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Abstract: While microparticles can be removed by a filtration step at a drinking water treatment
plant (DWTP), engineered nanoparticles (ENPs), which are widely used in industry, commerce and
households, pose a major problem due to their special properties, e.g., size, reactivity and polarity. In
addition, many ENPs exhibit toxic potential, which makes their presence in drinking water undesir-
able. Therefore, this study investigated the removal of ENPs in the laboratory and at a pilot-scale
DWTP. Eight ENPs were synthesized and tested for stability in different types of water. Only three of
them were stable in natural water: cetyltrimethylammonium bromide-coated gold (CTAB/AuNPs),
polyvinylpyrrolidone-stabilized gold and silver nanoparticles (PVP/AuNPs, PVP/AgNPs). Their
retention on quartz sand, silica gel and fresh anthracite was low, but CTAB/AuNPs could be retained
on fresh river sand and thus should not overcome riverbank filtration, while PVP/AuNPs and
PVP/AgNPs showed no retention and may be present in raw water. During ozonation, PVP/AuNPs
remained stable while PVP/AgNPs were partially degraded. The advanced oxidation process (AOP)
was less effective than ozone. PVP/AgNPs were almost completely retained on the pilot plant
anthracite sand filter coated with manganese(IV) oxide and ferrihydrite from raw water treatment.
PVP/AuNPs passed the filter with no retention. In contrast to PVP/AuNPs, PVP/AgNPs and
CTAB/AuNPs were also retained on activated carbon. The integration of a flocculation step with
iron(III) salts can improve ENP removal, with PVP/AuNPs requiring higher flocculant doses than
PVP/AgNPs. PVP/AuNPs, in particular, are well-suited for testing the effectiveness of water treat-
ment. Further data on the occurrence of stable ENPs in raw water and their behavior during water
treatment are needed to perform a risk assessment and derive the measures.

Keywords: engineered nanoparticle retention; drinking water treatment; filtration; adsorption;
activated carbon filtration; ozonation; flocculation; advanced oxidation process

1. Introduction

Engineered nanoparticles (ENPs) are of particular interest to industry, medicine and
research due to their chemical, optical, electronic and magnetic properties [1]. Increasing
industrial, commercial, medical and household applications lead to a permanent release in
aquatic environment with ecological and health implications [2,3]. The release of ENPs via
wastewater treatment plants and drain-off into surface waters, which are also indirectly
used for drinking water production, makes it necessary to know the stability and behavior
of ENPs in natural waters and their elimination during the water treatment process [4–8].

Nanoparticles (NPs) are defined as nanocrystals or aggregates ranging in size from 1
to 100 nm (Figure 1). As such, they are part of the colloid group, which includes dispersed,
molecular, and associative colloids defined by their physical behavior [9,10]. Due to their
small size, NPs have a very high surface area-to-mass ratio, and a high surface energy,
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which accelerate aggregation and reactions, and are also responsible for quantum effects
such as localized surface plasmon resonance (LSPR), the absorption of light at specific
wavelengths [11]. Because NPs try to reduce their high surface energy by aggregation,
free nanoparticles are usually not stable. This can be prevented in aqueous media by
a protective shell (anions, surfactants, polymers). Anions like citrate form a negatively
charged coordination sphere around NPs, which prevents aggregation by electrical re-
pulsion, while neutral polymers separate the NPs by steric hindrance [12]. Since NPs in
an aqueous solution are mostly negatively charged, the addition of positively charged
ions can cause coagulation and result in precipitation, which can be used as a separation
technique in water treatment [13,14]. Ligand stabilization is especially important when
using ENPs under destabilizing conditions, e.g., low pH or high salt concentration [15,16].
NPs are formed naturally by the large-scale weathering of minerals, degradation of natural
organic matter (NOM), and anthropogenic materials such as plastics. In contrast, ENPs
are manufactured for technical, medical or other applications. They have a defined com-
position, size and shape, and are synthesized using top–down or bottom–up methods [1].
Metallic nanoparticles are of increasing interest due to their widespread use in chemical
catalysis [17], sensing [18], electronics [19] and health applications [3,20]. For example, the
silver NP market was valued at $1.5 billion in 2020 and is projected to reach $6.6 billion
by 2030, growing at a CAGR of 15.6% from 2021 to 2030 [21]. The use of gold NPs in
electronic goods such as electronic chips, printing inks, and medical assays is widespread,
and the market value in the United States was $4.7 billion in 2022 and will increase at a
CAGR of 10.6% from 2023 to 2031 to $11.8 billion in 2031 [22].
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often results in the release of their metal and ligands, so their transformation products 
must also be considered in the toxicological assessment. For example, Louie et al. found 
that the PVP coating of PVP/AuNPs were rapidly oxidized upon UV irradiation, which 
reduced the colloidal stability of the AuNPs [24]. While dissolved organic matter often has 
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flocculation [25]. Silver NPs are known to readily oxidize to elemental silver covered with 
an oxide layer, which has a long-lasting negative potential for ecosystems. Metallic silver 
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The environmental release modeling of silver ENPs in all relevant matrices predicted
a silver concentration of 1.51 ng/L in surface water in the EU [2]. Antunes et al. reviewed
the synthesis, application, environmental behavior and mitigation strategies of AgNPs, and
found published values ranging from 0.1 to 3.2 µg/L, which is in good agreement with
the predicted value [23]. After release into surface water, ENPs can directly impact the
aquatic environment as NPs or transformed material. The degradation of metallic ENPs
often results in the release of their metal and ligands, so their transformation products
must also be considered in the toxicological assessment. For example, Louie et al. found
that the PVP coating of PVP/AuNPs were rapidly oxidized upon UV irradiation, which
reduced the colloidal stability of the AuNPs [24]. While dissolved organic matter often
has a stabilizing effect on ENPs, the presence of multivalent ions can lead to bridging and
flocculation [25]. Silver NPs are known to readily oxidize to elemental silver covered with
an oxide layer, which has a long-lasting negative potential for ecosystems. Metallic silver
released from AgNPs is more toxic to microorganisms than bulk silver due to the increased
surface area [26].

Important stabilizers for ENPs are citrate (CA), cetyltrimethylammonium bromide
(CTAB) and polyvinylpyrrolidone (PVP). CA (Figure 2a) is the anion of citric acid with a
molecular weight of 189 g/mol. The stability of CA-capped NPs mainly depends on the pH
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due to CA protonation, which reduces the repulsive forces and stability, and to the presence
of multivalent ions, which can link the nanoparticles into chains and further into aggregates
and coagulates [27]. CA/AuNPs are, therefore, subject to aging [28]. Citrate is non-toxic
and a metabolite of the citric acid cycle. In contrast, CTAB (Figure 2b), a cationic surfactant,
protects NPs by forming a bilayer around the NP core, resulting in a positive-charged NPs
in water. The hydrophilic amine groups of the inner layer bind to the gold surface, while
the amine groups of the outer layer interact with the aqueous phase [29]. Two groups have
recently elucidated the self-assembly of CTAB around the metallic core [30,31]. CTAB is
toxic and has been shown to affect biological systems by promoting cell lysis, and is used
as an apoptosis-promoting anticancer agent [32,33].
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done (PVP).

PVP (Figure 2c) is a nonionic, linear and atactic polymer with molecular weights rang-
ing from 2.5 to 2500 kDa. It is non-toxic and is used in pharmaceutical formulations [34]. In
NP synthesis, PVP can serve as a surface stabilizer, growth modifier, dispersant, and reduc-
ing agent [35]. Studies have shown that both oxygen and nitrogen atoms of the pyrrolidone
ring are responsible for the adsorption of PVP on the surface of silver NPs [36]. Silver
nanoparticles (AgNPs) have a significant impact on the aquatic environment, as demon-
strated in numerous studies [23,37–40]. They can be absorbed through the respiratory
tract, digestive system, and skin, and have recently been reviewed [41]. PVP/AgNPs cause
cytotoxic and inflammatory responses in the lungs of healthy adult female rats after intra-
tracheal instillation [42]. Although gold is known to be an inert metal, CTAB/AuNPs have
been shown to be taken up by cells and bound to serum proteins [43,44]. CTAB/AuNPs
bind strongly to enzymes, which is used for analysis [29]. A recent review has highlighted
the toxicological aspects of AuNPs [45].

The detection and quantification of ENPs in the environment is still challenging due to
the low concentration, structural heterogeneity and transformation [5,7]. However, there are
several methods currently available for the determination of ENPs in fresh water [8,46–48].
In this study, the size- and shape-dependent localized surface plasmon resonance (LSPR) of
gold and silver nanoparticles was used for analysis [11,49]. LSPR can be used to determine
both the concentration and the change in size of the metal core in ENPs due to aggrega-
tion. As the concentration decreases, the adsorption decreases, and as the particle size
increases, a red shift of the absorption maximum is observed [50,51]. The Lambert–Beer
law (Equation (1)) describes the attenuation of light by an appropriate absorption band of a
dissolved substance. The logarithm of the quotient, lg(I0/I), is called the absorbance (A) and
is proportional to the concentration (c) of the substance, which allows for its quantitative
determination (ℓ: optical path length, ε: molar attenuation coefficient).

lg(I0/I) = A(λ) = ε × c × ℓ (1)

Due to the low concentration, small size and wide variety of stabilized ENPs, the
options for removing ENPs from natural waters are limited. There are many studies
in the laboratory, but few on removal at a pilot or technical DWTP [4,5,8]. Lawler and
coworkers used flocculation and filtration to remove CA/AgNPs, and identified calcium
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ion concentration and NOM as important factors [52]. Hofman-Caris et al. spiked various
water qualities with CA/AuNPs and CA/AgNPs, and found ENP reductions of 57 to
77% with coagulation/flocculation/sedimentation (CFS). Preloaded sand provided good
retention up to 82% for AuNPs and 85% for AgNPs, while purified sand was ineffective.
Activated carbon (AC) had a low retention rate of about 30% [53]. In a laboratory-scale
study, Chalew et al. spiked various water samples with unstabilized ENPs and tested CFS,
microfiltration (MF), and ultrafiltration (UF) as treatment methods [54]. CFS resulted in
partial reductions of 2–20% for Ag in finished water. Breakthrough after MF was 1–45%, and
after UF was 0–2%. Although the majority of aggregated or stable NPs were removed, the
authors concluded that “NPs should be regarded as emerging drinking water contaminants
and that drinking water treatment processes should be enhanced to fully remove NPs in
order to reduce their potential harmful health outcomes”. In their review, Westerhoff et al.
estimated a low risk of ENPs for drinking water based on the fact that conventional DWTPs
remove >80% [55]. In contrast, Sousa and Teixera stated that data on the contamination of
raw water and drinking water are insufficient, and that the detection of ENPs in drinking
water poses a risk to human health because their properties make their removal difficult [5].
Park et al. concluded that ENPs pose a serious threat to the environment and human health
if water treatment is inadequate. An important question is the extent to which ENP removal
processes are efficient [7]. Reverse osmosis is probably the only single process that can
completely remove NPs from raw water (Figure 1). This paper considers the treatment
processes commonly used by many waterworks: ozonation, advanced oxidation process
(AOP), flocculation, anthracite sand filtration and adsorption on activated carbon.

Ozonation is used for oxidation or disinfection in larger DWTPs. Ozone (O3) has
a high standard oxidation potential (+2.07 V) and is commonly used in water treatment
for disinfection and oxidation of iron(II), manganese(II), and NOM. In addition, O3 can
micro-flocculate the colloidal components of natural water by destabilizing them [56].
The oxidation reactions of O3 (aq) cover a wide range of second-order rate constants from
<0.1 M−1s−1 to 10−8 M−1s−1, while the hydroxyl radical reaction is diffusion controlled
with k(·OH) from 109 M−1s−1 to 1010 M−1s−1 [57]. The radical process often leads to a
reaction even with compounds that are difficult to oxidize. It is known that CA/AuNPs
react reversibly with O3 [58], while polyphosphate/AgNPs were partially oxidized [59].

The radical process can become the dominant reaction channel, for example, through
the addition of hydrogen peroxide, in which case it is referred to as an Advanced Oxidation
Process (AOP) [60]. The process must be optimized to achieve maximum OH radical yield
and is mainly dependent on the concentrations of ozone, hydrogen peroxide and pH. Due
to parallel radical scavenging processes, the yield of hydroxyl radicals is only ~50% [61].
Partial aggregation of PVP/AgNPs was observed during laboratory ozonation, which
increased with reaction time and pH [62].

Filtration is the retention of suspended (>1 mm) and dispersed (<1 mm) particles
on a filter material. In deep-bed filtration, particles are removed during the flow of a
suspension through a deep granular bed [63]. Various mechanisms are responsible for
retention, including inertia, interception, sedimentation, and electrostatic forces, while the
forced fluid flow is directed toward the outlet [64]. The NP retention on porous material,
e.g., riverbank filtration, retention on filter materials and adsorbents can be described with
the colloid filtration theory (CFT). The relevant mechanisms are filtration, adsorption, and
partitioning of colloids in water-saturated, porous media [65].

Adsorption is the process of attaching a compound to the outer or inner surface of
an adsorbent [66]. Adsorption depends on the physical and chemical properties of the
adsorptive, the solvent, and the adsorbent, such as the surface structure and the process
conditions. In batch tests, the equilibrium loading capacity is determined as a function
of the equilibrium concentration at a constant temperature. An adsorption isotherm is
obtained by plotting the two values. Closer to technical implementation than batch tests
are column tests, in which adsorption occurs as the solution or dispersion of the adsorptive
passes through the adsorbent and the residual concentration in the effluent is measured
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as a function of the eluted pore volume or time [67]. Activated carbon is often used in
DWTPs as an adsorbent because it contains many pores of different sizes and diameters.
Macropores have a diameter of more than 30 nm, followed by mesopores with a diameter
of 30 to 2 nm, and micropores in the range of 2 to 0.4 nm. The macropores and mesopores,
in particular, may be important for the adsorption of NPs [23]. The Langmuir or Freundlich
isotherms are mainly used to describe the adsorption of solutes in water.

Flocculation can be used to remove turbidity, color, bacteria, biological matter or other
substances from water. Flocculation always involves the use of flocculants to overcome the
electrostatic repulsion forces of suspended particles (coagulation), followed by flocculation
and sedimentation (CFS) [68]. Multivalent ions, which have a greater potential-changing
effect than monovalent ions, are preferred. The most common flocculants are ferric chloride
(FeCl3) and aluminum chloride/sulfate (AlCl3/Al2(SO4)3), which are used as solutions
and mixed with the water to be treated [69]. By adding polyvalent metal salts which
hydrolyze to hydroxy species in water, dense and easily separable flakes can be formed.
When particles are captured and bound in one process, it is called sweep flocculation [70].
Polyvinyl alcohol (PVA)-stabilized AgNPs with a core size of 5 to 20 nm and a concentration
of 1 mg/L in natural water can only be flocculated with high flocculant concentrations of
30 to 485 mg/L, while the presence of NOM improves the removal efficiency, and a pH of
about 7.5 was found to be optimal [14]. Hofman-Caris et al. used batch CFS with low doses
of 0.5 to 1.5 mg/L iron(III) and observed a reduction in CA/AuNPs by 8 to 77% depending
on the water quality [53].

The waterworks considered here are located near the river Rhine and the raw water
treatment is carried out by bank filtration, ozonation, anthracite and activated carbon
filtration. The underground passage of the river water through the collimated riverbed and
quaternary sands cleans it on its way to the extraction wells. Particles and microorganisms
are retained, organic matter is microbiologically degraded, and peak concentrations of
salts in the river are smoothed and reduced [71–73]. At the DWTP, raw water is treated
with ozone to disinfect and oxidize dissolved iron(II) and manganese(II). Filtration through
anthracite removes the particles generated during ozonation. Trace organic compounds
(TrOCs) and their transformation products, NOM, and heavy metals are adsorbed on
granular activated carbon. In order to gain further insight into the treatment processes
and identify the risks and improvement potentials of a conventional water treatment
plant, e.g., the removal of TrOCs and chromium(VI), a modular pilot plant was built and
operated [74,75].

The objective of this study was to demonstrate the behavior of stabilized ENPs at
a DWTP for risk assessment. Although there are many laboratory tests for the removal
of ENPs, their behavior in a working pilot plant or technical DWTP has rarely been
described [52–54]. The results of the study can be used as a basis for risk assessment by
authorities and water suppliers. First, several ENPs were synthesized and tested for their
stability in natural water (surface and drinking water). The stable ENPs were then tested
for retention in riverbank filtration on a laboratory scale using Rhine sand as a model,
while purified quartz sand and silica gel were studied as references. The ENPs not retained
during bank filtration were then investigated for retention during filtration on fresh and
used anthracite and for adsorption on activated carbon. CFS was studied as an upgrade
in DWTPs for ENP removal. The most stable ENPs were injected into the pilot plant for a
short period of time and their behavior in ozonation, AOP and retention on anthracite sand
filter was determined. This work is the first to consider the retention of stabilized ENPs
throughout the process chain from surface water to drinking water, which is essential for a
comprehensive risk assessment.

2. Materials and Methods
2.1. Materials

All chemicals used in this work were of analytical grade and were used as supplied,
unless otherwise noted (Supplementary Data, Section S1). Eight different ENPs, which
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were expected to be stable in natural water, were prepared according to the published
methods (Table 1). The detailed synthesis protocols and characterization can be found in
the Supplementary Data, Section S2.

Table 1. Synthesized engineered nanoparticles 1.

Nanoparticle Abbreviation Core Size (nm) Hydrodynamic Size
Distribution, Z-Average (nm) Literature

Citrate-coated gold NPs CA/AuNPs 12 - [76]
Mercaptopropionic acid-coated

gold NPs MPA/AuNPs 2.2 - [77]

Mercaptoethane
sulfonate-coated gold NPs MES/AuNPs 20 - [78]

Triphenylphosphine
monosulfonate-coated gold NPs TPPMS/AuNPs 12 - [79]

Cetyltrimethylammonium
bromide-coated gold NPs CTAB/AuNPs 12 - [29]

PVP-55 kDa-coated gold NPs PVP/AuNPs 10–25 monomodal, 59 nm [80]
PVP-30 kDa-coated silver NPs

in EG/water PVP/AgNPs 1–25 bimodal, 2 and 40 nm [81]

PVP-30 kDa-coated silver NPs
in DI PVP/AgNPs-DI 10–50 monomodal, 93 nm [82]

PVP-40 kDa-coated Prussian
Blue NPs PVP/PBNPs 24 monomodal, broad, 136 nm [83]

1 For details, see Supplementary Data, Section S2.

2.2. Water Qualities

Rhine water (RH), raw water (RW) and drinking water (DW) were used for the
experiments [84]. RH was sampled unfiltered at the LANUV Rhine monitoring site in
Düsseldorf. As surface water, it has a higher turbidity and a higher total organic carbon
(TOC) content, but a lower hardness compared to RW and DW. The RW consists of about
70% Rhine bank filtrate and about 30% groundwater, and can be classified as hard, well-
mineralized water. The DWTP increases the oxygen and pH of the RW and removes
dissolved iron, manganese and most of the total organic carbon (TOC). The complete results
of the chemical analysis of RH, RW and DW are presented in the Supplementary Data,
Section S3.

2.3. Pilot Plant

The pilot plant was designed by Stadtwerke Düsseldorf (SWD) and built by Cornelsen
Umwelttechnologie GmbH, Essen, Germany. The LPRO plant was built by Grünbeck
Wasseraufbereitung GmbH, Höchstädt a.d. Donau, Germany (GENO Nano RKF1800 S).
The electrical installation, plant control and data management were installed by SWD.
The pilot plant consisted of two treatment lines. In this study, the aeration, the ozona-
tion continuous flow reactor (Figure 3; 2.3) and the deep-bed filter (Figure 3; 3.1) with
13 sampling points were used. A detailed description of the sampling points is given in the
Supplementary Data, Section S4. A schematic representation of the pilot plant is shown in
Figure 3.

Raw water was continuously pumped into the storage tank with built-in aeration
(KoiPRO Air Blow 100 Hi, Happykoi GmbH & Co. KG, Hamm, Germany). During aera-
tion, the pH increased by ~0.2 due to carbon dioxide stripping. Ozone was generated by
plasma discharge with an Anseros ozone generator COM-AD-01-IP, Tübingen, Germany
and the gaseous ozone concentration was measured with an ozone analyzer BMT 964,
Berlin, Germany. The gaseous ozone in oxygen (20 L/h) was mixed into the water with
a multiphase pump (PBU 201-E10-Cr Edur Pumpenfabrik, Kiel, Germany) with a sam-
pling point (MPP) and fed into the continuous flow ozonation reactor (CFR). Residual
ozone in the water (dissolved, free ozone) was analyzed using a Hach Orbisphere 410
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controller O3 equipped with an Orbisphere C1100-SOS ozone sensor (range 0 ppb–50 ppm
O3, accuracy ±0.4 ppb), Loveland, Colorado, USA, at the CO0 or CO5 sampling points.
The CFR outlet was brought to 6.5 bar using a booster pump and pumped to the anthracite
sand deep-bed filter. The flow rate was adjusted at 2.0 m3/h. For the AOP experiments,
a hydrogen peroxide (H2O2) solution was injected just prior to the ozone inlet with a
Smart Digital DDA dosing pump (Grundfos GmbH, Erkrath, Germany). The spiking of the
pre-treated RW with NPs was carried out at dosing point 2 with an Ismatec BVP ISM444B
pump, Glattbrugg, Switzerland. After CAF2, a pressure control valve was installed in the
outlet to maintain the pressure at 5.0 bar, the typical network pressure. The specifications
of the main system components are listed in Table 2.
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Table 2. Specifications for the main pilot plant components.

Component Specification

Aeration/storage tank Cylindrical tank, height: 120 cm, diameter: 160 cm; filling height: 70 cm, with built-in aeration
(air/water ratio = 1:3).

Continuous flow ozonation
reactor (CFR)

Cylindrical tank, coated with Rilsan® polyamide 11, height: 250 cm, diameter: 61 cm; filling
height: 360 cm. The most likely residence time was determined based on tracer experiments
and with oxygen dosages between 6.5 min (CO1) and 20.3 min (CO5) at a flow of 2 m3/h (see
Supplementary Data, Section S5.1).

Anthracite sand filter

Cylindrical tank, coated with Rilsan® polyamide 11, height: 231 cm, diameter: 61 cm. Support
layer: 20 cm gravel, grain size 30 mm; 80 cm quartz sand, grain size 0.71–1.25 mm; and 70 cm
anthracite, grain size 1.4–2.5 mm (Aquazit® N, Type II) from Euro-quarz, Dorsten, Germany.
The filter efficiency of the flushed anthracite sand filter was determined in the range of 0.9 to
10 µm with a maximum of 88% at 2 µm (see Supplementary Data, Section S5.2.) and the
measured retention time for NaCl is documented in Supplementary Data, Section S5.3.
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2.4. Ozonation and AOP Experiments, and the Behavior of ENPs on the Filter at a Pilot Scale

For ozonation, a dose of 500 ppb O3 was applied at CO0, resulting in different residual
ozone levels at the outlet of the ozonation reactor (CO5) depending on the raw water
quality. After stabilization, the ENP dispersion was injected into the water stream at dosing
point 2 (Figure 3). Samples were collected at the MPP sampling point and the residual
dissolved ozone was destroyed by the addition of a spatula tip of activated carbon for
PVP/AuNPs or 1 mL of 0.01 mol/L sodium thiosulfate for PVP/AgNPs. This way, samples
with different reaction times could be obtained, e.g., for PVP/AuNPs from 0 to 10 min, and
for PVP/AgNPs from 0 to 35 min. The procedure was repeated in AOP mode at the same
ozone dose. In this case, a 1% H2O2 solution was injected into the water stream so that the
residual ozone concentrations at CO0 decreased to ~10 ppb. The samples were collected at
the end of CFR (CO5), in the filter stage (CF2/1–4) and at the outlet of the deep-bed filter
(CAF2). The removal during ozonation and flocculation or retention on the filter material
was calculated with respect to the initial value according to Equation (2), where ci and ce
are the influent and effluent concentrations, respectively.

Retention/removal (%) =

(
1 − Ce

Ci

)
× 100 (2)

2.5. Small-Scale Ozonation and AOP of ENPs

To investigate the influence of ethylene glycol (EG) on the stability of PVP/AgNPs,
the pilot plant ozone generator was used. PVP/AgNPs in both EG/water and water were
diluted 1:200 with RW, resulting in 250 mL each with a concentration of 0.004 mg/L Ag. The
oxygen/ozone gas stream was passed for 2 min through a 500 mL wash bottle containing
250 mL of diluted NP dispersion. For AOP, 1 mL of 1% H2O2 was added to each sample
and the UV-Vis spectra were recorded after 30 min.

2.6. Analytical Methods for ENPs

For the size and shape analysis of NPs, a Philips CM 200 FEG, 200 KV transmis-
sion electron microscope (TEM) was used to measure the size of NPs. The coating of the
filter material was analyzed by XPS using an Ulvac-Phi VersaProbe II equipped with a
monochromatic Al Kα light source with a photon energy of 1486.6 eV and a beam diameter
of 100 µm. The angle between the sample and the analyzer was 45◦. Electrical conductivity
(EC), pH and temperature were measured and recorded using a Multi 3430 IDS connected
to TetraCon® 925, SenTix® 980P, SensoLyt®, SenTix® or ORP 900P sensors from WTW,
Weinheim, Germany. Dynamic Light Scattering (DLS) measurements were made with a Ze-
tasizer Nano S, Malvern Panalytical GmbH, Kassel, Germany. UV-Vis measurements were
performed using a Lambda 35 spectrophotometer with WIN-LAB software, version 6.0.3,
PerkinElmer Life and Analytical Sciences, Shelton, CT, USA, equipped with a 10 or 50 mm
flow cell (high-performance quartz glass 200–2500 nm, Cat. No. 176,700, Hellma GmbH &
Co. KG, Müllheim, Germany). The investigated ENPs show light absorption in the visible
light spectrum due to LSPR; therefore, the wavelength range for the analysis was set to
200 nm to 800 nm. The scanning speed was 480 nm/min, the data interval was 1 nm and the
slit width was 1 nm. The respective water was measured as background and subtracted by
the software. An XS204 analytical balance (repeatability 0.1 mg) from Sartorius, Göttingen,
Germany, was used for mass determinations in the range of 10–1000 mg.

2.7. Laboratory Stability Tests of ENPs

The synthesized ENPs were investigated for their behavior in deionized water (DI),
drinking water (DW) and surface water (RH) to simulate their behavior in the environment
and in DWTPs. In a typical procedure, 1 mL of the prepared ENP dispersion was diluted to
50 mL with DI, DW and RH, respectively. The LSPR absorbance was measured by UV-Vis
in scanning mode (1 cm cuvette) at specific times, as indicated in Section 3.1. Citrate-coated
AuNPs (CA/AuNPs) were additionally exposed to different ions. The stock solutions
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of the salts were diluted according to Table 3, followed by the addition of a 1:10 diluted
CA/AuNP dispersion. The results are presented in Section 3.1.1.

Table 3. Volumes and concentrations for CA/AuNP stability experiments.

Salt cStock (g/L) Vadded (µL) cfinal (mg/L)

Na2SO4 10 125 50
NaCl 20 75 60

CaCl2 * 2 H2O 10 200 80
Mg(NO3)2 * 6 H2O 5 7.5 15

The influence of the calcium ion concentration was then investigated in detail. For this
purpose, different volumes of a calcium chloride solution (c = 2.73 g/L Ca2+) were added to
a CA/AuNP dispersion and the change in gold LSPR at 519 nm was examined at different
times (45 s, 30 min, 1.5 h and 20 h). The volumes added and the final concentrations
obtained are listed in Table 4.

Table 4. Volumes and concentrations for calcium ions in CA/AuNP stability experiments.

Experiment Vadded (µL) c(Ca2+)final (mg/L)

1 0 0
2 10 0.6
3 50 1.4
4 100 2.7
5 150 4.1
6 200 5.5

2.8. Adsorption Isotherms of ENPs

In addition to many other models, adsorption processes can be described using the
Langmuir or Freundlich adsorption isotherm models [85]. The Langmuir isotherm assumes
that the adsorbent has a homogeneous surface that can be covered with a monolayer of
adsorbate and that the adsorbates do not interact with each other. Thus, the isotherm is
a function of the adsorbed amount (q) with respect to the equilibrium concentration of
the adsorptive (ceq), and exhibits a hyperbola that approaches a limit value of qmax as the
substrate concentration c increases (Equation (3)):

qeq =
kL × qmax × ceq

1 + kL × ceq
(3)

where kL is the Langmuir constant that is dependent on temperature, adsorbent surface, and
qmax describes the monolayer capacity [86]. The Langmuir isotherm shown in Equation (3)
can be converted to a linear form (Equation (4)), where the slope represents (kL × qmax)−1

and the intercept represents qmax
−1:

1
q
=

1
qmax

+
1

kL × ceq × qmax

(4)

In contrast, the Freundlich adsorption isotherm is an empirical relationship between
the amount adsorbed on the surface of a solid (adsorbate) and the concentration of the
solute in the liquid according to Equation (5):

qeq = kF × c1/n
eq (5)

where the constant kF indicates the extent of adsorption and n describes the intensity of
adsorption. To evaluate the experimental data, Equation (5) is logarithmized to obtain a
linear form, where the slope is n−1 and the intercept is ln kF.
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In this study, CTAB/AuNPs, PVP/AuNPs and PVP/AgNPs dispersed in DW were
tested for adsorption on quartz sand (sterilized and washed), Rhine sand, silica gel and
activated carbon. Depending on the ENPs studied, different concentrations of adsorbent
and ENPs were used. The adsorption of ENPs was tested as follows: adsorbent (100 mg)
was dispersed in 1 L of drinking water with stirring, and the volumes of 0, 2, 3, 5, 8, and
10 mL were taken and made up to 10 mL with DW. A 1:20 dilution of the nanoparticle
dispersion was prepared according to Supplementary Data, Section S2, and 10 mL each
was added to the adsorbent dispersions. The mixtures were stirred overnight (370 rpm) at
(25 ± 1) ◦C to reach adsorption equilibrium. A blank was prepared by mixing 10 mL of
nanoparticle dispersion with 10 mL of drinking water. The absorbance was measured by
UV-Vis spectrometry and the adsorption isotherm was calculated. A shaker was used for
the sand adsorption experiments. In addition, the sand was weighed and added directly to
10 mL of drinking water. The adsorption isotherms are presented in Section 3.2.

2.9. Column Experiments on ENP Retention

A breakthrough curve describes the passage of a substrate through a porous filter
column by plotting the outlet concentration as a function of time (Figure 4). The shape
of the curve and the rate at which the substrate penetrates the filter bed depend on the
feed concentration, the solvent, the feed flow rate, the column height, shape and type
of adsorbent, and the temperature [70,87]. The bed can be divided into three parts. The
part near the inlet has the maximum loading with the initial concentration (cin). The
breakthrough time (tB) indicates the moment when the contaminant leaves the column at a
concentration of 5% of cout and the filter bed is still effective. When the concentration of cout
exceeds 95% of ceq, the saturation time (tS) is reached and the bed is exhausted [88]. An
interesting value is the time at which the filter is loaded to 50% (half saturation time). This
can be determined from the integral below (A) and above (B) the breakthrough curve, as
shown by the blue areas in Figure 4.
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In the mass transfer zone (MTZ), the difference between the times tB and tS, the
interphase mass transport of the substrate takes place (blue area in Figure 4). The MTZ
migrates through the porous bed until breakthrough occurs. As a function of time, the
concentration at the outlet increases until it equals the initial concentration. The load Xi of
the adsorbent can be calculated using Equation (6) [89], as long as the initial concentration
ci,E of the adsorbate and the flow rate (

.
VE) do not change significantly (MAds describes the

mass of the adsorbent).

Xi(t) =

.
VE × ci,in

MAds

∫ t

0

(
1 − ci(t)

ci,E

)
dt (6)
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Breakthrough curves are characterized by the efficiency factor (ηi,Ads) according to
Equation (7):

ηi,Ads =
Xi,B

Xi,Ads
(7)

where Xi,B is the load of the adsorber bed at breakthrough time tB and Xi,Ads is the load of
the adsorber bed at equilibrium (maximum load at saturation time tS).

Breakthrough curves were determined by continuously pumping the diluted NP
dispersion through a column filled with the appropriate adsorbent. A 0.45 µm filter was
installed downstream of the outlet to retain the particles. The UV-Vis spectrometer in kinetic
mode was set to the wavelength in Section 2.6, equipped with a 5 cm cuvette, slit width
1 nm, run time 0–10 min with one measurement per second. The DW was pumped through
the column and the background was recorded and zeroed, exchanged for the NP dispersion
in the appropriate water and pumped through the adsorbent column, and the effluent
was passed through the cuvette in the UV-Vis spectrometer and discarded. Retention on
porous materials was performed at (25 ± 1) ◦C with PVP/AuNPs, CTAB/AuNPs and
PVP/AgNPs diluted with Rhine water on 10 g river sand, washed and sterilized quartz
sand and silica gel columns (0.5 g) at a flow rate of 0.8 mL min−1. Detailed data of the
adsorptives are provided in Supplementary Data, Table S6.1. For ground-activated carbon
(Norit® ROW 0.8 Supra), the mass was reduced to 0.5 g and the flow rate was increased to
2.0 mL min−1. Further tests were conducted to determine the breakthrough behavior using
3.15 g of fresh and 3.40 g of used wet anthracite from the pilot plant. The used anthracite
had previously been used at the pilot plant for 2 years. Detailed data on the column packing
data are given in the Supplementary Data, Tables S6.2 and S6.3. After each filter column
test, a tracer breakthrough curve was recorded with a solution of chromium(III) chloride
hexahydrate (0.01 M). The corresponding breakthrough curves are discussed in Section 3.3.

2.10. Laboratory Flocculation Experiments of ENPs

The precipitation of ENPs using commercially available flocculants was studied with
two different types: Trifloc® S based on ferric chloride with 13.8% iron and Gilufloc® 40 based
on aluminum chloride/sulfate with 10% Al2O3. The ENP dispersions were diluted with
DW and precipitated with flocculant concentrations of 1 mg/L, 5 mg/L, 10 mg/L and
50 mg/L iron(III) or Al2O3, respectively. The experiments were performed at pH 7.4. The
flocculation procedure is described in Table 5 and the NP dispersions used are documented
in Supplementary Data, Table S7.

Table 5. Flocculation procedure.

Time (min) Action

0 UV-Vis measurement of NP dispersion, stirring at 200 rpm, addition of flocculant
2 Reduce stirrer speed to 50 rpm
12 Stopp stirring, wait for precipitation

17 and 32 Sample supernatant, filter through 0.2 µm syringe filter and measure UV-Vis

3. Results
3.1. Stability Analysis of the Synthesized ENPs

The stability of the synthesized ENPs in Table 1 was determined by diluting the
colloidal dispersions in DI, DW and RH, as described in Section 2.7.

3.1.1. Stability of Citrate/AuNPs in Water

CA/AuNPs with a 12 nm core exhibited an LSPR at 519 nm in DI and were stable for
at least 9 days (see Supplementary Data, Table S8), with the sample stored at 15 ◦C between
measurements. After the addition of DW or RH, the color of the NP dispersion immediately
changed from red to blue–violet, and led to the irreversible precipitation of dark blue particles
the next day (Figure 5). Thus, the CA/AuNPs were not stable in DW or RH.
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Figure 5. UV-VIS spectra of CA/AuNPs (a) diluted in DI (green), DW (red) and RH (black);
(b) CA/AuNPs dispersions diluted with DI, DW and RH (from left to right) with c(Au) = 17.9 mg L−1.

The addition of sodium chloride or magnesium sulfate, according to Table 3, to
CA/AuNPs in DI, as described in Section 2.7, resulted in no color change or precipitation.
In contrast, the addition of calcium chloride caused an immediate color change from red to
blue. To evaluate the critical coagulation concentration (CCC), defined Ca2+ concentrations
according to Table 6 were added to a CA/AuNP dispersion and the change in LSPR over
time was examined. The addition of Ca2+ to the CA/AuNP dispersion in DI resulted
in an increase in absorbance after 45 s for all concentrations compared to the calcium-
free reference, while a broadening of the absorption band was observed at the highest
Ca2+ concentration (5.5 mg/L). However, the wavelength maximum remained constant at
517 nm. After 30 min, the dispersion containing 4.1 mg/L (0.1 mM) Ca2+ solution showed
a strong broadening of the absorption, while the dispersion containing 5.5 mg/L Ca2+

already showed a second maximum at about 610 nm.

Table 6. Influence of calcium ions on the spectrum of CA/AuNPs in DI.

c (Ca2+)final (mg/L) λmax (nm) Absorbance λmax (nm) Absorbance λmax (nm) Absorbance λmax (nm) Absorbance

45 s 30 min 1.5 h 20 h
0 517 0.21 517 0.20 518 0.21 517 0.20

0.6 518 0.23 517 0.21 517 0.25 519 0.24
1.4 518 0.23 517 0.21 518 0.25 520 0.24
2.7 518 0.24 517 0.22 518 0.25 521 0.25
4.1 518 0.24 519 0.21 524/590 0.23/0.20 530/638 0.23/0.21
5.5 519 0.24 522/610 0.20/0.18 525/630 0.20/0.19 530/680 0.18/0.21

After 1.5 h, the long wavelength band was also prominent at 4.1 mg/L Ca2+, and the
long wavelength showed a red shift to 590 nm. After 20 h, the 4.1 mg/L Ca2+ dispersion
showed two maxima at 530 nm and 638 nm, with the long wavelength band having a
lower intensity, while for the 5.5 mg/L Ca2+, the long wavelength band had a higher
absorbance at 680 nm than at 530 nm. The images of the samples and the UV-Vis spectra
are documented in the Supplementary Data, Figure S8. Calcium concentrations > 4 mg/L
(0.1 mM) led to coagulation for CA/AuNP, which corresponds to a CCC of 0.1 mM Ca2+.
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3.1.2. Stability of Mercapto Propionate/AuNPs in Water

The MPA/AuNPs with a 2.2 nm core were synthesized according to Supplementary Data,
Section S2.2, and showed a red color in DI with a maximum LSPR at 534 nm. When DW or
RH were added, a color change to blue–violet was observed. While the absorption maxi-
mum at 534 nm and the absorbance remained constant, the peak broadened significantly
and the absorbance was reduced by 20% (see Supplementary Data, Section S9). The process
in DW and RH proceeded within 1 day and led to irreversible particle aggregation and
precipitation within 3 days.

3.1.3. Stability of Mercaptoethane Sulfonate/AuNPs in Water

The MES/AuNPs with a core size of 20 nm were synthesized according to Supplemen-
tary Data, Section S2.3 and showed a characteristic red LSPR at 520 nm. However, the color
changed to bluish purple after dilution with DW or RH. The absorption shifted to 553 nm
at a lower absorbance and the presence of a second maximum at 668 nm in both DW and
RH indicated aggregation (see Supplementary Data, Section S10). While the absorbance at
the long wavelength remained constant in DW compared to the dilution in DI, it decreased
in RH. The next day, an irreversible precipitation of dark blue particles occurred in DW
and RH.

3.1.4. Stability of Triphenylphosphine Monosulfonate/AuNPs in Water

The TPPMS/AuNPs with a core size of 12 nm were synthesized according to Supple-
mentary Data, Section S2.4, and resulted in an LSPR band at 525 nm. The addition of DW
resulted in a red shift to 645 nm, accompanied by a color change from the typical red to
blue. Rhine water (RH) caused a shift of the spectral maximum to 560 nm, associated with
peak broadening and a color shift to bluish purple (see Supplementary Data, Section S11).
Irreversible precipitation was observed the next day.

3.1.5. Stability of Cetyltrimethylammonium Bromide/AuNPs in Water

The CTAB/AuNPs with a core size of 12 nm were synthesized according to the
Supplementary Data, Section S2.5. They exhibited LSPR absorption at around 528 nm with
a ruby red color. Dilution with DI or DW did not result in any visual colorimetric change
or shift of the LSPR band, as shown in Figure 6. However, the absorbance increased when
RH was added. The CTAB/AuNPs were found to be stable in RH and DW, and were
further investigated.

Appl. Nano 2024, 5, FOR PEER REVIEW 15

3.1.4. Stability of Triphenylphosphine Monosulfonate/AuNPs in Water

The TPPMS/AuNPs with a core size of 12 nm were synthesized according to Supple-

mentary Data, Section S2.4, and resulted in an LSPR band at 525 nm. The addition of DW 

resulted in a red shift to 645 nm, accompanied by a color change from the typical red to 

blue. Rhine water (RH) caused a shift of the spectral maximum to 560 nm, associated with 

peak broadening and a color shift to bluish purple (see Supplementary Data, Section S11). 

Irreversible precipitation was observed the next day.

3.1.5. Stability of Cetyltrimethylammonium Bromide/AuNPs in Water

The CTAB/AuNPs with a core size of 12 nm were synthesized according to the Sup-

plementary Data, Section S2.5. They exhibited LSPR absorption at around 528 nm with a 

ruby red color. Dilution with DI or DW did not result in any visual colorimetric change 

or shift of the LSPR band, as shown in Figure 6. However, the absorbance increased when 

RH was added. The CTAB/AuNPs were found to be stable in RH and DW, and were fur-

ther investigated.

Figure 6. UV-VIS absorption spectra of the diluted CTAB/AuNPs in DI (black), DW (red) and RH 

(green) with c(Au) = 10 mg L−1.

3.1.6. Stability of PVP/AuNPs in Water

PVP/AuNPs were synthesized according to Joshi [80], as described in Supplementary 

Data, Section S2.6. A ruby red dispersion with an LSPR band at 526 nm was obtained. 

TEM revealed that the PVP/AuNPs had a diameter of 10 to 25 nm for the Au core and their 

shape was mainly icosahedral (Supplementary Data, Figure S2.6.1). DLS revealed a mon-

odisperse distribution in solution (Supplementary Data, Figure S2.6.2) with a hydrody-

namic size of 59.4 nm (Z-average). PVP/AuNPs were stable with respect to LSPR wave-

length and absorbance in DI, DW and RH, as seen in Figure 7.

Figure 6. UV-VIS absorption spectra of the diluted CTAB/AuNPs in DI (black), DW (red) and RH
(green) with c(Au) = 10 mg L−1.



Appl. Nano 2024, 5 292

3.1.6. Stability of PVP/AuNPs in Water

PVP/AuNPs were synthesized according to Joshi [80], as described in Supplementary
Data, Section S2.6. A ruby red dispersion with an LSPR band at 526 nm was obtained. TEM
revealed that the PVP/AuNPs had a diameter of 10 to 25 nm for the Au core and their shape
was mainly icosahedral (Supplementary Data, Figure S2.6.1). DLS revealed a monodisperse
distribution in solution (Supplementary Data, Figure S2.6.2) with a hydrodynamic size
of 59.4 nm (Z-average). PVP/AuNPs were stable with respect to LSPR wavelength and
absorbance in DI, DW and RH, as seen in Figure 7.
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Figure 7. UV-Vis absorption spectra of the diluted PVP/AuNPs in DI (black), DW (red) and RH
(green) with c(Au) = 5.88 mg L−1.

Several batches were synthesized for dosing at the pilot plant. Stability was tested
over 5 days in DI, DW and RH. While the highest decrease in absorbance was found in
DI (−5.2%), the changes in DW and RH were small, at +0.2% and −1.0%, respectively
(Supplementary Data, Table S2.6). For PVP/AuNPs, Sharma et al. found that when the pH
of the dispersion was lowered from 6.7 to 1.0, the color of the solution changed from deep
red to blue due to the formation of aggregates. The color of the solution returned to red
when the pH of the solution was adjusted back to 6.7, indicating a reversible process [90].

3.1.7. Stability of PVP/AgNPs in Water

The yellow PVP/AgNPs were obtained after synthesis in glycerol/water, according
to Elechiguerra et al. [81], as a clear dispersion (Figure 8) with an LSPR maximum at
424 nm. The obtained PVP/AgNPs were polydisperse with core sizes ranging from 1 to
25 nm (Supplementary Data, Figure S2.7.1), which was confirmed by DLS with a bimodal
distribution with a hydrodynamic-size maxima of 2 and 40 nm (Z-averages). The dilution
of the NP dispersion with DI, DW and RH did not cause any spectral changes.

For the small column experiments with anthracite, ozonation and dosing at the pilot
plant, PVP/AgNPs were synthesized in EG according to Carotenuto et al. [82] due to better
upscaling and higher stability (Supplementary Data, Section S2.7.2). In EG, they exhibited
an LSPR absorption maximum at 401 nm (Supplementary Data, Figure S2.7.2.1), which
increased to 424 nm on dilution with DI. According to TEM, PVP/AuNPs had a diameter
of 10 to 50 nm for the Ag core and their shape was icosahedral (Supplementary Data,
Figure S2.7.2.2). DLS revealed a monodisperse distribution with a hydrodynamic size of
93 nm (Z-average).
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Figure 8. UV-Vis absorption spectra of the diluted PVP/AgNPs in DI (black), DW (red) and RH
(green) with c(Ag) = 20.2 mg L−1.

Several batches were synthesized for dosage at the pilot plant. Stability was tested over
5 days in DI, DW and RH. A large decrease in absorbance was found for DI (−25.9%), while
the changes in DW and RH were small at +5.7% and +2.9%, respectively (Supplementary
Data, Section S2.7.2). Since it was not intended to separate the ENPs from the reaction
medium for the pilot plant dosage, a small fraction of PVP/AgNPs was separated and
dissolved in DI, as described in Supplementary Data, Section S2.7.2, to evaluate the EG
influence in small-scale ozonation experiments.

3.1.8. Stability of PVP/PBNPs in Water

Prussian blue nanoparticles were prepared according to Supplementary Data, Section S2.8,
and showed an intense blue color with an absorption maximum at 690 nm. However, the
addition of DW or RH immediately led to aggregation and flocculation, as documented in
Supplementary Data, S12.

3.2. Adsorption Isotherms of Stable ENPs

Stable gold and silver NPs, namely CTAB/AuNPs, PVP/AgNPs and PVP/AuNPs
were tested for adsorption on quartz sand, silica gel and activated carbon (ground Norit
ROW 0.8 supra) in batch experiments, as described in Section 2.8. CTAB- and PVP-
coated gold nanoparticles showed no adsorption on any of the adsorbents used. In
addition, no adsorption was found for PVP/AgNPs on the activated carbon. There-
fore, only the adsorption results on quartz sand and silica gel were investigated in de-
tail. With the adsorption isotherm data on sand and silica gel in Supplementary Data,
Tables S13 and S15, the adsorption isotherms for PVP/AgNPs were plotted (see Supple-
mentary Data, Figures S14 and S16). The corresponding Langmuir and Freundlich evalua-
tions are shown in Figure 9a,b, and for silica gel in Figure 10a,b.

It is obvious that neither the Freundlich nor the Langmuir model agree with the
experimental data. According to the IUPAC classification of adsorption isotherms [91], the
adsorption of PVP/AgNPs on sand (Supplementary Data, Figure S14) can be assigned to
Type III isotherms, which result from adsorption on non-porous materials. This type is
found in systems where the interactions between the adsorbate species are stronger than
the (weak) interactions between the adsorbates and the surface [67].
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Figure 10. Adsorption isotherm data for PVP/AgNPs as Ag on silica gel (dots) with (a) Langmuir
and (b) Freundlich regression lines.

On the other hand, the absorption isotherm on silica gel (Supplementary Data, Figure S16)
showed an S-shaped PVP/AgNP adsorption isotherm on silica gel (Figure 10), which can be
assigned to type IV and type V, describing multilayer adsorption on porous materials [67].

3.3. Breakthrough Behavior of Stable Nanoparticles

CTAB/AuNPs, PVP/AuNPs and PVP/AgNPs in water and EG were tested for reten-
tion on column filter beds at the laboratory scale, as described in Section 2.9. The adsorptive
concentrations are documented in Supplementary Data, Table S6.1, the filter materials in
Supplementary Data, Table S6.2, and the column characteristics for anthracite and sand
fillings in Supplementary Data, Table S6.3.

3.3.1. Breakthrough Behavior of ENPs on Quartz Sand

Quartz sand is a typical filter material for particle retention on deep-bed filters and was
used as the bottom layer at the pilot plant’s two-layer filter. The tested nanoparticles showed
similar breakthrough times (tB) on quartz sand ranging from 0.09 to 0.10 h (Figure 11).
A good correlation of the nanoparticles with the tracer curve was found up to a relative
concentration of about c/c0 = 0.5, which corresponds to the half saturation time (t0.5) of
0.13 to 0.16 h. Thereafter, a decrease in the slope was observed for CTAB/AuNPs and
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PVP/AgNPs. The graphical determination of the saturation time (ts) is subject to error
due to the asymptotic development after 50% breakthrough, which does not give the exact
value for ts. Therefore, the calculated efficiency factors (ηi,Ads) for CTAB/AuNPs and
PVP/AgNPs are only approximations (see Supplementary Data, Table S17.1). According to
the results, it can be assumed that CTAB/AuNPs, PVP/AuNPs and PVP/AgNPs are not
significantly retained by fresh quartz sand.
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Figure 11. Breakthrough curves of stable ENPs in DW (flow rate 0.8 mL/min) for a 10 g quartz
sand bed.

3.3.2. Breakthrough Behavior of ENPs on Rhine Sand

While the quartz sand was sterile and clean, the Rhine sand represented natural
bank filtration, so the adsorber bed also contained naturally occurring biofilm and Rhine
particles. The resulting breakthrough curves are shown in Figure 12; discontinuities in
the graphs were caused by bubbles in the cuvette. The evaluation of the breakthrough
curves is documented in Supplementary Data, Table S17.2. It is noticeable that PVP/AgNPs
and PVP/AuNPs breakthrough at about the same time (0.10 h and 0.11 h) as the tracer
(0.13 h), while CTAB/AuNPs are retained significantly longer and breakthrough occurs at
0.42 h. In this case, a significant interaction of the Rhine sand with the CTAB/AuNPs can
be assumed.
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3.3.3. Breakthrough Behavior of PVP-Coated ENPs on Silica Gel

Mesoporous silica has a high surface area-to-volume ratio compared to quartz. Silica
gel is highly hygroscopic and can be used as a gelling agent, filter, adsorbent and desiccant.
CTAB/AuNPs were not tested with silica gel and anthracite because they would be retained
on Rhine sand and would not enter the raw water. Instead, the influence of the EG was
investigated by examining PVP/AgNPs in water without EG. The results of the retention
of ENPs on silica are shown in Figure 13. Note that the silica mass was reduced to 500 mg
and the flow rate was higher at 2 mL/min. It has to be considered that the silica gel mass
was reduced to 500 mg and the flow rate was higher at 2 mL/min. The presence of EG
reduced the breakthrough time for PVP/AgNPs. All breakthrough parameters are listed in
the supplementary Data, Table S17.3.
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3.3.4. Breakthrough Behavior of ENPs on Activated Carbon

The breakthrough curves on activated carbon (0.5 g ground Norit® ROW 0.8 Supra)
showed different behavior for each of the three ENPs (Figure 14). PVP/AuNPs broke
through shortly after the tracer (0.05 h), indicating no significant adsorptive–adsorbent
interaction. In contrast, CTAB/AuNPs remained on the column for tB = 0.85 h and
showed a sharp breakthrough with an adsorption efficiency of 86%, indicating fast kinetics.
PVP/AgNPs were retained even longer with tB = 0.97 h and showed, in contrast, a broad
breakthrough (ηi,Ads = 35%), indicating slow adsorption kinetics [65]. The breakthrough
parameters are given in Supplementary Data, Table S17.4.
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3.3.5. Breakthrough Behavior of PVP-Coated ENPs on Anthracite

For pilot-scale experiments, further column experiments with PVP/AuNPs and
PVP/AgNPs were performed on fresh and used anthracite (Figures 15 and 16). In ad-
dition, for PVP/AgNPs, the influence of EG in the dosing solution was of interest for use at
the pilot plant. Therefore, the PVP/AgNPs in EG/water and in water were diluted with
RH and tested under comparable conditions. The breakthrough parameters are given in
the Supplementary Data, Tables S17.5 and S17.6.
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Figure 16. Breakthrough curves of PVP-coated NPs in RH (flow rate 2 mL/min) for a used anthracite
(3.40 g) from the pilot plant.

For fresh anthracite, the breakthrough order was PVP/AgNPs in EG/water, PVP/AuNPs
and PVP/AgNPs in water. Although the column material and flow conditions (see
Supplementary Data, Table S6.3) were different from quartz sand, the ENPs showed a
similar retention behavior. A modified elution curve and earlier breakthrough time of
PVP/AgNPs (tB = 0.64 h vs. 0.73 h) was observed with EG in the dispersion.

In contrast, the used anthracite showed a strong retention of PVP/AgNPs in water,
which was particularly evident in the half saturation time of 1.08 h. The wide mass transfer
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zone leads to a low adsorption efficiency of 23%. The reason for the longer retention of
PVP/AgNPs on the used anthracite was probably due to the deposition of raw water
components on the filter material. The XPS analysis of the particles in the filter rinse
water showed, besides the main components, carbon (60 atom%) and oxygen (30 atom%),
4 atom% manganese, 3 atom% calcium and 1 atom% iron. HR-XPS showed a signal at
641.8 eV, which can be attributed to manganese(IV) oxide, pyrolusite (641.8 eV) and a
weak signal at 710.4 eV, which can be attributed to iron(III) oxide hydrate (ferrihydrite) at
710.3 eV [92]. Again, it was observed that EG had a strong influence on retention in small
column experiments, causing the PVP/AgNPs to elute earlier. Therefore, a higher dilution
was used at the pilot plant to reduce the influence of EG.

3.4. Flocculation of ENPs

The results of the precipitation of PVP/AuNPs, PVP/AgNPs in EG and PVP/AgNPs
in DI with the flocculants Trifloc® S and Gilufloc® 40, as described in Section 2.10, are
shown in Figure 17 as percentage NP removal by a given flocculant concentration after 17
and 32 min; numerical data are given in Supplementary Data, Table S18.
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Figure 17. Flocculation of ENPs. Error bars correspond to the relative combined uncertainty of ~7%
(Supplementary Data, Table S18).

3.5. Ozonation/AOP of PVP-Coated ENPs and Their Behavior in the Two-Layer Filter

To investigate the removal of PVP/AuNPs and PVP/AgNPs during ozonation/AOP
and retention in the anthracite sand filter, the respective ENP dispersions were dosed at
the pilot plant (Figure 3), as described Section 2.4. Only temporary NP dosing could be
performed at the pilot plant. Samples were collected at the most likely retention times of
ozonation (Supplementary Data, Table S5.1) and filtration (Supplementary Data, Table S5.3)
at sampling points CO5, CF2/1 to CF2/4, and CAF2, shown in Figure 3.

3.5.1. PVP/AuNPs at the Pilot Plant

The PVP/AuNPs were dosed at the pilot plant (see Supplementary Data, Table S19)
for ozonation and AOP (see Section 2.4). The residual ozone at CO0 decreased from 500 ppb
to 460 ppb during dosing, indicating a low ozone demand of the NP dispersion. The time-
dependent change in absorbance of the samples as a function of reaction time is shown in
Table 7.
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Table 7. Influence of ozonation/AOP on PVP/AuNP absorbance.

Ozonation Absorbance
Time (min) With Ozone With AOP

0 0.099 0.101
1 0.098
2 0.102 0.100
3 0.100
4 0.101
5 0.101
6 0.098
10 0.102 0.098
20 0.101
30 0.100
40 0.101
60 0.100
90 0.101

120 0.101
Mean 0.100 0.099

Standard deviation 0.001 0.001

Since there was no change in LSPR absorption, the PVP/AuNPs appeared to be stable
to ozone and hydroxyl radicals. After sampling, their behavior was investigated on the
anthracite sand filter. The measured UV-Vis absorbances of the samples are shown in
Figure 18. At sampling points CO5 (near the CFR outlet), CF2/1 and CF2/2, sampling
was too late to capture the maximum concentrations, while at CF2/3 and CF2/4 the max-
ima were detected. Since an LSPR absorbance of 0.004 was expected (dosing solution
absorbance: 1.0, RW flow: 2.0 m3/h and NP dispersion flow: 0.12 L/min), this is con-
sistent with the mean value at CO5 (A = 0.0036 ± 0.0004), while a mean absorbance of
0.0053 ± 0.0021 was measured at the filter outlet (CAF2). The UV-Vis data are documented
in the Supplementary Data, Table S20. The evaluation of the mean and maximum ab-
sorbance is given in the Supplementary Data, Table S21. It is evident that the PVP/AuNPs
passed the ozonation and the two-layer filter to a high degree, probably completely.
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3.5.2. PVP/AgNPs at the Pilot Plant

The PVP/AgNP dilution was dosed at the pilot plant under the conditions described
in the Supplementary Data, Table S22. During the experiment, it was observed that the
residual ozone concentration at CO5 decreased to zero with the NP dosage, indicating a high
ozone demand. As shown in Table 8, a small reduction in the absorbance of PVP/AgNPs
was observed, which is within the error range, while no effect was observed for AOP.

Table 8. Influence of ozonation/AOP on PVP/AgNP absorbance.

Ozonation Absorbance
Time (min) With Ozone With AOP

0 0.045 0.044
1 0.062 0.051
2 0.037 0.034
3 0.032 0.028
5 0.035 0.049
8 0.033 0.053
13 0.033 0.054
21 0.034 0.038
34 0.038 0.054

Mean 0.039 0.045
Standard deviation 0.010 0.010

To test the ozone consumption of ethylene glycol alone, 140 mL EG and 2.89 g
PVP-40 kDa were dissolved in water to 1.0 L and dosed into the pilot plant under com-
parable conditions. Again, strong ozone consumption was observed, as shown in the
Supplementary Data, Figure S23. Since EG, as a competitor of ozone, was probably respon-
sible for the increased consumption, small-scale ozonation and AOP were performed with
PVP/AgNPs in EG/water and with PVP/AgNPs in water (see Section 2.5). The absorbance
values of PVP/AgNPs in EG/water and in water after treatment are summarized in Table 9.

Table 9. Results of the small-scale ozonation/AOP of PVP/AgNPs.

Treatment Peak Maximum (nm) Peak Shift (nm) Absorbance Reduction of Absorbance (%)

AgNPs in water with EG
Without treatment 430 0.822

Ozonation 420 −10 0.673 18
AOP 424 −6 0.687 16

AgNPs in water
Without treatment 424 0.424

Ozonation 407 −17 0.194 54
AOP 416 −8 0.363 13

Apparently, the presence of EG protects the PVP/AgNPs. While AOP without EG
caused no degradation, ozone caused a moderate decrease in and blueshift of the LSPR,
indicating ENP degradation. After ozonation at the pilot plant, the samples were collected
from the sampling points of the two-layer filter. The measured UV-Vis absorbances of the
samples are shown in Figure 19.

In contrast to PVP/AuNPs, the PVP/AgNP sample series always detected the absorp-
tion maxima with the same sampling times as for PVP/AuNPs. Since an LSPR maximum
absorption of 0.075 was expected (dosing NP dispersion absorption: 1.0, RW flow: 2.0 m3/h
and NP solution flow: 15 L/min), a reduction of 38% was already observed during ozona-
tion (A = 0.0466). At the filter outlet (CAF2), a mean absorbance of 0.0031 ± 0.0015 was
measured, corresponding to a reduction of approximately 94% in the two-layer filter.
The UV-Vis measurements are documented in Supplementary Data, Table S24 and the
evaluation in Supplementary Table S25.
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4. Discussion
4.1. Stability of Nanoparticles

Of the eight ENPs synthesized, only three were found to be stable in natural water.
The behavior of citrate-capped AuNPs in natural waters is discussed first, since research
groups have worked with these ENPs under environmental conditions [53,93]. As shown
in Figure 5, CA/AuNPs are not stable in natural water, because Ca2+ destabilized the
CA/AuNP dispersion. A critical coagulation concentration (CCC) of 4 mg/L (0.1 mM) Ca2+

was determined for the CA/AuNPs (Section 3.1.1). Johnston et al. reported an increase
in the hydrodynamic diameter of 5 nm CA/AuNPs in a 0.08 mM CaCl2 solution from
7.2 to 29.1 nm after 30 min, which is in agreement with the results of this study [27].
Hofman-Caris et al. used these particles at a pilot plant and found strong retention with
river water containing 61 mg/L calcium [53]. Natural organic matter (NOM) is able
to stabilize CA/AuNPs at low concentrations as in DW, but aggregation was found at
concentrations of >2 mg/L C. When CA/AuNPs are diluted in Rhine water, the blue
coloration with an absorption maximum at 680 nm indicates aggregation (see Figure 5),
where a TOC of 2.9 mg/L is sufficient to temporarily protect the nanoparticles from
precipitation. Nason et al. attribute this to a hydrophobic interaction [94]. Regarding the
mechanism, Johnston et al. found that a dilute Ca2+ solution induces strong interparticle
bridges in CA/AuNPs that favor particle attachment to the chain ends, leading to the
formation of small branched chains in TEM and a strong red shift in LSPR [27]. Therefore,
CA/AuNPs are not stable in natural water, even if a minor stabilization by NOM has to be
taken into account [24]. The instability of the remaining ENPs is probably also caused by
the presence of calcium ions.

In contrast, CTAB/AuNPs, PVP/AuNPs and PVP/AgNPs were stable in DW and
RH up to ionic strengths of 10 mM and 2 mM calcium ions. Chanana et al. found that
CTAB/AuNPs were resistant in various biological media, even at higher gold concentra-
tions of up to 20 mg/mL [95]. CTAB/AuNPs synthesized with excess CTAB, as in this
work, show a positive zeta-potential and high stability [30]. PVP/AuNPs and PVP/AgNPs
were stable up to 2 mM Ca2+, which is consistent with the results of Fjordbøge et al. [93].
Lead et al. [96] reported that PVP/AuNPs are resistant to high ionic strength and calcium
ions for use in column experiments [96]. In a further study, Lead et al. proved 7 nm
PVP/AuNPs to be very stable against aggregation during pH changes or addition of in-
organic ions, even up to 4 g/L (0.1 M) Ca2+ [97]. Only at high NaCl concentrations of
>10 mM or at pH < 5 was degradation observed, leading Kónya et al. to conclude that



Appl. Nano 2024, 5 302

PVP/AgNPs have excellent biorelevant colloidal stability [98]. CTAB/AuNPs, PVP/AuNPs
and PVP/AgNPs are sufficiently stable in used surface water.

4.2. Column Filter Tests

In terms of stability, only CTAB/AuNPs, PVP/AuNPs and PVP/AgNPs are candidates
for breakthrough in riverbank filtration. On columns filled with quartz sand (Figure 11),
the three ENPs were only weakly retained with low breakthrough times. Later, at the half
saturation time, CTAB/AuNPs and PVP/AgNPs were retained longer, indicating a weak
interaction for clean quartz sand with CTAB/AuNPs and PVP/AgNPs, which is confirmed
by Fjordbøge et al. who found high mobility and up to 90% recovery for 12 nm PVP-65
kDa/AuNPs on cleaned fine filter sand with a porosity of 0.42, which is close to the quartz
sand used here, with a porosity of 0.43 [93].

Increasing the surface area by using silica gel to 600 m2/g improved the capacity and
retention of PVP/AgNPs, which eluted before PVP/AuNPs, as shown in Figure 13. The
high mobility of PVP/AgNPs on silica surfaces was reported by Keller et al., which implies
a high relevance for environmental transport [99]. On silica gel, PVP/AuNPs are retained
for the longest time, with a tS of 0.24 h compared to the tracer with tS = 0.05 h.

The riverbank filtration zone consists of sediment, sand and gravel covered with
biofilm, the population of which varies over the seasons due to temperature, oxygen and
nutrient supply [73,100]. In the laboratory experiment, this corresponds to the Rhine
sand column under oxidic conditions, where PVP/AuNPs and PVP/AgNPs were weakly
retained. In contrast, a strong retention of CTAB/AuNPs was observed with a low slope
of the breakthrough curve, indicating a slow kinetic retention in the bank filtration [65].
Sahle-Demessie et al. investigated the retention of PVP/AgNPs on different filter materials
of a DWTP and found that the sand filter achieved retention of bare ENPs, but only minimal
retention of polymer-coated ENPs [101]. They reported that biofilm in used filter media
increased the adsorption of ENPs, but this effect was less significant for PVP/AgNPs.
Recently, Hamann, Arndt and coworker reported that the biofilm in the Rhine sediment
retained 6 to 12 times more microplastic particles than clay without biofilm [102], which is of
interest because the PVP-protected nanoparticles have a similar surface to some plastics. In
this study, it is also probable that biofilm or extracellular polymeric substances (EPSs) were
responsible for the retention on the Rhine sand columns. EPSs are long-chain polymers with
a polysaccharide structure that are produced by microorganisms and released into their
immediate environment, i.e., they are extracellular [103]. Therefore, it can be assumed that
CTAB/AuNPs are retained during bank filtration, while PVP/AuNPs and PVP/AgNPs
must be considered as potential contaminants of the raw water.

After ozonation, a two-layer filter was installed at the pilot plant and simulated by
laboratory-scale column filter experiments using fresh and used anthracite. As expected,
fresh anthracite, a non-porous carbonaceous filter material, resulted in a lower retention
for PVP/AuNPs than for PVP/AgNPs in EG (Figure 16). For PVP/AuNPs, the retention
increased to tS = 0.86 h and to tS = 1.92 h for PVP/AgNPs, while the PVP/AgNPs in
EG/water were less retained (tS = 0.94 h). Thus, the presence of EG increased the mobility
of PVP/AgNPs in both experiments. It is evident that EPSs or biofilm are not responsible
for the retention of PVP/AgNPs dispersed in water, but probably manganese(IV) oxide
and ferrihydrite formed from manganese(II) and iron(II) in the raw water during ozona-
tion. The oxides covered the surface of the anthracite grains and were identified in the
solids of the filter-rinsed water by XPS. As a result, PVP/AgNPs were effectively retained
on the used anthracite covered with manganese(IV) oxide and ferrihydrite, although the
efficiency factor of ηi,Ads = 24% was low, indicating slow adsorption and desorption pro-
cesses. Zhang, Zu et al. studied the transport of 1, 40 and 360 kDa PVP-capped AgNPs on
various filter media, including cleaned sand, kaolinite, humic acid and ferrihydrite-coated
sand, and found increasing mobility and recoveries with an increasing PVP molecular
weight [104]. For PVP-40 kDa/AgNPs, they found the highest mobility and recovery on



Appl. Nano 2024, 5 303

humic acid-coated sand, followed by partial retention on kaolinite and complete retention
on ferrihydrite-coated sand, which is consistent with the results obtained here.

Activated carbon filtration is often part of drinking water treatment to remove traces
of organic and inorganic compounds [74,75]. Therefore, column filtration tests were also
performed with ground Norit® ROW 0.8 Supra, an extruded activated carbon used for water
purification in DWTPs. As shown in Figure 14, PVP/AgNPs (tB = 0.85 h) and CTAB/AuNPs
(tB = 0.97 h) were strongly retained before breakthrough occurred. For CTAB/AuNPs, the
adsorption and desorption processes were faster, with a ηi,Ads of 86% and a tS of 1.29 h, while
for PVP/AgNPs a ηi,Ads of 35% and a tB of 4.66 h were evaluated, indicating slow kinetics.
Although CTAB/AuNPs were retained on the carbon, the adsorption isotherms showed no
adsorption. Other mechanisms of colloid retardation, such as diffusion into mesopores and
macropores of the carbon, may be responsible for the retention [65]. McGillicuddy et al.
found that 25 nm PVP/AgNPs at a concentration of 100 ppb were adsorbed on mesoporous
activated carbon (Norit® AC1) [105]. For the 100 ppb level, they determined the removal
rate of ~38% for the ground material. In contrast, PVP/AuNPs showed a comparable
breakthrough as the tracer, indicating a low adsorptive–adsorbent interaction; and therefore,
PVP/AuNPs cannot be removed by adsorption on activated carbon. Since CTAB/AuNPs
could be largely retained by adsorption on biofilm/EPSs during bank filtration, only the
behavior of PVP-coated ENPs was investigated at the pilot plant.

4.3. Pilot Plant Results

The first process step investigated at the pilot plant was the ozonation of the raw water.
The PVP/AuNPs were found to be stable at 500 ppb ozone in the raw water (Table 7).
This is consistent with the small reduction in residual ozone during PVP/AuNP dosing
of 40 ppb. Pacey et al. found that CA/AuNPs react reversibly with ozone depending
on the ozone concentration [58]. Even AOP, with the generation of hydroxyl radicals at
the same ozone level, did not cause any significant degradation of PVP/AuNPs (Table 7).
PVP/AuNPs then entered the two-layer filter and passed without any retention (Figure 18),
confirming the small column results. Thus, PVP/AuNPs were neither degraded at the
pilot plant with ozonation/AOP, nor retained during filtration on an anthracite coated with
manganese dioxide and ferrihydrite.

For PVP/AgNPs, small-scale ozonation experiments at the pilot plant resulted in
an 18% reduction of LSPR in water/EG, which increased to 54% in water without EG.
Thus, the presence of ethylene glycol resulted in a lower degradation rate. This is in
agreement with Rindone et al., who found that ozone reacts with EG in water at pH 4 to 9,
oxidizing the methylene groups to carbonyl groups [106]. AOP resulted in a 16% reduction
in PVP/AgNPs in EG/water and a 13% reduction in AgNPs in water. It is obvious that
AOP is less suitable for the reduction of PVP-coated ENPs. In addition, a blue shift of the
LSPR maximum was observed, which was higher for ozonation than for AOP, indicating a
reduction in the size of the silver core [50,51]. In the pilot plant ozonation, the removal of
PVP/AgNPs was found to be about 38%, which is between the small-scale ozonation of
PVP/AgNPs in EG/water and in water. The reason for the reduced yield is the presence
of ozone-depleting EG. Due to the lower oxidation potential of silver compared to gold,
oxidation of the silver core is also possible without loss of the PVP coating. For example,
Morozov et al. found that when polyphosphate-stabilized AgNPs were oxidized with
ozone at one silver atom per NP, a decomposition of three ozone molecules occurred, while
the colloidal stability of the ENPs decreased [107].

The subsequent two-layer filter resulted in a PVP/AgNP retention of approximately 94%.
The highest PVP/AgNP retention of ~50% was observed in the upper part of the anthracite
layer, followed by ~30% in the upper part of the sand layer (CF2/3), where the highest
density of manganese(IV) oxide and ferrihydrite particles are expected in the two-layer filter.
This is consistent with small column experiments, where strong retention was observed
with used anthracite from the pilot plant. Thus, PVP/AgNPs were partially removed
during ozonation and almost completely removed on the two-layer filter.



Appl. Nano 2024, 5 304

4.4. Flocculation

One way to retain PVP/AuNP is to upgrade the DWTP by integrating a CFS process.
As shown in Figure 17, CFS with iron(III) or aluminum(III) can reduce the ENP load.
However, the required dose of 50 mg/L iron to flocculate 90–95% of PVP/AuNPs was
high, while aluminum(III) was less effective with a reduction of 51–61% for 50 mg/L
Al2O3. For example, both flocculants exceeded the permitted addition according to the
German Drinking Water Ordinance, which specifies a maximum addition of 12 mg/L
for iron and 19 mg/L for aluminum (17 mg/L alumina) [108]. In contrast, PVP/AgNPs
were flocculated at lower concentrations of 1 mg/L iron or alumina, and increasing the
flocculant concentration did not increase the removal, but the stability of the flocs. However,
at 5 mg/L iron, at least 20 to 43% of PVP/AuNPs and 59 to 63% of PVP/AgNPs can be
removed. To our knowledge, the flocculation of PVP-stabilized Au and Ag nanoparticles
with Fe(III) or Al(III) has not been reported, so no comparative data are available. However,
data are available for metallic ENPs [54], CA-coated NPs [52,53] and PVA-coated NPs [14],
where the efficiencies showed high variability and strong dependence on ENP, dosage, type
of flocculant and water matrix. In four cases, the NP removal at 32 min was lower than
at 20 min, taking into account the uncertainty of the measurements, and in three cases, it
was the lowest flocculant concentration. At low flocculant concentrations, there is a risk
that the flocs will not be stable and NPs will be mobilized again. These particles would not
be effectively removed in a subsequent deep-bed filtration step with a 1 µm cutoff. The
presence of organic matter (here, EG) resulted in improved floc stability for PVP/AgNPs at
half the ENP concentration and constant flocculant dosage.

4.5. Summary

Eight ENPs were synthesized and their stability in natural water was investigated.
Only three NPs were stable in surface and drinking water: CTAB/AuNPs, PVP/AuNPs
and PVP/AgNPs (Table 10). In the laboratory, the retention of ENPs on quartz sand, silica
gel and fresh anthracite was weak or not relevant. CTAB/AuNPs can be retained on
biologically active sand, representing the bank filtration. In contrast, PVP/AuNPs and
PVP/AgNPs can overcome bank filtration and contaminate raw water resources. During
pilot-scale ozonation, PVP/AuNPs showed no degradation, while PVP/AgNPs were
partially removed. Reduced degradation was observed in the presence of organic matter
(here EG). AOP resulted in no reduction for AuNPs and a slight reduction for PVP/AgNPs.

Table 10. Environment-stable ENPs and techniques for reduction in DWTPs.

Removal or Retention Rates of ENPs (%) 1

Process CTAB/AuNPs PVP/AuNPs PVP/AgNPs in Water
Ozonation - no removal 54%

AOP - no removal 13%
Quartz sand filtration no retention no retention weak retention

Silica gel filtration - weak retention weak retention
Rhine sand filtration strong retention no retention no retention
Anthracite filtration - weak retention weak retention

Anthracite with FeO(OH), MnO2 filtration - weak retention strong retention
Activated carbon filtration strong retention no retention strong retention

Flocculation with Fe(III) - 20–43% (5 mg/L Fe) 59–63% (5 mg/L Fe)
Flocculation with Al(III) - 51–61% (50 mg/L Al2O3) 83–96% (5 mg/L Al2O3)

1 Not colored: unsuitable, yellow-colored: moderately suitable, green-colored: well-suited.

On the two-layer filter, PVP/AgNPs were almost completely retained on manganese
dioxide/ferrihydrite layers on the filter grains, which was consistent with small-scale
column experiments. However, CTAB/AuNPs and PVP/AgNPs were retained on activated
carbon with different mechanisms. PVP/AuNPs cannot be retained on biologically active
river sand, which served as a model for bank filtration, or removed in the conventional
DWTP with ozonation, particle filtration and activated carbon filtration. A flocculation
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process can be added to improve PVP/AuNP removal. However, in water with low
TOC (here <0.3 mg/L), the flocculant doses are high and the flocs are unstable, releasing
some ENPs.

5. Conclusions

It is reassuring for water suppliers and consumers that the majority of ENPs can
be removed by natural bank filtration, followed by treatment in a conventional DWTP,
even if the selection chosen here is not representative. It became clear that bank filtration
alone is not fully effective and that ENPs need to be removed in a DWTP, as in the case of
PVP/AgNPs. A multi-barrier approach, in which the treatment steps are complementary
and partially overlapping, is shown to be effective. However, one ENP (PVP/AuNP) was
identified that is unlikely to be removed by bank filtration or conventional treatment, and
that could be used as a sensor in the future. Therefore, it remains of great importance
to minimize the contamination of surface and groundwater with ENPs in order to avoid
costly treatment processes such as nanofiltration or reverse osmosis. Due to their high
stability, special attention should be paid to the use and discharge of PVP-stabilized ENPs
into surface waters [35]. If nanomaterials are approved, manufacturers should be required
to conduct a baseline study of their behavior in natural water and during water treatment,
as is the case for new pesticides. It is economically more beneficial for water suppliers and
society to prevent the release of ENPs into the environment, even if legal limits have not
yet been set. This work shows that more environmental data on ENPs need to be collected
from a variety of sources and complemented by experiments to provide robust data on
their behavior to enable a comprehensive risk assessment [109]. Accordingly, there is still
a long way to go for the international community and citizens to achieve an open and
FAIR (findable, accessible, interoperable and re-usable) approach to data, although this
is an important prerequisite for achieving the United Nations Sustainable Development
Goals (UN SDGs), in particular the Millennium Development Goal on access to clean
water [110]. The ECHA CHEM database was of little help for this work, as the extraction
with EUON—EU Observatory for Nanomaterials [111] yielded only one ENP hit with
“silver in nanoform”, while gold was not listed at all. In 2023, Nielsen et al. concluded
that >90% of the original EU nanosafety recommendations have been met to a medium
or high degree [112]. The authors point to the need for advanced measurement tools and
risk assessments. However, the safety of nanomaterials is an international issue, and in
their analysis, Gonzalez et al. call for the “implementation of global regulations to promote
nanotech research according to a precautionary principle focused on an environmental
and health protection approach to ensure the safe and responsible use and application of
nanotechnologies” [113]. Similar conclusions were reached in a review by Kumar et al.,
who recommended the implementation of appropriate regulatory frameworks and future
research focusing on advanced investigation and mitigation strategies [8], which the authors
fully support.
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