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Abstract

Engineered nanomaterials are used in many applications, including pollution
sensors, photovoltaics, medical imaging, drug delivery and environmental
remediation. Due to their numerous applications, silver nanoparticles (Ag
NPs) are receiving a large amount of attention. Ag NPs may occur in drink-
ing water sources either during manufacturing, consumption and/or disposal
processes. This potentially leads to the presence of Ag NPs in finished drink-
ing water, which could have public health impacts. The objective of this re-
search was to investigate the removal of several types of stabilized Ag NPs by
potable water treatment processes. Specifically, this research achieved these
objectives through: 1) Synthesis of Citrate-reduced Ag NPs, Polyvinylpyrro-
lidone stabilized (PVP) Ag NPs and Branched polyethyleneimine stabilized
(BPEI) Ag NPs, 2) Characterization of synthesized Ag NPs to determine their
aggregation potential, Zeta potential profiles, (pHpzc) and obtain morpho-
logical data from SEM images, and 3) An evaluation of the efficacy of con-
ventional water treatment processes (ie., coagulation, flocculation, sedimen-
tation and sand filtration) in removing stabilized Ag NPs from natural water.
The three NPs were found to be stable at the nano size in natural water. Alum
coagulation had no impact on the PVP and BPEI Ag NPs. Flocculation and
settling were found to be key steps for removal of these NPs. The three Ag
NPs were not permanently removed by means of conventional water treat-
ment processes employed in this study.
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1. Introduction

Nanoparticles (NPs) are emerging as a new type of contaminant in water and
wastewater. Synthesized NM is being used in over 1000 products, including
food/beverage, sport merchandise, tires, stain resistant clothing, cosmetics, elec-
tronics, household tools and in medicine [1]. This high production and use of
NPs will likely to result in the release of NPs into the environment and conse-
quently to natural water [2] [3]. However, the fate and transport of NPs in the
environment has yet to be fully understood.

Due to their numerous applications, silver nanoparticles (Ag NPs) are receiv-
ing a large amount of attention. One of the most attractive characteristics of Ag
NPs is their antibacterial property [4]. This characteristic prompts the use of Ag
NPs in many consumer products such as cosmetics, fabrics, and air and water
filters, in addition to their use in medical equipment and textiles [5] [6]. Due to
their extensive use, Ag NPs may occur in drinking water sources either during
manufacturing, consumption and/or disposal processes. This potentially leads to
the presence of Ag NPs in finished drinking water, which could have public
health impacts. The actual concentrations of the engineered NPs in natural wa-
ters are unknown. However, 100 pg/L total NP concentrations were predicted by
simple box models [7]. Once released into the environment they may be consi-
dered an emerging contaminant in water and wastewater [8].

Due to their very small size, NPs are very reactive with a smaller coordination
number and more exposed reactive species on their external surface [9]. Only
1% of the atoms are exposed to the external environment on a microparticle [1].
This percentage is increased to 10% on particles 10 nm in diameter and to 60%
on smaller particles with a diameter of 2 nm. Once NPs aggregate into larger
particles they may lose their unique surface properties and behave like normal
colloids. Stable NPs that resist aggregation are very desirable in many fields in-
cluding water and wastewater treatment. Hence, the unique and desirable cha-
racteristics of Ag NPs, including their toxicity, are mainly due to their small size.
This gave rise to vast research efforts to produce Ag NPs resistant to aggregation
and that stay at the nano-size for a long time [10]. This research has expedited
the emergence of new synthetically-engineered Ag NPs. However, the behavior
of these engineered NPs and their fate and transport in water is yet to be deter-
mined. Further, their induced stability makes their removal from drinking water
more difficult. A large percentage of the available synthesis methods are capable
of producing stable Ag NPs with a minimal likelihood of agglomeration [10].
This implies that the possibility for the mobility of Ag NPs in the environment
may be higher than previously assumed [11]. The stability of Ag NPs is a func-
tion of many factors including the type of capping agent, the surrounding envi-
ronmental conditions (e.g., pH and ionic strength), and the background electro-
lyte composition. Capping agents are chemicals (such as polymers and surfac-
tants) used in the synthesis of Ag NPs to prevent their aggregation through elec-

trostatic repulsion, steric repulsion, or both. Ag NPs are synthesized using many
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techniques that result in various shapes and sizes. The most frequently used
techniques involve the dissolution of a silver salt in a solvent and the subsequent
addition of a reducing agent [12]. NPs have a high tendency to form aggregates,
this is due to their high specific surface area to volume ratio that gives rise to
high reactivity which forces NPs to aggregate [2] [11]. This physical phenome-
non is hindered by introducing stabilizing agents (capping agents). Capping
agents prevent the agglomeration of the NPs by increasing their surface charge
(electrostatic), steric stabilization (electro steric) or a combination of both [13].

Natural organic matter (NOM) is the product of the breakdown of dead plants
and animals. NOM exists in many types of drinking water sources at the mg/L
level [14]. NOM has a substantial influence on NP stability in water [15]. Many
researchers have reported that the presence of dissolved NOM increases the
negative charge on the surface of the NPs [16] [17] [18]. Chen and Elimelech
reported that the presence of humic acid (HA) gave rise to steric repulsion
among fullerene C,, NPs [19]. They concluded that this steric repulsion effec-
tively stabilized the NPs in suspension. HA or fulvic acid (FA) are often used to
represent NOM because they are responsible for most of the reactivity of NOM
[20] [21].

Information in the literature is limited regarding the removal of stabilized Ag
NPs by conventional water treatment processes. In this study, three types of sta-
bilized Ag NPs with different surface properties were synthesized. Characteriza-
tion and aggregation studies were conducted on three Ag NPs to confirm their
stability in natural water. The Ag NPs were then subjected to potable water
treatment methods to investigate their removability. This study increases the
understanding of NP fate and transport in potable water. This knowledge is vital
due to the potential health risks imposed by NPs. Results from this study will
enable better prediction of the fate and transport of these materials. Accordingly,
engineered systems could be designed for their removal from contaminated sites
or at least minimize their hazard by enhancing their coagulation so they became

less bioavailable.

2. Materials and Methods
2.1. Water

All Ag NP (Sigma-Aldrich, Milwaukee, WI) suspensions were prepared in Su-
per-Q water with a resistivity greater than 18.3 megaohms-centimeter (MQ-cm)
to obtain SEM images, zeta size analysis, and to study the effect of alum on the
Ag NPs. The Ag NP suspensions were prepared in raw Ohio River water ob-
tained from the pumping station of the Greater Cincinnati Water Works in Cin-
cinnati, Ohio to study Ag NP stability in natural water and their removal by
drinking water treatment methods.

2.2. Synthesis and Preparation of the Ag NP Suspensions

The following methods were selected to prepare and synthesize stabilized Ag
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NPs. These methods were chosen because they are commonly used to produce
stable Ag NPs. The resultant NPs were purified using a KrosFlo® Research IIi
TFF system (Spectrum Labs) to remove silver ions.

2.2.1. Citrate Reduced Ag NPs
Citrate reduced Ag NPs were produced utilizing a solution of 0.001 M AgNO,
mixed with a solution of 0.1 M Na,C,H,0,-2H,O in a volume ratio of 2:1 [12].

The mixture was heated at 70°C for 4 hours in a water bath.

2.2.2. Polyvinylpyrrolidone Stabilized (PVP) Ag NPs
The PVP-AgNPs were synthesized by adding a 50 mL solution of 5 mM AgNO,
(~1 drop per second) to vigorously stirred ice-cold 0.002 M NaBH, dissolved in

1% PVP solution at a final volume ratio of 1:3, respectively [22].

2.2.3. Branched Polyethyleneimine Stabilized (BPEI) Ag NPs

BPEI Ag NPs were synthesized by separately dissolving branched polyethyle-
neimine (BPEI) (99%, M,, = 1.20 kg-mol™") and AgNO; in a 1 x 10™* M solution
of N-(2-hydroxyethyl) piperazine-N’-2-ethanesulfonic acid (HEPES) [23]. The
two solutions were mixed in a volume ratio of 1:1 to give a final molar ratio of
0.5:1:0.1 BPEI:AgNO,:HEPES, respectively. After mixing, the solution was ex-
posed for 2 hours to UV irradiation using a standard low-pressure mercury arc

lamp.

2.3. Analytical Methods

The hydrodynamic diameters (HDD) of the three Ag NPs were determined by
dynamic light scattering (DLS) using a Zetasizer Nanoseries (Malvern Instru-
ments, Westborough, MA) with a 633 nm laser source and a detection angle of
173" (detection range 1 nm to 10 pm). The same instrument was used to meas-
ure the electrophoretic mobility which was subsequently transformed to { poten-
tial using Smoluchowski’s approximation. Scanning electron microscopy (SEM)
was used to verify the characteristics (size and shape) of the NPs. The elemental
composition of the dried Ag NP suspensions was obtained using an Energy
FEI/Philips XL30 FEG scanning electron microscope with EDAX software and
Electron Backscatter Diffraction (EBSD) analytical capability. This was per-
formed to study the interaction between the Ag NPs and the natural water col-
loids.

Microwave acid digestion using 70% nitric acid (HNO;) as described in EPA
method 3051A [24] followed by Inductively Coupled Plasma (ICP-optical emis-
sion) analysis was used to quantify the sensitized Ag NP concentrations in the
stock suspensions. The chemical content of the raw water was assessed by ICP,
TOC VCPN (Shimadzu Corp., Japan). The total solid content was obtained by
drying three samples at 103°C - 105°C for 24 hours.

The UV absorbance of the Ag NP suspensions was measured using a dual
beam UV-Vis spectrophotometer (UV-1650PC, Shimadzu Scientific Instru-
ments) to measure the Ag NP concentrations in natural water before and after
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treatment. UV-Vis absorbance by Ag NPs can be used as an indicator of their
size and concentration. The larger the particle, the more shift to a longer wave-
length for the spectrum peak. This also usually co-occurs with a decrease in peak
height. Ag NPs can be quantified also assuming that there is no change in ag-
gregation. This results in spectra where the peak stays at the same wavelength
but decreases as a function of decreasing concentration. The change of the ab-

sorbance peaks was interpreted as Ag NP aggregation and thus removal.

2.4. Ag NP Characterization

All Ag NP characterization and removal studies were performed at Ag NP con-
centrations of 5.0 mg/L. The aggregation potential of the three Ag NPs in natural
water was obtained by placing the Ag NP dispersions in natural water and taking
zeta-sizer cuvette readings automatically obtained every minute for 30 minutes.
The impact of the alum addition was measured by adding alum doses of 15, 30,
45 and 60 mg/L to the Ag NP suspensions in deionized (DI) water. The HDD of

the three Ag NPs was then monitored for 30 minutes using the zeta-sizer.

2.5. Removal of the Ag NPs during Drinking Water Treatment

In this section of the research, the investigators explored the efficacy of water
treatment processes (i.e., coagulation, flocculation, sedimentation, sand filtration
and direct sand filtration) in removing stable Ag NPs from raw water obtained
from the Ohio River. Alum Al,(SO,); at a concentration of 20 mg/L (optimal
dose for the natural water used in this study) was added as a coagulant. The Ag
NP suspensions were then studied during four stages of drinking water treat-
ment (coagulation, flocculation, sedimentation and sand filtration). The first
stage was rapid mixing at 100 rpm for 1 min, the second stage was slow mixing
at 30 rpm for 30 min, and the third stage was settling for one hr. The superna-
tant water was then passed through a sand column in the fourth stage. All Ag
NPs suspensions were treated by conventional treatment and direct filtration as
follows:

1) Conventional Treatment: The Ag NP suspensions were treated using coa-
gulation, flocculation, settling and sand filtration.

2) Direct filtration with flocculation: The Ag NP suspensions were treated by
coagulation, flocculation and sand filtration with no settling step.

3) Direct filtration with no flocculation: The Ag NP suspensions were treated
by coagulation and sand filtration with no settling or flocculation steps.

A Phipps & Bird (Richmond, VA) Column Filtration System™ (CFS) was used
to simulate the water treatment process of direct filtration at a water treatment
plant. The device is the traditional Phipps & Bird Jar Tester Stirrer with 2-liter
molded square acrylic flocculation jars connected to a Phipps & Bird Column
Filtration System. The column design parameters were chosen to mimic the sand

filters at the Greater Cincinnati Water Works as shown in Table 1.
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Table 1. Comparison of GCWW and study sand filter specifications.

Greater Cincinnati Water .
Parameter . Study Sand Filter
Works Sand Filter

Depth 61 cm 10 cm

Area 438.9 m? 36.5 cm?

EBCT 5- 6 min 5.6 min
Flow rate 3 g/ft*/min 1.5 ml/min
Sand size 0.45 - 0.55 mm 0.45 - 0.55 mm

3. Results and Discussions
3.1. Ag NP Characterization

The methods used to synthesize the three Ag NPs yielded stabilized Ag NPs with
a HDD of 10 nm for the citrate and BPEI Ag NPs and 12 nm for the PVP Ag
NPs. SEM images and physical characterizations are given elsewhere [12] [25].
NPs have a high tendency to form aggregates. This is due to their high specific
surface area to volume ratio that gives rise to high surface energy which forces
NPs to aggregate [2]. This physical phenomenon was hindered in the case of the
Ag NPs under investigation. The stability of Ag NPs was attributed to the pres-
ence of a capping (stabilizing) agent. Capping agents are used in the synthesis
process to prevent the nanoparticles from aggregating. Charge stabilization is
attributed to the adsorption of counter ions on the colloidal particle surface
(such as BH*") or the protonation of specific functional groups adsorbed on the
particle surface (such as the COO™ in the case of citrate). Steric stabilization oc-
curs due to the adsorption of a polymer on the particle surface. This polymer
could be uncharged polymer (such as polyvinylpyrrolidone) or a polyelectrolyte
(polymers whose repeating units bear an electrolyte group that dissociates in
aqueous solutions, making the polymers charged). In Figure 1, the Ag NP
HDDs were plotted against time. The data in Figure 1(a) clearly suggest that the
NP dispersions were very stable in natural water. This was due to the repulsive
forces that emerged between the Ag NPs and the natural colloids in the water
being treated (suspended solids of 10 mg/L). It is also assumed that the presence
of NOM increased the surface charge of Ag NPs. The concentration of NOM in
the raw water was 3.69 mg/L. The presence of NOM may further stabilize NPs
through steric repulsion [18] [19]. This is due to the capability of NOM to act as
a polyelectrolyte in water [26] [27]. Table 2 and Figure 2 represent the Ag NP
surface charges in DI and natural water with different alum concentrations. The
data in Table 2 show the impact of the background material in the natural water
on the Ag NP surface charge. The BPEI Ag NP surface charge was changed from
+36.1 to —3.2 due to the attachment of the negatively charged background ma-
terial in the natural water.

The addition of alum at different doses did not affect the surface charge of the
PVP or BPEI Ag NPs. While the addition of alum noticeably impacted the sur-
face charge and thus the HDD of the citrate coated Ag NPs. This may be due to
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Figure 1. (a) The three Ag NPs aggregation in raw water within the absence of alum, (b) BPEI Ag NP, (c¢) PVP Ag NP and (d)
Citrate Ag NP aggregation in DI water with alum dose ranging from 0 to 60 mg/L.

Table 2. Zeta potential of Ag NPs in raw and deionized water with various Alum doses.

No Alum in No Alum in

Raw Water
PVP Ag -9.2
NPs +5.7
BPEI Ag -3.2
NPs +4.9
Citrate Ag -13.6
NPs +6.3

15 mg/L 30mg/L 45 mg/L 60 mg/L
Alum in DI Alum in DI Alum in DI Alum in DI

DI Water

water water water water
-2.6 -0.8 -0.3 —-0.15 -1.2
+11.6 +8.1 +7.1 +7.4 +8.9
+36.1 +9.6 +11.6 +10.8 +11.9
+16.6 +9.6 +7.5 +12.2 +7.9
-36.9 -12.1 -10.4 7.2 +5.9
+6.7 +14.1 +5.7 +4.7 +1.2

the ability of the sulfate ions SO}

to replace the citrate molecule (COO") on

the surface of the Ag NPs. The PVP and BPEI Ag NPs were characterized with a
high-molecular-weight that hindered replacement by the sulfate ions SO} as
shown in Figure 1(b), Figure 1(c) and Figure 1(d) and Table 2.

3.2. Removal of the Ag NPs during Drinking Water Treatment

Coagulation/flocculation aggregates small particles in water into larger, heavier

clusters that settle out in short time. In theory, once alum AlL,(SO,); is added to
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Figure 2. Ag NP zeta potential in raw water.

water, the alum will dissociate into 2AI** and 3SO? -ions. Depending on the
pH of the water, the trivalent ions of Al** will hydrate to give rise to a variety of
mononuclear and polynuclear aluminum species. The species that emerge will
interact with the suspended particles and stabilize them. The mechanism by
which the alum coagulant application facilitates fine particle removal from water
is explained by two theories. The first theory adopts the neutralization of the
surface charge of the particles so that they can stick to each other forming larger
aggregates which can settle out by gravity in a reasonable time. The second
theory is the sweep flocs theory [28]. This theory simply assumes that the coa-
gulant forms a precipitate which settles by gravity in a reasonable time. These
coagulant flocs then collide with and drag fine particles down with them. Due to
the resistance of the PVP and the BPEI particles to the environmental changes
induced by the alum (Section 3.1), the second theory is assumed to be the me-
chanism through which Ag NPs are removed from natural water in this study.
Figure 3 illustrates Ag NP removal in the conventional filtration setup. The Ag
NP UV-Vis Absorbance peaks (concentration or aggregation) were normalized
by dividing the effluent peak by the influent peak (C/C,) and plotted versus time.
A time of 375 minutes was set to be the breakthrough point (Ze, the point at
which the column experiments were stopped). The data presented in Figure 3
shows the importance of the flocculation and settling steps in the removal of sta-
bilized Ag NPs. More than 85% of the initial concentration of the BPEI and PVP
coated Ag NPs was removed during the flocculation/settling stage. However, the
concentration of the citrate coated Ag NPs was not affected by the flocculation
step. Figures 4(a), Figures 4(b) and Figures 4(c) provide jar test images of the
Ag NPs in alum flocs. The presence of the PVP and the BPEI on the Ag NPs lead
to the formation of large flocs. These flocs were formulated by polymer bridging
[29]. The polymer (PVP, BPEI) bound to the Ag NPs has coiled and dangling

chains which can attach to nearby alum neutralized suspended particles. Thus,
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Figure 3. Ag NP removals during conventional treatment.
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Figure 4. Photos of the (a) PVP Ag NP flocs, (b) BPEI Ag NP
flocs, and (c) Citrate Ag NP flocs.
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the Ag NPs were swept out of the suspension due to their interaction with the
surrounding particles. In the case of the citrate coated Ag NPs, the presence of
the excess citrate hindered the floc formulation and thus reduced the sweeping
mechanism (Ze., the interaction with the suspended particles in the raw water).
The attachment of the Ag NPs on the larger aggregates was confirmed by ob-
taining their SEM images along with the EDAX software analysis. Figure 5
shows the attachment or the Ag NPs on the larger aggregates. The big particles
are colloids in water and the small shiny particles are the attached Ag NPs.

The sand filtration region in Figure 3 shows that the sand filter has actually
retained all the BPEI Ag NPs. This is due to their positively-charged surface. The
transport and deposition of particles in a sand filter are highly impacted by the
electrostatic interaction between these NPs and the filter media. Normally, sand
filters are negatively charged in most water treatment processes [30]. Due to
their larger flocs, the PVP Ag NP are likely retained by the filter media by phys-
ical means (see Figure 5). The retention of the PVP Ag NP-containing flocs in-
side the sand filter reduced the filter porosity and resulted in better Ag NP re-
moval. On the other hand, the citrate Ag NP effluent peak is larger than the in-
fluent peak. This is due to detachment of the Ag NPs that are adsorbed on the
small flocs formed during the settling time. It is worthwhile to mention that the
three Ag NPs were released back into the water as nano particles by mechanical
mixing in the settling tank for 30 seconds, or by increasing the flow rate of the
sand filter. This shows that the Ag NPs were not permanently removed. Thus,
the interaction between these NPs and the surrounding particles in natural water
is readily reversible. Figure 6 and Figure 7 represent the data obtained from di-
rect filtration with and without flocculation studies. The data in Figure 6 and
Figure 7 are in agreement with the above discussion and this emphasizes the
importance of the flocculation and settling steps. The floc formation delayed the
BPEI breakthrough in Figure 6 when compared to the fast breakthrough in the
absence of flocs in Figure 7. Also, the presence of the floc resulted in a higher ef-
ficiency in retaining the PVP Ag NPs compared to the filter performance in
Figure 6. The lack of floc formation and the surface charge of the citrate Ag NPs
resulted in immediate breakthrough with poor filter retention for this Ag NP.

4. Conclusion

In this research, three types of stabilized Ag NPs with different surface proper-
ties were synthesized. Characterization and aggregation studies were conducted
on three Ag NPs to confirm their stability in natural water. The Ag NPs were
then subjected to potable water treatment methods to investigate their removal
efficacy. Our results suggest that the investigated Ag NPs are stable in natural
water. Ag NPs interact with colloids in natural water and are removed by at-
taching to the aggregated colloids during settling. Unlike citrate Ag NPs, the
PVP and BPEI Ag NPs are not affected by the presence of alum at any dose.
Alum noticeably impacted the surface charge and HDD of Citrate-coated Ag
NPs. This may have been due to the ability of the sulfate ions (SO} ) to replace
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Figure 5. SEM, EDAX software analysis of Ag NPs in natural water.
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Figure 6. Ag NP removal during direct filtration with flocculation.
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Figure 7. Ag NP removal during direct filtration without flocculation.

the citrate molecule (COO~). PVP and BPEI Ag NPs were not permanently re-
moved. Mechanical mixing of Ag NP aggregates for 30 sec in the settling tank
and increased flow rate in the sand filter released the Ag NPs in their original

nano-size back into the test water.
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