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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 values of various metal ions (e.g., Ag”, Cu?*, and Zn**) on a target microorganism, Escherichia
coli K12, were compared. Only Ag" exhibited a bactericidal effect on E. coli K12, while Cu** and Zn®* just reduced the growth rate.
The 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 are 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 decrease the concentration of
Ag" from 100 mg/L to ~100 ug/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. The results showed that sorption capacity will be influenced when the concentration of free Ag® is decreased (e.g.,
when the CI™ concentration is increased) 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 the disinfectant. We demonstrate that Ag" can be recovered after
sorption in an acidic environment, and the recovery remains >80% after five continuous cycles, indicating that this disinfection
method may be sustainable for practical use.

(<]

KEYWORDS: microorganism contamination, bactericidal effectiveness, magnetic nanoparticles, disinfectant regeneration,
drinking water treatment

1. INTRODUCTION

Waterborne pathogens are one of the major sources of

indicator organism to evaluate the effectiveness of water
disinfection.” Although most strains of E. coli are harmless,

microbial contamination in water. The U.S. Environmental there are some pathogenic strains that can cause severe

Protection Agency (EPA) has determined that >5S00 water-
borne pathogens can increase human health risk by spreading
diseases in drinking water.'! Among various waterborne

diseases (such as diarrhea) and are a major concern in public

Received: July 14, 2020
pathogens, Escherichia coli is a ubiquitous and widely studied Revised:  September 1, 2020
bacterium. E. coli is a rod-shaped, Gram-negative bacterium Accepted: September 16, 2020
that is commonly found in the lower intestine of warm-

blooded organisms.2 As one of the most common microbial

contaminants in natural waters, E. coli is usually used as an
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health.>~” 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 was
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
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 hemolytic uremic 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 a disinfection treatment,
including water characteristics, final effluent quality, disinfec-
tant agent toxicity, disinfection byproduct formation, local
characteristics, and energy and other costs."! On the basis of
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 perform-
ance, 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."> To overcome the issues related to
production of DBPs,'* high energy cost,"> frequent main-
tenance,'®'” and other aspects,1 19 2 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, nanoma-
terials are embedded in water treatment membranes for
disinfection and purification.”””>* However, because the
technology relies on the release of metal ions, which are left
in the treated water, these nanotechnologies have a 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 not only reduce the disinfection efficiency of
the filters and membranes for future use but also threaten
ecological health when these waters eventually reach the
environment.”> Separation of nanoparticles from water after
disinfection is another challenge, due to their nanoscale, and
they 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, and
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 (1) to investigate the

disinfection effects with metal ions on target microorganisms
and evaluate the influence of different environmental
conditions (e.g, pH, temperature, and water hardness), (2)
to study the sorption of metal ions with magnetic nanoparticles
and the influence of different environmental conditions on this
process, and (3) to explore the conditions needed to recover
the metal ions from the magnetic nanoparticles for reuse.

2. MATERIALS AND METHODS

2.1. Materials. The E. coli K-12 strain was purchased from
Carolina Biological Supply and 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. The recipe
of TSB is shown in Table S1. 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(III) oxide]
nanoparticles (30 nm in diameter) used for synthesis were
purchased from Alfa Aesar. In brief, the maghemite nano-
particles were dispersed in toluene and coated with amino
groups by being mixed with (3-aminopropyl)triethoxysilane
and refluxed in a water bath (90 °C) for 2 h. After the
nanoparticles had been cooled to room temperature, ethyl-
enediaminetetraacetic acid (EDTA) and pyridine were added
to the solution to yield maghemite nanoparticles functionalized
with EDTA. The pH of the solution was adjusted, and the
synthesized magnetic nanoparticles were rinsed and dried 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.

2.2. Disinfection of E. coli K12 with Ag*, Cu?*, and
Zn**. A stock culture of E. coli K12 was prepared by
inoculating the E. coli K12 strains in S0 mL of TSB medium
and growing them at room temperature (20 °C) with constant
shaking (200 rpm) overnight. Two milliliters of a stock culture
was 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
inoculation, the culture was centrifuged at 5000 rpm for 10
min, and the supernatant was disposed. The pellet was then
washed with TSB medium two or three times and then
redispersed and diluted with fresh TSB medium until the
optical density at 600 nm (ODgy,) of the diluted sample
reached 0.05. The ODyy, values of bacterial samples were
determined by a UV-1800 ultraviolet—visible spectrophotom-
eter (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 ODyq of ~0.045 was exposed to Ag*, Cu*’, and Zn**
at different concentrations (5—100 mg/L for Ag* and 5—500
mg/L for Cu®* and Zn*") for different contact times (<10 h)
in TSB medium. The ODy, 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 environ-
mental 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
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Figure 1. Effect of disinfection on E. coli K12 (initial ODgy = 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.

acid and 0.1 M sodium hydroxide, and the temperature was
adjusted from 10 to 30 °C. CaCO; was used to adjust the
water hardness within a range from 50 to 200 mg/L, to
simulate conditions from soft to moderately hard, hard, and
very hard. The disinfection process was performed at different
nutrient content levels by diluting the TSB medium with
deionized water to different percentages (full strengths of
100%, 60%, and 10%) to determine how this factor will
influence disinfection effectiveness. In addition, the initial
ODygy 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.

2.3. 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 a 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 roller mixer with a speed of 70 rpm at room temperature
(22—25 °C) for 24 h to ensure sufficient equilibration time.
Studies of adsorption kinetics were carried out with the
mixture of 20.0 mg of Mag-Ligand and 20 mL of a Ag" solution
(100 mg/L) under the same conditions but for a set amount of

time, varying from 30 min to 24 h. All of the studies were
performed at pH 7 and room temperature. After being mixed
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% HNO;. Then the
concentration of Ag" in the samples was analyzed with an
Agilent 7900 (Agilent Technologies) inductively coupled
plasma mass spectrometer.

The influence of different environmental conditions on the
efficiency of removal of Ag* by Mag-Ligand, including pH, CI~
concentration, water hardness, and the presence of bacterial
cells, was studied, as well. The pH was adjusted to the desired
condition (from 6 to 8) by using sodium dihydrogen
phosphate buffer. Different concentrations of Cl~ (1—100
mg/L) were added to the mixture to explore the possible
influence on sorption, as different combinations of C1™ and Ag*
may affect the sorption behavior of Mag-Ligand. CaCO; over a
range of concentrations from 50 to 200 mg/L was used to
adjust water hardness. In other experiments, different
concentrations of bacteria [10°—10° colony-forming units
(CFU)/mL of E. coli K12] were introduced into the sorption
system, to determine if the presence of bacteria would
influence the sorption process.

https://dx.doi.org/10.1021/acsestwater.0c00066
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2.4. Regeneration and Reuse of Ag*. To investigate the
regeneration and reuse of Ag" after sorption with Mag-Ligand,
100 mg/L Ag" was adsorbed onto the Mag-Ligand particles,
followed by separation of Mag-Ligand from solution with the
hand-held magnet. The Mag-Ligand collected was then washed
with 0.01 M H,SO, (pH 1.70) for 30 min at room
temperature, and the Ag" concentration in the supernatant
solution was determined by inductively coupled plasma mass
spectrometry. The acid-washed Mag-Ligand particles were
then reused for subsequent Ag" sorption experiments, and the
sorption, extraction, and reuse processes were repeated five
times.

2.5. Data Analysis. All tests in this study were performed
in triplicate, and analysis of variance (ANOVA) was used to
test the significance of results. A p values of <0.05 was
considered to be statistically significant. The p values of each
test are listed in Table S2.

3. RESULTS AND DISCUSSION

3.1. Disinfection of E. coli K12 with Metal lons.
3.1.1. Comparison of the Disinfection Effect with Various
Metal lons. The 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 in which bacteria
are inhibited partially or totally from reproducing by the
addition of disinfectant, and bactericidal means killing the
bacteria.”® In this study, the effectiveness of disinfection was
determined by comparing the ODgy, of samples exposed to
disinfectants with that of the control at the same contact time.
Measurement of ODyy, is a common technique for estimating
the concentration of bacteria in microbiology, as the ODyy, is
quantitatively related to the biomass in cell suspension within a
certain range.27 Although ODygy, 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 ODgy, correlates linearly with an
increase in the number of living cells within the experimental
range, while a decrease in ODy indicates there are fewer cells,
likely since cell death occurred. The 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>' slowed the growth rate of E. coli
K12 only 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 ODgy
increased continuously at longer contact times. Compared to
Cu’* and Zn*, Ag* had a 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 1D, the bactericidal effect appeared when the
concentration of Ag" was >20 mg/L, and the effect was
more noticeable at a higher concentration of Ag". Thus, the
disinfection efficacy for these metal ions decreases in the
following order: Ag* > Cu*" > Zn®". The reason for the
difference in disinfection ability among 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 acids, and other cellular components.
Compared to Ag', Cu® is not so effective in 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 deplete only the total cellular thiols to
achieve protein dysfunction.

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 with a long contact
time (<32 h). Samples were collected and measured every 4 h
(Figure 2). ODgy, decreased until a contact time of 16 h,
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003 |7 _L T
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Figure 2. Disinfection kinetics with 100% nutrient and 100 mg/L Ag+
(initial ODgo = 0.04).

indicating that cells were killed by Ag" during this time, and
the rate of death of E. coli K12 increased with contact time.
However, after contact for 16 h, the ODg,, 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 at 20 °C for
>48 h, until colonies formed on the agar plate. The results of
the plate counting test are shown in Figure S1. On the basis of
plate counting, the concentration of living cells after treatment
for 16 h 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 the disinfectant.

3.1.2. Influence of Different Environmental Conditions on
Disinfection. 3.1.2.1. Initial Cell Concentration. Different
initial concentrations of E. coli K12 (initial ODg, values of
0.013, 0.065, and 0.13) were studied, at 100 mg/L Ag* with a 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. At the same Ag" dose, a lower initial ODgq,
(0.013) resulted in a larger decrease in the final ODygo (~34%
of the initial ODgy) compared to the higher initial ODgq,
(0.13) where the final ODgy, was around 76% of the initial
ODggp- In all treatment cases, the final ODg, was less than the
initial ODgg, which was not the case for the control. Note that
even dead cells contribute to ODg, but as shown above, the
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Figure 3. Comparison of disinfection effectiveness at 100 mg/L Ag"
with a 4 h contact time and different initial ODgy, values.

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,”” and a higher
initial level of silver will lead to a more rapid disinfection
process.

3.1.2.2. pH. The effectiveness of disinfection at 100 mg/L
Ag" with a 4 h contact time and an initial ODggy of 0.043 at
different pH values (6, 7, and 8) was evaluated. As shown in
Figure 4A, after 4 h the increase in ODy in the control group
was a function of the initial pH. A more acidic environment
(pH 6) decreased the growth rate of E. coli K12, compared to
that under alkaline or neutral conditions. In the group exposed
to Ag, there was a decrease in ODyg (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 the final
ODgq between treatments were not significant (p = 0.057 >
0.05). Ag" is a stable species in the environment from pH 6 to
8! leading to a stable disinfection effectiveness for E. coli K12.

3.1.2.3. Water Hardness. Water hardness, usually expressed
as the concentration of CaCO; in water, is one of the main
environmental factors that determine the quality of freshwater.
In this study, different concentrations of CaCOj; (50, 100, and
200 mg/ L) were added to simulate different degrees of water
hardness. As shown in Figure 4B, the addition of CaCO,
slightly influences the final ODgy, in the control. However, no
influence on the disinfection effectiveness was observed under
different water hardnesses (p = 0.064 > 0.05), as the addition
of CaCOj; did not change the speciation or concentration of
Ag'. This confirms the results of a previous study of the
disinfection effectiveness of Ag* even when the water is very
hard.®* Thus, water hardness will not influence the disinfection
process.

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

inhibit the growth of E. coli K12. At a higher temperature (20
or 30 °C), the final ODgy of E. coli K12 in the control
increased, and growth was accelerated by an increase in
temperature, while the temperature is below optimal (37 °C
for E. coli).>> On the basis of the result that disinfection
efficacy decreases with a higher cell concentration (Figure 3), it
is reasonable that the efficacy is lower at a higher temperature
than that at a lower temperature (Figure 4D).

3.1.2.5. 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 that under laboratory conditions. Thus, a batch
of experiments with different concentrations of medium were
performed to explore the possible influence of organic matter
as nutrients. The TSB medium (full strength of 100%) was
diluted using deionized water to different degrees (60% and
10% of original) for the study, and the experiment was
performed with 100 mg/L Ag®, an initial ODg, of 0.062, and a
<32 h contact time. As shown in Figure SA, which is the
disinfection effectiveness with a 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 ODgy, in
different nutrient conditions follows the order 100% nutrient >
60% nutrient > 10% nutrient, indicating that the nutrient
conditions and growth of E. coli K12 have a positive
correlation; more nutrients, more growth. However, in the
group exposed to 100 mg/L Ag* (Figure SB), the final ODgy,
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 ODy,
would remain stable after enough contact time (<32 h) with
100 mg/L Ag" under 10%, 60%, and 100% nutrient conditions
(Figure SC). The time needed for the ODgy to reach a stable
level in various treatments was different. In the treatment with
10% nutrients, the ODg, decreased by 22.6% in 24 h and
remained stable at the low level (ODg,, = 0.048; p = 0.198 >
0.05). In the treatment with 60% nutrients, it took 24 h for the
ODgy, to reach a stable level of 0.047 (p = 0.332 > 0.05) with a
decrease of 24.2% compared to the initial ODgy. In the
treatment with 100% nutrients, the decrease in the ODj, at an
early stage (<16 h) was more significant (27.4%) than for
nutrient-poor conditions, and the ODyy, 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
under nutrient-poor conditions.

3.2. Sorption of Metal lons with Mag-Ligand.
3.2.1. Sorption Isotherm and Kinetics. The sorption of Ag*
(100 mg/L) at different concentrations of Mag-Ligand (2.5—
10 g/L) at pH 7 and room temperature was studied. As shown
in Figure 6A, the removal efficiency of Ag" increased
substantially with a larger adsorbent dose of <5 g/L, reaching
96%. Above S g/L, the removal efficiency increased asymptoti-
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with different nutrient conditions (10%, 60%, and 100%).

cally to 98.3%, probably due to the challenge of keeping the
Mag-Ligand particles suspended at concentrations of >5 g/L.

The kinetics of sorption of 100 mg/L Ag* with Mag-Ligand
(2.5 g/L) were studied at pH 7 and room temperature (Figure
6B). Rapid sorption occurred, with the removal efficiency
reaching a maximum of 55% at this dosage within 3 h. The
results are consistent with our previous study of 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 EDTA.>

As discussed above, the removal efliciency reaches an
asymptotic level of 98.3% even with an increasing Mag-Ligand
dose. However, the residual concentration of Ag® is above the
EPA’s secondary maximum contaminant standard (100 ug/
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Figure 6. (A) Adsorption of Ag" on Mag-Ligand as a function of adsorbent dose with 100 mg/L Ag*. (B) Ag" sorption uptake vs time (with 100

mg/L Ag" and 2.5 g/L Mag-Ligand).

L).*® To decrease the concentration of Ag" below 100 pug/L,
another experiment was performed, with the same total dose of
Mag-Ligand but applied in separate sorption cycles. The total
dose of Mag-Ligand was 10 g/L, and the initial Ag+
concentration was 100 mg/L. Three different sorption
experiments were evaluated: (1) 10 g/L in cycle 1, (2) 7.5
g/L in cycle 1 and 2.5 g/L in cycle 2, and (3) S g/L in cycle 1,
2.5 g/Lin cycle 2, and 2.5 g/L in cycle 3. In experiments 2 and
3, after sorption had been allowed to reach equilibrium (24 h),
Mag-Ligand was separated from the suspension using a
magnet, and immediately thereafter, 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 1, the concentration of Ag" decreased to 7

Table 1. Concentrations of Ag" after Different Continuous
Sorption Cycles

[Ag'] after sorption

(mg/L)
Mag-Ligand dose cycle 1 cycle 2 cycle 3
10 g/L in cycle 1 1.66
7.5 g/L in cycle 1 and 2.5 g/L in cycle 2 1.67 0.11

Sg/Lincycle 1, 2.5 g/L in cycle 2, and 2.5 g/L  3.11 0.14 0.007
in cycle 3

ug/L after three sorption cycles. Compared to the sorption
with just one cycle, the removal effectiveness was substantially
improved without increasing the total Mag-Ligand dose.
Further study showed that the concentration of Ag" can be
decreased to below the secondary MCL after three sorption
cycles with a shorter time [2 h for each cycle (Table S3)].
Thus, increasing the number of sorption cycles can decrease
the Ag" concentration well below the secondary MCL; further
optimization could be done to determine the minimum total
Mag-Ligand dose and sorption time, depending on conditions.

3.2.2. Influence of Different Environmental Conditions on
Adsorption. 3.2.2.1. pH. The influence of pH on the
adsorption process of Ag" with Mag-Ligand was evaluated
with 100 mg/L Ag" and S g/L Mag-Ligand (Figure 7).
Removal efliciency remained stable at around 96—97% when
the pH varied from 6 to 8 (p = 0.179 > 0.05) (Figure 7A). This
is mainly due to the sorption mechanism of Ag" and EDTA.

The complex formation constant, Ky, gpra, of Ag" and EDTA
is very high with a log(KAg_EDTA) of 7.20,% indicating that Ag*
forms a stable complex with the EDTA coated on the surface
of Mag-Ligand, resulting in a high removal efliciency. Because
the change in pH in the range of 6—8 does not affect the
aqueous speciation of Ag’,”’ the removal efficiency is not
influenced.

3.2.2.2. CI". Different concentrations of CI~ (1, 10, and 100
mg/L) were considered to explore the influence on the
adsorption process, as the presence of Cl™ 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” decreased the rate of removal of Ag® via
adsorption (Figure 7B). At a low Cl™ 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, K, of AgCl, which is 1.77 X
107'° at room temperature.”® 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 AgCl(s) increased to 27.63%, and the percentage
adsorbed on Mag-Ligand decreased to 61.01%. Although
AgCl(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 directly. It may be possible to redissolve Ag"
from the slurry for reuse; this was not evaluated here. At a CI™
concentration of 100 mg/L, soluble AgCL,~ (log Kpgal, = 5.25)

may form.” The CI in water will compete with EDTA coated
on nanoparticles to form a complex with Ag*, resulting in a
decrease in the removal efficiency to 55.36%.

3.2.2.3. Water Hardness. The addition of 50 mg/L CaCOj4
reduced the removal efficiency of Ag" by ~3.75%, compared to
that with no CaCO; (Figure 7C). When the CaCO,
concentration increased to 100 mg/L, the removal efliciency
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 complex formation constant (log
Kcappra = 10.69) that is higher than that of the Ag-EDTA
complex.” However, due to the low solubility of CaCO,, the
dissolved Ca?* is limited. At a CaCO; concentration of 200
mg/L, the removal efficiency was almost the same as at 100
mg/L CaCO; (p = 0.123 > 0.05).
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Figure 7. Influence on sorption for 100 mg/L Ag* and S g/L Mag-Ligand of different (A) pH values, (B) Cl~ concentrations, (C) water hardness

values, and (D) E. coli concentrations.

3.2.2.4. E. coli Concentration. Sorption experiments with
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 E. coli K12 at different
concentrations (p = 0.873 > 0.05) (Figure 7D). 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 the time and
cost.

3.3. Regeneration and Reuse of Metal lons and Mag-
Ligand. The recovery of Ag" adsorbed onto Mag-Ligand was
performed under acidic conditions (0.01 M H,SO,, pH 1.7),
using the initial Ag" and Mag-Ligand concentrations. The
recovery efficiency of Ag" after five sequential cycles of Mag-
Ligand regeneration remained >80% (Figure 8), indicating that
a large fraction of the initial Ag* can be reused for several
cycles. Given the high price of AgNO; (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 more sustainable than approaches using nanoAg in
which the Ag" is lost after just one cycle. Mag-Ligand can be
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Figure 8. Recovery efficiency of Ag® after five Mag-Ligand
regeneration cycles.
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captured and separated from the aqueous phase by an external
magnet after use, thus reducing the potential environmental
influence.

4. 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 environ-
mental conditions on the disinfection process. To make the
disinfection process more 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 with only 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 concentrations and
operating temperatures will influence the disinfection effective-
ness, with higher cell:Ag" ratios and higher temperatures
decreasing disinfection effectiveness. However, the pH, water
hardness, and nutrient content have minimal influence on the
disinfection process, because the speciation of Ag" remains
stable under these conditions.

The adsorption of Ag" by Mag-Ligand can be used to
decrease the concentration of Ag" to <100 ug/L under the
proper conditions but may require optimization of the dose 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 was
evaluated, as well. The addition of CI~ will influence the
concentration of free Ag"* in solution, thus decreasing the Ag*
removal efficiency. Water hardness decreases Ag" sorption,
because the dissolved Ca*" will compete with Ag® for the
sorption site. The effect of hardness increases the concen-
tration to 100 mg/L CaCOj; above that level, there is no
further effect of hardness on sorption. The pH has no influence
on the removal efliciency, 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
sorption, and the recovery of Ag" remains above 80% after five
sequential cycles. This novel approach allows for a recyclable
disinfectant, aided by a regeneratable nanomaterial. Due to the
low cost and energy requirement for synthesizing Mag-Ligand
($3.17/g under laboratory conditions), 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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