Fe*". As a result, a
higher concentration of adsorbed Ag" will lead to more MS-2 being inactivated by Mag-
PCMA-Ag than Mag-PCMA-Cu and Mag-PCMA-Fe during the removal process. In
addition, previous studies have shown that free Ag" is a better disinfectant than Cu?* or Fe*,
as less concentration of free Ag" is needed to achieve the same disinfection effectiveness
compared to other metal ions **. Thus, Mag-PCMA-Ag can disinfect MS-2 more effectively
than Mag-PCMA-Cu or Mag-PCMA-Fe due to the difference in the disinfection ability of

free metal ions.
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Figure 2. Relationship between concentration of (A) Mag-PCMA-Ag, (B) Mag-PCMA-
Cu and (C) Mag-PCMA-Fe and removal efficiency at different contact time. Dash line
refers to -log(N¢/No)=3.0, a high removal efficiency of 99.9%.

Table 2. Detailed results about the removal efficiency with different concentration of Mag-
PCMA-Ag, Mag-PCMA-Cu and Mag-PCMA-Fe, at different contact time.

[Magnetic nanoparticles] (g/L) Removal efficiency (-Log(N¢/No))
t=0.5h t=1h t=2h
Mag-PCMA-Ag 0.5 2.06+0.01 2.80+0.03 3.03+0.03
1.25 2.13+0.05 2.92+0.02 3.06+0.01
2.5 2.26+0.08 2.98+0.03 3.15+£0.02
Mag-PCMA-Cu 0.5 1.97+0.05 2.75+0.06 2.93+0.02
1.25 2.03+0.01 2.87+0.02 2.99+0.02
2.5 2.07+0.02 2.92+0.03 3.10+0.07
Mag-PCMA-Fe 0.5 1.88+0.07 2.74+0.07 2.87+0.02
1.25 2.01+0.04 2.85+0.01 2.93+0.06
2.5 2.03+0.08 2.90+0.01 3.05+0.04

The concentration of magnetic nanoparticles and contact time are two major factors that
determine the removal efficiency of MS-2. As shown in Figure 2, for all three types of Mag-
PCMA-MI, the removal efficiency increased with an increasing concentration of Mag-
PCMA-MI at any contact time. With more Mag-PCAM-MI added into the system, there will
be more adsorbed metal ions in water which will both increase the positive surface exposed
to MS-2 thus increasing the electrostatic interaction, and inactivate more MS-2 to reduce the
concentration of viable virus. Contact time is another factor that determines the removal
efficiency of MS-2. As shown in Figure 3, for all three types of Mag-PCMA-MI, the removal
efficiency increased with longer contact time of Mag-PCMA-MI at any concentration,

indicating that the disinfection processes are time-dependent. Although there will be a small
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fraction of metal ions leached into the water after removal (0.8% of adsorbed Ag”, 0.6% of
adsorbed Cu?" and 0.9% of adsorbed Fe®"), the concentration of residual metal ions can be
maintained below a safe level by adjusting the amount of metal ions coated onto Mag-PCMA
during the sorption process . The residual metal ions in the water can also serve as long
term disinfectants during the distribution of treated water to prevent target viruses from
regrowth**. Thus, the removal of MS-2 with Mag-PCMA-MI should not lead to additional

environmental risk.
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Figure 3. Relationship between contact time of (A) Mag-PCMA-Ag, (B) Mag-PCMA-
Cu and (C) Mag-PCMA-Fe and removal efficiency at different concentrations. Dash
line refers to -log(N¢/No)=3.0, a high removal efficiency of 99.9%.

3. Influence of environmental conditions on viral disinfection
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Figure 4. Influence of different (A) pH, (B) water hardness, (C) CI" concentration and

(D) NOM concentration on the removal of MS-2 by three types of Mag-PCMA-MI.

Table 3. Detailed results about the influence of different pH, water hardness, CI
concentration and NOM concentration on the removal of MS-2 by three types of Mag-

PCMA-ML.
Environmental Conditions Removal efficiency (-Log(N¢/No))
Mag-PCMA-Ag Mag-PCMA-Cu Mag-PCMA-Fe
pH 6 2.73+0.01 2.73+0.01 2.70+0.03
7 2.5440.05 2.44+0.03 2.42+0.02
8 2.214£0.04 2.27+0.02 2.31+0.03
[CaCOs] (mg/L) O 2.73+0.01 2.73+0.01 2.70+0.03
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50 2.7240.05 2.7340.03 2.67+0.01
100 2.72+0.03 2.7240.01 2.6840.02
[CI] (mg/L) 0 2.73+0.01 2.73%0.01 2.7040.03
1 2.49+0.01 2.68+0.01 2.7040.02
10 2.42+0.02 2.67+0.02 2.7040.02
100 2.37+0.01 2.69+0.06 2.69+0.03
[Humic acid] 0 2.73+0.01 2.730.01 2.70+0.03
(mg/L) 1 2.74+0.04 2.7120.03 2.67+0.02
10 2.74+0.02 2.7120.03 2.67+0.02

Table 4. P value tests about the influence of different pH, water hardness, Cl” concentration
and NOM concentration on the removal of MS-2 by three types of Mag-PCMA-MI (p<0.05
is considered to be statistically significant).

Test p value Statistical
significance
pH Mag-PCMA-Ag 1.16*107 Statistically
significant
Mag-PCMA-Cu 3.80*107 Statistically
significant
Mag-PCMA-Fe 4.08*10° Statistically
significant
Water hardness Mag-PCMA-Ag 0.893 Statistically not
significant
Mag-PCMA-Cu 0.888 Statistically not
significant
Mag-PCMA-Fe 0.315 Statistically not
significant
CI concentration Mag-PCMA-Ag 1.25%108 Statistically
significant
Mag-PCMA-Cu 0.216 Statistically not
significant
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Mag-PCMA-Fe 0.898 Statistically not
significant
NOM concentration ~ Mag-PCMA-Ag 0.839 Statistically not
significant
Mag-PCMA-Cu 0.503 Statistically not
significant
Mag-PCMA-Fe 0.355 Statistically not
significant

3.1 pH

The influence of pH on the removal process with different Mag-PCMA-MI was
evaluated by adjusting the pH from 6 to 8 with 0.1 M NaOH. As shown in Figure 4 (A), the
removal efficiency of all three Mag-PCMA-MI decreased with increasing pH, and the
decrease was more significant for Mag-PCMA-Ag than for Mag-PCMA-Cu or Mag-PCMA-
Fe. The decrease in log10 reduction from pH=6 to pH=8 is 0.52 for Mag-PCMA-Ag, 0.46 for
Mag-PCMA-Cu and 0.38 for Mag-PCMA-Fe. The most likely reasons are that the change of
pH will not only influence the conformation of virus and its susceptibility to disinfection, but
will also determine the speciation of adsorbed metal ions thus reducing the removal ability
119, 129-130 Besides, the decrease of adsorbed free metal ions will lead to a decrease of zeta
potential thus weakening the electrostatic interaction as well. The influence of increasing
OH- is more significant for Mag-PCMA-Ag than Mag-PCMA-Cu or Mag-PCMA-Fe,
indicating that Mag-PCMA-Fe is more stable in variable environmental conditions than Mag-

PCMA-Ag or Mag-PCMA-Cu.
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3.2 Water hardness

Different concentrations of CaCOs (0-100 mg/L) were added into the system to simulate
a soft or hard water condition, and the influence of water hardness on the removal process
was evaluated. As shown in Figure 4 (B), no significant influence on the removal efficiency
of MS-2 was observed with all three Mag-PCMA-MI (p value test in Table 4). This is mainly
because the speciation of adsorbed Ag*, Cu** and Fe*" did not change substantially with the
addition of CaCO3 %%, Thus, the removal ability of all three Mag-PCMA-MI remained

stable with a change of water hardness in the water.

3.3 CI" concentration

The influence of CI” with different concentrations (0-100 mg/L) was evaluated as well to
see if there would be a change in removal efficiency for the three Mag-PCMA-MI, as CI" is
one of the common constituents in water. According to the results in Figure 4 (C), the
presence of Cl" had no influence on the removal process with Mag-PCMA-Cu and Mag-
PCMA-Fe, as the adsorbed Cu?* and Fe*" are not influenced by CI". However, Mag-PCMA-
Ag will be affected by CI, as CI" can combine with Ag" and form AgCl on the surface thus
reducing the concentration of available Ag" and weakening the removal of MS-2. As the
concentration of Cl™ increased from 0 to 100 mg/L. the log10 reduction with Mag-PCMA-Ag
decreased from 2.73 to 2.37. However, the removal efficiency still remains above 99% (>2 in
log10 reduction) even with high levels of CI" concentration, indicating that this method is

quite stable with the change of natural environment.
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3.4 NOM

NOM, which is derived from decaying plant and animal matter, is one of the main
constituents in many environmental and drinking supply water sources, and is a major factor
that needs to be considered in water treatment. In this study, humic acid was used as a
representative of NOM and different concentrations of humic acid (0-10 mg/L) were added
to the system for evaluation. As shown in Figure 4 (D), no significant influence on removal
efficiency was observed for all three Mag-PCMA-MI (p value test in Table 4). Although HA
could form complexes with Fe**, Cu?>" and Ag", and the metal ions-HA complex are not so
toxic compared to free ions *4?% 13! the affinity is quite limited under the concentration range
of HA considered in this study (0-10 mg/L). Thus, the influence of humic acid to the removal

process is negligible.

4. Regeneration and reuse of Mag-PCMA-MI
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Figure 5. Removal efficiency of MS-2 by three types of Mag-PCMA-MI after 5
regeneration cycles.
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Table 5. Detailed results about the removal efficiency of MS-2 by three types of Mag-

PCMA-MI after 5 regeneration cycles.

Regeneration Cycle Removal efficiency (%)
Mag-PCMA-Ag Mag-PCMA-Cu Mag-PCMA-Fe

1 2.99+0.03 2.9540.02 2.93+0.01

2 2.88+0.01 2.9340.02 2.90+0.01

3 2.84+0.02 2.80+0.04 2.79+0.02

4 2.79+0.02 2.78+0.00 2.80+0.02

5 2.79+0.03 2.76+0.01 2.78+0.01

Table 6. P value tests about the removal efficiency of MS-2 by three types of Mag-PCMA-
MI after 5 regeneration cycles (p<0.05 is considered to be statistically significant).

Test P value Statistical
significance
Continuous Mag-PCMA-Ag 2.77*%10° Statistically
regeneration cycles significant
Mag-PCMA-Cu 3.42*%10°¢ Statistically
significant
Mag-PCMA-Fe 1.77*%10° Statistically
significant

The removal efficiency of three Mag-PCMA-MI in each regeneration cycle was

measured and shown in Figure 5. The removal efficiency decreased slightly for all three

types of Mag-PCMA-MI (a decrease of 0.20 in log10 for Mag-PCMA-Ag, 0.19 for Mag-

PCMA-Cu and 0.15 for Mag-PCMA-Fe), mainly due to both the mass loss during the rinse

and the loss of adsorbed metal ions after each cycle. However, the removal efficiency still

remains at a high level even after 5 cycles (2.79 for Mag-PCMA-Ag, 2.76 for Mag-PCMA-

Cu and 2.78 for Mag-PCMA-Fe), indicating that the reusability of all three Mag-PCMA is
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very promising. The concentration of viable MS-2 in the rinsing water during each
regeneration cycle is negligible, as previous studies have shown that MS-2 can be effectively
inactivated by free metal ions within short contact time ''?, thus most of the MS-2 attached
onto Mag-PCMA-MI will be inactivated by the adsorbed metal ions during the removal

process. Therefore, no additional environmental risk will arise during the regeneration cycles.

D. Conclusions

In this study, a novel method to disinfect and remove MS-2 from water was explored and
evaluated by using magnetic nanoparticles coated with metal ions. The negatively charged
Mag-PCMA can be positively charged by adsorbing different metal ions, and the zeta
potential has a linear relationship with the concentration of adsorbed positive charge, which
is determined by both the number of positive charges in each metal ion, and the adsorbed
concentration of metal ions. The minimum adsorbed concentration of metal ion needed to
convert the zeta potential from negative to positive for Mag-PCMA-MI can be calculated
with a linear relationship. The Mag-PCMA-MI were then used to explore the removal
process of MS-2 in the water. All three Mag-PCMA-MI achieved very good viral removal
efficiency with proper concentration and within a short contact time (a log10 reduction above
2.8 with 2 h contact time). The differences in removal ability between Mag-PCMA-Ag, Mag-
PCMA-Cu and Mag-PCMA-Fe were mainly due to the removal mechanisms, which is a
combination of electrostatic attraction by the positively charged Mag-PCMA-MI and the
destruction of viral structure caused by adsorbed metal ions on Mag-PCMA. Although Mag-
PCMA-Ag can achieve better removal efficiency than Mag-PCMA-Cu and Mag-PCMA-Fe
with similar zeta potential, the difference of removal efficiency between these three Mag-

PCMA-MI is not significant (e.g. the difference of removal efficiency between 2.5 g/L Mag-
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PCMA-Ag and Mag-PCMA-Fe after 3 h is merely 0.02%). Thus, Mag-PCMA-Fe is a
competitive option for the removal process when considering the cost of each metal ion.
Various environmental conditions, including pH, water hardness, presence of Cl” and
NOM were evaluated to explore the possible influence on the removal process with three
Mag-PCMA-MI. No obvious influence was observed with a change in water hardness and
NOM concentration, as the presence of CaCO3; and humic acid will not change the speciation
of adsorbed metal ions thus will not influence the removal ability. pH does have a significant
influence on the removal process. With increasing pH, the removal efficiency decreased
noticeably for all three Mag-PCMA-MI, as the change of pH will influence the interaction
between the protein of MS-2 and the metal ions. The presence of C1” will not influence the
removal with Mag-PCMA-Cu or Mag-PCMA-Fe, but will influence the disinfection process
with Mag-PCMA-Ag, as CI" can combine with the adsorbed Ag" and form AgCl, thus
reducing the disinfection ability of Ag". Although some change of the environmental
conditions will lead to a decrease of removal efficiency, the removal efficiency of MS-2 with
three Mag-PCMA-MI still remain at a high level, indicating that this method is quite stable.
Reusability of Mag-PCMA-MI was evaluated in this study to explore the sustainability of
this method, by regenerating and reusing the three Mag-PCMA-MI for 5 continuous removal
cycles. Although the removal efficiency decreased slightly during the 5 cycles due to
incomplete recovery of Mag-PCMA-MI, the removal efficiency still remained above 2.75 of
log10 reduction, indicating the reuse of Mag-PCMA is very promising. Compared to
conventional disinfection methods for viruses, this method with metal ion coated Mag-
PCMA has several advantages. First, the free metal ions are fixed onto the surface of Mag-

PCMA and can be removed by external magnet simultaneously, thus reducing the potential
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risk caused by free metal ions left in the treated water after disinfection. Besides, no extra
removal process is needed to deal with the residual metal ions after disinfection as they can
be maintained within a safe level, which will simplify the disinfection process. Second,
several metal ions can provide very good disinfection, which can be used alternatively to
avoid the resistance of target microorganisms after long term application. Third, the Mag-
PCMA-MI can be reused for several cycles, which makes this method quite sustainable.

Thus, this method is very promising for practical use in the future.
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F. Appendix

1. Calculation of maximum sorption capacity of Ag*, Cu** and Fe*" by Mag-PCMA

The maximum sorption capacity (mg/g) can be calculated by Langmuir adsorption

isotherm (equation S1):

Co/qe=1/(Kr*qm)+Ce/qm (S1)
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Here C. is the concentration of metal ions (mg/L) at equilibrium and qe is the amount of
metal ions adsorbed (mg/g), qm is the maximum sorption capacity (mg/g), Ki(L/mg) is the
Langmuir Sorption equilibrium constants. The qm and R? for each system are listed in Table

S1.

Table S1. Maximum sorption capacity (qm) of Ag®, Cu**and Fe** by Mag-PCMA and the R?
of each system.

Metal ions qm(mg/g) R?

Ag’ 43.48 0.9954
Cu** 19.90 0.9685
Fe’* 11.09 0.9526
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V. Summary

To sum up, this dissertation proposed a novel disinfection system with metal ions as the
disinfectants and magnetic nanoparticles to achieve recyclable use, which addresses some of
the concerns with the traditional disinfection technologies. Compared to other chemical
disinfectants, the use of metal ions avoids the generation of disinfection byproducts and
requires no extra generator, making this system easy to operate with low environmental
effect. The use of magnetic nanoparticles in this disinfection system is the major novelty of
this study, as the magnetic nanoparticles will not only reduce the concentration of metal ions
after disinfection, but also help to achieve the sustainable use of the key materials (i.e., the
metal ions) under simple recovery conditions. Chapter I1I-IV in this dissertation address
various target microorganisms including bacteria, algae and viruses and optimize the method
correspondingly, considering various water characteristics such as pH, water harness,
temperature, the presence of Cl” and natural organic matter. In Chapter II, the feasibility of
this novel disinfection system was demonstrated with a case study on bacteria. This study
addressed the issues related to the residual metal ions after disinfection by removing them via
the efficient adsorption with magnetic nanoparticles, and achieved the use of metal ions with
high recovery efficiency. In Chapter III, in addition to disinfection of cyanobacteria, the
issues related to the production of cyanotoxins by the target cyanobacteria were addressed.
To improve the disinfection efficiency of this system, a combination of metal ions was used
to reduce the concentration of disinfectants and shorten the contact time. The released
cyanotoxins and residual metal ions after disinfection were removed simultaneously with the
magnetic nanoparticle, which can be easily recovered with external magnetic fields for

regeneration. In Chapter IV, this disinfection method was further improved by first

110



combining the free metal ions and magnetic nanoparticles via sorption, and then the magnetic
nanoparticles coated with metal ions were used as the disinfectants. The adsorbed metal ions
on the magnetic nanoparticles largely enhanced the disinfection ability of these novel
nanoparticles and made them more suitable for practical application compared to the methods
in Chapter II and III, given the high disinfection efficiency they can reach with a short
contact time.

The novel disinfection system described in this dissertation is proposed to be applied in
drinking water treatment plants in the future, and this dissertation has demonstrated its
effectiveness at a proof-of-concept level. To achieve commercial application, several factors
need to be evaluated beforehand. Firstly, this disinfection system needs to be evaluated with
water samples from drinking water treatment plants to determine its performance, since the
evaluations in this study were at the lab scale, which is less complicated than the samples
from drinking water treatment plants. Secondly, research to adapt the current batch system to
a continuous flow system is needed. Based on the volume of treated water, the cost for key
materials and the tank designed for the system, as well as other inputs such as electricity,
need to be calculated and compared with conventional methods. Thirdly, the residual effects
of this method need to be explored. According to the results from Chapter IV, a small
fraction of metal ions will be released from the magnetic nanoparticles during disinfection.
Thus, whether the released metal ions can serve as the residual disinfectants during the
distribution of treated water while maintaining the concentration below safe levels according
to EPA standards is another important topic to study. Last but not the least, the resistance of
target microorganisms to the magnetic nanoparticles after long term application need to be

considered, as this situation is common for other chemical disinfectants. To maintain a high
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disinfection efficiency, the magnetic nanoparticles with various metal ions can be applied
alternatively in this system. Thus, the length of time that the magnetic nanoparticles can be

used need to be determined to maintain the expected disinfection effectiveness.
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