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ABSTRACT

The increasing production and broad application of engineered nanoparticles
(ENPs) have led to a substantial release of ENPs into natural systems. Despite their
different utilization prospects, ENPs such as nanoscale zero-valent iron (NZVI) and
silver nanoparticles (AgNPs) have been co-found in aquatic environments. This study
comprehensively examined the effect of AgNPs on the reductive ability of NZVI, which
was probed through the conversion of p-nitrophenol (p-NP) to p-aminophenol (p-AP).
Electron microscopic and spectroscopic investigations and Derjaguin—Landau—
Verwey—Overbeek (DLVO) calculations showed that the aggregation of NZVI with a
low dose of AgNPs dramatically decreased the NZVI reactivity. In contrast, enhanced
NZVI reactivity was observed when a high dose of AgNPs was used. The collision
between self-assembled aggregates of AgNPs and NZVI can lead to the exposure of
inner Fe(0), thereby improving the reductive ability of NZVI. The same behavior was
observed for other nanosized (e.g., TiO2) and microsized (e.g., quartz sand) particles,
which suggests the predominance of physical processes in NZVI peeling. Further
investigations showed that the presence of sulfate and humic acid enhanced the p-NP
removal in the NZVI-AgNP suspension, in contrast to other groundwater constituents.
Our findings provide a better understanding of potential ENP interactions, particularly
in the context of groundwater remediation.

Keywords: nanoscale zerovalent iron; silver nanoparticles; p-nitrophenol; aggregation.
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Graphical Abstract

Interactions between nanoscale zero-valent iron (NZVI) and silver nanoparticles

(AgNPs) significantly alter the reductive ability of NZVI

NZVI + Ag system . |l Low concentration of Ag
. =NZVlparticle @& =Ag particle !

Ag particles

Hetero-aggregation of Ag particle:

(o

p-nitrophenol

|
|
Vo
|

:|> NZVI core

NZVI shell

A Inhibition effect

Ag layer p-nitrophenol

NZVI core

I High concentration of Ag | Shell layer
Ag aggregate ! '

p-nitrophenol

NZVI core NZVI core Enhancemgnt effect

NZVi shell :

NZVi shell >
p-aminophenol

Homo-aggregation of ;g pa:ticles




45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

1. Introduction

Over the past decades, due to increasing production and broad applications of
engineered nanoparticles (ENPs), such as textile (Lorenz et al., 2012), electronics
(Poudel and Kim, 2022; Poudel et al., 2021), pharmaceuticals (Sridhar et al., 2015),
environmental remediation (Poudel et al. 2022) and cosmetics (Auffan et al., 2010), a
significant amount of ENPs are ended up into natural systems (Abbas et al., 2020;
Danail and Ineke, 2009). In particular, silver nanoparticles (AgNPs) are one of the most
commonly used ENPs. Their catalytic ability, high surface area to volume ratio and
antibacterial activity provide them with excellent potential for various industrial
(Poudel et al., 2020; Shen et al., 2014), food (Echegoyen and Nerin, 2013) and medical
applications (Deng et al., 2016). However, their release and accumulation in the
environment (water and soil) (McGillicuddy et al., 2018; Mahdi et al., 2017) is of
concern owing to their potential adverse effects on human health and aquatic life
(Asghari et al., 2012; Xu et al., 2013). In the meanwhile, nanoscale zero-valent iron
(NZVI), as one of the most extensively used ENPs, has been widely applied for
groundwater remediation and wastewater treatment because of its high reactivity, cost-
effectiveness, and environmental friendliness (Li et al., 2017; Phenrat et al., 2016; Wei
et al., 2010; Xia et al., 2017). NZVI can be used to treat various contaminants such as
persistent organic pollutants (Joo et al., 2004), toxic inorganic contaminants (Ryu et al.,
2011) and even radioactive nuclides (Tsarev et al., 2017).

When AgNPs are discharged into terrestrial or aquatic environments, their
4
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interaction with other co-existing ENPs could influence their environmental behavior,
fate, and likely their ecotoxicity. In addition, AgNPs can potentially alter the reactivity
of other ENPs used for decontamination, such as NZVI. The injection of NZVI slurry
is a common method for the in situ remediations of aquifer and groundwater
contamination by organic or inorganic compounds (Su et al., 2013; Mueller et al., 2012).
Despite the possible co-occurrence of both ENPs in aquatic environments (Stefaniuk et
al.,, 2016; Syafiuddin et al., 2018), there is a lack of knowledge on their potential
interactions. Therefore, a comprehensive study on the interactions between NZVI and
AgNPs is needed considering the contaminant removal methods used in remediation
processes.

Herein, we selected p-nitrophenol (p-NP), as a probe compound because the
reductive conversion of p-NP to p-aminophenol (p-AP) is well documented, and the
corresponding mass balance is easy to establish owing to the low adsorption of
nitrophenol and aminophenol by metal oxides (Bae et al., 2016; Lai et al., 2014; Vilardi
2020). In order to investigate the interactions between NZVI and AgNPs and clearly
highlight specific effects of AgNPs on the NZVI reductive ability, we applied a wide
concentration range and high-enough dosage of AgNPs (0.5 — 100 mg/L) in NZVI
suspension. Two concentrations of NZVI (25 and 50 mg/L) within the concentration
range typically used in lab-experiments were investigated. The phase transformation
and morphological change of NZVI and AgNPs were monitored by X-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XPS), and transmission electron
5
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microscopy (TEM) with energy-dispersive X-ray spectroscopy (EDS). In addition, a
theoretical investigation based on Derjaguin—Landau—Verwey—Overbeek (DLVO)
calculations were conducted for the low and high doses of AgNPs. Moreover, to get
more insight into the relationship between effects of ENPs and their nature, interactions
of NZVI with other widely used ENPs (e.g. nanosized TiO> particles) and inert mineral
surface (e.g. quartz sand) were also investigated. Finally, the NZVI-AgNP interactions
were evaluated in the presence of naturally occurring anions and cations and natural

organic matter, at levels similar to those encountered in real groundwater.

2. Materials and methods
2.1 Chemicals and materials

Sodium borohydride (NaBHs, >99.0%), p-NP (=99%), p-AP (=98%), ferric
chloride hexahydrate (FeCl3-6H20, >99.0%), hydrochloric acid (HCI, 37%), sodium
hydroxide (NaOH, >99.0%), sodium chloride (NaCl, >99.5%), sodium sulfate (Na>SO4,
>99.0%), calcium chloride (CaClz, >299.9%), magnesium chloride (MgClz, >98.0%) and
sodium metasilicate nonahydrate (Na:SiO3-9H>O, >98.0%) were purchased from
Sigma-Aldrich, France. Acetonitrile (99.99%, Sigma) and acetic acid (99.7%, ACROS)
were used as the mobile phase for the high-performance liquid chromatography (HPLC)
analysis. Leonardite humic acid (LHA) standard was purchased from the International
Humic  Substances  Society (IHSS). Silver nano-powder (containing

polyvinylpyrrolidone (PVP) as a dispersant, 99.5%, <100 nm, and PZC ~3.3) and TiO>
6
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nano-powder (rutile, 99.5%, 50 m*/g, <100 nm, and PZC ~5.9) were purchased from
Sigma-Aldrich. Fontainebleau quartz sand (FB sand, 0.06 m?/g, 150-300 um, PZC ~2.7)
was obtained from VWR International. Based on a previously published method (Deng
et al., 2020), NZVI was synthesized by reducing 0.11 M FeClz-6H>O with 0.9 M NaBH4
in an anaerobic chamber.

The glassware was soaked in 5% (v:v) HCI for at least 48 h and rinsed before use.
Unless specifically stated, all solutions were prepared with deoxygenated deionized
water (DDIW, 18.2 MQ-cm), purged with nitrogen (N2, 99.99%) for 4 h, and stored in

an anaerobic chamber (JACOMEX).

2.2. Experimental and analytical methods

Batch experiments were conducted in 500 mL flask in an anaerobic chamber under
dark conditions. An exact amount of NZVI (0.0125 and 0.025 g) was transferred to the
flask containing 500 mL of DDIW, and the mixture was stirred at 500 rpm to prepare
the samples with initial NZVI concentrations of 25 and 50 mg/L. To monitor the
variations in pH and oxidation-reduction potential (ORP) throughout the experiment,
we used a portable pH-ORP meter (HI991003, Hanna). After 1 h, AgNPs were
introduced into the suspensions to form a mixture of NZVI and AgNPs at different Ag
concentrations (0.5, 2, 10, 25, 50, and 100 mg/L). An equilibration time of 1 hour was
chosen because pH and ORP values have reached constant values after 1 h of reaction time.

Although this time is sufficient to obtain an equilibrated NZVI suspension under our
7
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experimental conditions, it may not be applicable at the field-scale.

After 15 h, pH and ORP reached an equilibrium, and 2 mL of p-NP stock solution
(25 mM) was added to the suspension to initiate the reaction with p-NP (0.1 mM).
Subsequently, 1 mL samples were withdrawn from the suspension and then filtered
through a 0.2 pm filter (Whatman) for HPLC analysis. The aqueous concentrations of
p-NP and p-AP were determined using HPLC (Waters 600 controller) with a photodiode
array detector (Waters 996) and a reversed-phase C18 column (250 mm X 4.6 mm 1i.d.,
5 um). A mobile phase (acetonitrile: water at 50:50 (v:v)) containing 0.1% formic acid
was prepared and used at a flow rate of 1 mL/min in isocratic mode. In addition, mass
balance of p-NP and p-AP after reaction was checked and presented in Table S1.

The same procedure was used to investigate the effects of TiO> nanoparticles, FB
sand, and groundwater solutes on the reactivity of NZVI and NZVI/AgNPs. The AgNP
dissolution experiments were conducted at pH 9 in absence of NZVI, which is similar
to the working pH in presence of NZVI, at AgNP dosage of 0.5, 2, 10, 25, 50, and 100
mg/L. Although the dosage of AgNPs seems to be higher than the frequently detected
concentration in natural systems, we have assessed the interactions of NZVI with
AgNPs over a wide range of Fe/Ag ratios (0.5 - 50) to cover some environmentally-
relevant scenarios.

After 3 d, the samples were filtered through a 0.2 pm filter to measure the amount
of Ag" ions by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x).

All experiments were performed in triplicates. The data reported here are the average
8
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of three replicated experiments, and the error bars represent the relative standard

deviation.

2.3. Characterization

XRD (D8, BRUKER) was used to identify the resulting products of NZVI after
reaction with p-NP. The resulting suspensions were first collected and washed with
DDIW three times, and dried in a vacuum freeze drier (—52 °C, 24 h). The dried samples
were then transferred to sample holders and treated with 1:1 (v:v) glycerol solution to
avoid surface oxidation during the XRD analysis (Bae and Lee, 2014). XPS (Sigma
Probe system, Thermo) analysis was performed for NZVI, AgNPs, and NZVI-AgNP
samples. The power source (Al Ka X-ray, 1486.7 eV) was 75 W, and the C 1s peak at
285 eV was used as a reference for the correction of surface charging effects. The
morphological characterization of the NZVI and NZVI-AgNP mixtures was performed
by TEM-EDS, (JEM-2100, JEOL). The average particle size of the NZVI-AgNP
suspension with groundwater solutes and the zeta potential of induvial particles (i.e.,
NZVI and AgNPs) were measured using a Zetasizer (Matec Applied Sciences). The
average hydrodynamic diameter of AgNPs and NZVI were determined using time-

resolved dynamic light scattering (DLS, ALV-5000, Langen).

3. Results and discussion

3.1 Effect of AgNPs on the NZVI reactivity
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Figure 1. Concentrations of p-NP during the removal of p-NP by different nanoparticles.
Experimental conditions: [p-NPJiitiat = 0.1 mM; [NZVI] = 50 mg/L; [AgNPs] = 10
mg/L; pH = 9.0+0.2.

The interactions between AgNPs and NZVI were investigated under anoxic
conditions by monitoring the variations in pH and ORP throughout the experiment,
including at 1) the addition of NZVI to the reactor, ii) addition of AgNPs, and iii)
removal of p-NP (see Supporting Information (SI), Fig. S1). When NZVI was added to
water at 50 mg/L (i.e., first 1 h), there was a clear increase in pH from 6.78 to 9.38 and
a decrease in ORP from —54 to —843 mV, which were attributed to the reaction between
NZVI and water (Bae and Hanna, 2015). After the addition of AgNPs at 10 mg/L to the
NZVI suspension, the pH and ORP values remained constant, and only slight changes
were observed in the pH and ORP after 15 h of reaction. The slight decreasing in pH

and increasing in ORP value may be attributed to the consumption of Fe** and OH" by

10
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the hydrolysis of ferrous under alkaline conditions (Deng et al., 2020). Afterward, little
variations in pH or ORP were observed during the p-NP removal. Only a slight decrease
in pH and increase in ORP was observed upon the addition of the p-NP solution.

The removal of p-NP by various materials, including NZVI alone, AgNPs alone,
and NZVI/AgNPs mixture, was also evaluated (Fig. 1). Since the standard potential of
Ag’Ag" and p-NP/p-AP is 0.79 V and 0.76 V respectively, the conversion of p-NP to
p-AP by AgNPs is not likely to take place spontaneously (Hernandez-Gordillo et al.
2014). Indeed, no p-NP removal was observed in the AgNP suspension, which indicated
negligible adsorption and/or reduction of p-NP by AgNPs. In contrast, the complete
removal of p-NP was observed after 90 min of reaction with NZVI, whereas 85% of p-
NP was removed by the NZVI-AgNP suspension over 120 min. The mass balance was
evaluated, which confirmed the reductive conversion of p-NP to p-AP (not shown) and
the negligible adsorption of p-NP and p-AP on the NZVI surface. It is reported that the
hydrogen production caused by anaerobic corrosion of NZVI could potentially affect
the reduction of target contaminants (Liu and Lowry, 2006). However, the working pH
was 9 in our experiments, which significantly decrease the generation of hydrogen gas
(Liu and Lowry 2006). In addition, it has been generally accepted that the active H atom
seems to be readily captured by reactive catalysts (e.g., Ni) rather than Fe phase, and
reduction of p-NP could not be occurred by dissolved hydrogen alone (Du et al. 2004).
Therefore, hydrogen contribution should be of minor importance in our reaction

systems.
1
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The effect of varying AgNP concentrations (0.5—100 mg/L) on the p-NP removal
by NZVI (25 and 50 mg/L) was then investigated (Fig. S2). Nearly 72% of p-NP was
removed by 25 mg/L of NZVI after 8 h, whereas the addition of 0.5 mg/L of AgNPs to
the NZVI suspension decreased the removal to 62%. An increase in the AgNP
concentration resulted in a gradual increase in the conversion of p-NP to p-AP (i.e., 64%
at 2 mg/L, 84% at 10 mg/L, 89% at 25 mg/L, and 93% at 50 mg/L) (Fig. S2(a)).
Similarly, the removal efficiency of p-NP after 2 h of reaction significantly decreased
when 0.5 mg/L of AgNPs was added to a 50 mg/L NZVI suspension, and it continuously
increased as the AgNP content increased (Fig. S2(b)).

To further demonstrate the variations in removal rate, we plotted the removal
kinetics fitted using the pseudo-first-order equation over the early reaction stage (60
min) and the removal rate constants (k.»s) against AgNP dose (Fig. 2 and Fig. S2(c) and
(d)). Compared to NZVI alone (0.0085 min™' at 25 mg/L, and 0.037 min™' at 50 mg/L),
the obtained rate constant was nearly 1.5 and 5.8 times lower after the addition of 0.5
mg/L AgNPs. However, the ko»s values gradually increased to 0.0131 and 0.042 min™!
as the AgNP dose increased, at 25 and 50 mg/L NZVI, respectively. Therefore, the
results showed that the presence of AgNPs at a low dose significantly inhibited the
NZVI reactivity, but this inhibitive effect gradually disappeared as the AgNP
concentration increased.

To verify whether this two-step phenomenon was specific to AgNPs, additional

investigations were conducted with nanosized TiO; particles (used as active
12
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nanoparticles) and microsized quartz sand particles (used as an inert surface) under dark
conditions. For TiO», the inhibition of p-NP removal was observed at a low dosage (5
mg/L), whereas an increase in TiO, dose enhanced the p-NP reduction (Fig. S3). It is
worth noting that TiO, alone showed negligible removal of p-NP at pH 9 (See Fig. S4),
suggesting that possible adsorption of p-NP on TiO; can be excluded under our
experimental conditions. However, the addition of quartz sand showed a one-step
behavior, that is, the removal rate constant continuously increased with increasing sand
dose (Fig. S5). Collectively, these results suggest that the increase or decrease in p-NP
removal rate was not limited to the effect of AgNPs, and it likely resulted from a

combination of physical and chemical processes.
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Figure 2. Variation in pseudo-first-order kinetic rate constants (ko»s, min') of the
removal of p-NP by NZVI with respect to AgNP dosage at (a) 25 mg/L NZVI and (b)

50 mg/L NZVI. Experimental conditions: [p-NP]initiat = 0.1 mM; pH = 9.0+0.2.

3.2 Heteroaggregation and homoaggregation of AgNPs
13
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The kinetic experiments suggested that the NZVI reactivity can be altered by the
interactions between AgNPs and NZVI, which might be caused by potential
aggregation and/or redox reactions between the two particles. As previously observed
for goethite and hematite (Wang et al., 2019), AgNPs might bind to the surface of the
oxides layer in the core-shell structure of NZVI. Accordingly, the electrostatic attraction
between negatively charged AgNPs (PZC ~3.3) and iron oxides has been used to
explain the heteroaggregation process and inhibition of AgNP dissolution (Wang et al.,
2019). However, these interactions have been investigated at circumneutral pH values
(5.5 and 7.5), at which the surface charge of goethite (PZC ~ 9) and hematite (PZC ~ 8)
are predominately positive. This emphasizes the role of electrostatic attraction for the
adsorption of negatively charged AgNPs onto iron oxides. The zeta potential of NZVI
and AgNPs at different pHs were measured to gain more insight into electrostatic
interactions between the two types of particle (Fig. S6). However, the working pH of
the NZVI suspension lay at 9, at which the surface charge of both NPs are negative.
Indeed, at pH above the PZC of minerals, dissociation of surface functional groups in
water will give a negatively charged surface (Liitzenkirchen et al. 2008).

To investigate the interparticle interactions in NZVI-AgNP suspensions under the
experimental conditions of the present work, TEM—EDS analyses were conducted. The
silver nanoparticles sample used in this study is mostly round shape with particle size
in water lower than 100 nm. The NZVI showed chain-like aggregates consisting of

spherical particles (60-100 nm) (Fig. 3(a)), which are generally attributed to the high
14
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surface energy and intrinsic magnetic interaction among NZVI particles (Sohn et al.,
2006). Significantly smaller particles were attached to larger particles (80—100 nm)
when 10 mg/L of AgNPs was added (Fig. 3(b)). However, the attachment of small
particles was not observed at a high AgNP dose (100 mg/L) (Fig. 3(c)). Instead, we
observed the co-existence of chain-like aggregates and nanoparticle assemblages. The
EDS mapping of NZVI-AgNP mixtures showed distinct Fe and Ag nanoparticles
highlighted in red and green, respectively, in Figs. 3(d) and (e). As illustrated in Fig.
3(d), the Ag-phase was enriched near the surface of Fe aggregates at low AgNP
concentrations, which suggests the heteroaggregation of NZVI and AgNPs. The spatial
correlation of Ag and Fe was not observed at high AgNP concentrations (Fig. 3(e)), but
these two elements existed in different locations because AgNPs tended to
homoaggregate rather than interact with NZVI at higher AgNP doses. It was previously
reported that aggregation behavior of NPs would change along with their oxidation
(Vilardi 2019, Vilardi et al. 2019). However, similar TEM images of AgNPs and NZVI
were observed after the reaction with p-NP (Fig. S7), suggesting no significant
modification of the interactions between NZVI and AgNPs.

The enlarged TEM images with EDS mapping revealed a clear difference for
different AgNP dosages (Fig. S8). In the absence of AgNPs (Fig. S8(a)), the TEM
images of NZVI showed a typical shape of NZVI particles covered by a thin Fe oxide
shell. The corresponding elemental mapping (Fe and O) further displayed the core-shell

structure of NZVI, showing a strong signal intensity of Fe in the core, whereas O was
15



286  mostly present in the shell layer (2.5—3.5 nm). However, the thickness of the NZVI
287  oxide shell seems to decrease significantly after the addition of 100 mg/L AgNPs,
288  whereas almost no change was observed with the addition of 10 mg/L. AgNPs. Based
289  onthe TEM-EDS results, we hypothesized that AgNPs at a low dose attach to the NZVI
290  surfaces (i.e., iron oxides), and at a high dose, they tend to homoaggregate. We also
291  hypothesized that introducing a high dosage of AgNP would lead to a decrease in the
292  thickness of the NZVI oxide layer, which should be further investigated.

293

c————— 0.5 pm SElfframe1l) ——— 0.5 pm FeK ———0.5um Ag L

294  Figure 3. TEM images of (a) NZVI, (b) AgNP-NZVI at 10 mg/L AgNPs, and (c)
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AgNP-NZVI at 100 mg/L AgNPs. Elemental mapping of AgNP-NZVI at AgNP doses

of (d) 10 mg/L and (e) 100 mg/L. Conditions: [NZVI] = 50 mg/L.

We also analyzed the attraction and repulsion behaviors of AgNPs and NZVI
according to the DLVO theory. This theory considers attractive van der Waals (vdW)
and repulsive electrostatic double-layer (EDL) forces between the particles (®prro =
®ppr+ Dyaw). The details of DLVO calculations are provided in the SI. In brief; at a low
AgNP dose (10 mg/L), heteroaggregation (AgNP—NZVI) is likely to occur because of
the lower repulsive energy barriers of AGNP-NZVI with respect to AgNP—AgNP. In
addition, the AgNPs used in this study also contained stabilized PVP, so the surface
coatings could serve as a bridge between coated AgNPs and uncoated NZVI to
overcome the energy barrier (Lin et al., 2012). Therefore, it is likely that PVP-stabilized
AgNPs formed heteroaggregates with NZVI. In contrast, a higher AgNP dose (100
mg/L) led to a significantly higher magnitude of calculated maximum repulsive
interaction energies (®max), which would not be sufficient to overcome non-DLVO
energy. According to the calculations, neither heteroaggregation nor homoaggregation
(AgNP—AgNP) would occur spontaneously. However, AgNP homoaggregation was
still observed using TEM—-EDS. This discrepancy between DLVO calculations and
TEM images might be attributed to the potential chemical interactions between AgNPs
and NZVI or oxide layer coating NZVI.

A recent study reported that AgNP morphology may change from a dispersed
17
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spherical shape to larger aggregates owing to the release of Ag" possibly because of (i)
the nano bridges created by adsorption and/or redox conversion of Ag" into Ag’ at the
particle surface to connect nearby particles, and (ii) the growth of reformed small
AgNPs around old AgNPs (Yu et al., 2014). Other reports showed that Ag" released
from AgNPs and possible electron transfer from Fe’ to Ag” could form a galvanic
couple, which may accelerate NZVI-water corrosion (Zhuang et al., 2011; Zhu et al.,
2021). Therefore, interactions of Ag* ions (Eo Ag/Ag* 0.799 V) with NZVI (E¢ Fe/Fe**
0.44 V) and AgNPs through adsorption and/or electron transfer processes may alter the
particle aggregation behavior and surface reactivity. In the present work, we have
measured Ag"” ions in AgNP aqueous suspension but in the absence of NZVI, to avoid
sorption of released Ag+ ions on iron oxide layer of NZVI surface. As a result, these
dissolution tests were performed under oxic (open atmosphere) or mild reducing
conditions (anaerobic chamber), since the strong reducing conditions are ensured by
the presence of NZVI. Under such conditions, Ag" can be detected, and released
concentration was increased with increasing AgNP dose (See Fig. S10). However,
examination of the thermodynamic database by means of Eh-pH diagrams of Ag species
suggests that ions released through metal corrosion should be very limited, or even
excluded, under the experimental conditions of this study (pH 9, -800 mV) (Brookins,
1988). Indeed, no ions can be detected at alkaline pH values and strongly reducing
conditions, thereby ruling out galvanic effects between Ag”™ ions and inner Fe® within

iron oxide shell. In addition, the same two-step behavior in NP removal kinetics by
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NZVI was observed when AgNP has been replaced by TiO» (Fig. S3), further
confirming the minor role of ions release and/or galvanic effect in the investigated
systems.

Collectively, these results suggest that heteroaggregation of NZVI-AgNPs which
is favorable at lower AgNP dose owing to the relatively lower energy barrier may alter
the NZVI reactivity. As the AgNP dose increased, AgNP homoaggregation can be

expected, thereby preventing potential alteration of the initial NZVI reactivity.

3.3. Spectroscopic investigations

To investigate the oxidation states of Ag and Fe in AgNP and NZVI suspensions,
the XPS spectra of the Ag(3d) and Fe(2p) bands of AgNP, NZVI, and NZVI-AgNP
suspensions were analyzed (Fig. 4). For AgNPs and NZVI-AgNPs, the Ag(3ds») and
Ag(3ds) peaks at 368.6 and 374.6 eV were assigned to Ag(0) (Fig. 4(a)) (Xu et al.,
2011), and the splitting of the 3d doublet of Ag (6.0 eV) confirmed the presence of Ag(0)

(Chastain and King Jr, 1992; Xu et al., 2011).
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Figure 4. XPS spectra of (a) Ag(3d) in AgNP and NZVI-AgNP suspensions, (b) Fe(2p)
in NZVI and NZVI-AgNP suspensions, (c) the corresponding deconvolution results of

Fe(2p3n) (705-717 eV), and (d) relative percentage of iron species.

In the pristine NZVI, two distinct peaks were observed at 719.9 and 706.9 eV,
which corresponded to the Fe(2pi») and Fe(2p32) of Fe(0) (Luo et al, 2014),
respectively (Fig. 4(b)). In the NZVI-AgNP suspension, Fe(0) peaks were enhanced,
indicating the presence of more Fe(0) on the NZVI surface after AgNPs were introduced

(Li et al., 2009). The XPS spectra of Fe(2p3/2) (Fig. 4(c)) showed five peaks at 706.9,
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708.2-708.5, 710.3-710.7, 711.5-711.6, and 713.1-713.7 eV, which were assigned to
the binding energies of Fe(0) (706.5-707.0 eV), Fe(I)-O (708.2-710.9 eV), and
Fe(IIT)-O (711.0-714.0 eV). The proportion of Fe(0) (10.7%) and Fe(II) (68.1%) on
the NZVI surfaces significantly decreased to 3.7% and 58.2% after adding 10 mg/L
AgNPs, respectively (Fig. 4(d)). In contrast, their percentages dramatically increased
to 11.9% and 84.6% in the sample of NZVI with 100 mg/L AgNPs. These results
demonstrate that the presence of AgNPs decreased and increased the Fe(0) content on
the NZVI surface, which are in agreement with the results of degradation kinetics in
Fig. 2(b). This is also consistent with the TEM—EDS results (Fig. S8(c)), which showed
a thinner oxide layer on the NZVI surface at a higher AgNP dose. Previous
investigations have shown that the collision and friction between particles might occur
in suspensions under stirring conditions (Xie and Luo, 2018). In addition, these particle-
particle interactions become much stronger when both particle size and solid loading
increased (Xie and Luo, 2018). In our systems, higher AgNP doses enabled
homoaggregation and an increase in aggregate size (Fig. S11), likely inducing more
collision between large-sized AgNP aggregates and NZVI. This phenomenon likely
contributed to the peeling of the NZVI surface layer, which further resulted in the
exposure of the NZVI inner core. These results suggest that a higher AgNP dose led to
the partial removal of the iron oxide shell of NZVI through collisions between AgNP
homoaggregates and NZVI. Self-assembled AgNPs with bigger sizes accelerated the

peeling of the Fe oxide shell on the NZVI surface, thereby increasing the exposure of
21



383 inner Fe(0), and consequently, enhancing the p-NP removal. This also explains the
384  enhanced NZVI reactivity under an increasing dose of sand microparticles (Fig. S5).
385  Assand microparticles are inert and have a low surface area (0.06 m?/g), the enhanced
386  NZVI reductive ability may be attributed to collision-driven processes in an aqueous
387  suspension.
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and AgNP-NZVI complexes in the presence of non-competing groundwater solutes; (c)
XRD pattern of the resulting products after the reaction of p-NP with non-competing
groundwater solutes. Experimental conditions: [p-NPJiitia = 0.1 mM; [NZVI] = 50
mg/L; [AgNPs] = 10 mg/L; pH = 9.0+0.2; [Na"/CI'] = 5 mM; [SO4>] = 1 mM; [NO5]

= 0.5 mM; [SiO3*] = 0.5 mM; [Ca*'] =2 mM; [Mg**] =2 mM; and [HA] = 5 mg/L.

In the environment, the concentration of AgNPs is normally much lower than those
of NZVI used for remediation purposes (Su et al., 2013; McGillicuddy et al., 2018), the
inhibition effect of AgNPs to NZVI would be more significant in natural systems. To
evaluate the inhibition effects of AgNPs on the NZVI reactivity in conditions that
emulate natural systems, the p-NP reduction in NZVI (50 mg/L) and AgNP (10 mg/L)
suspensions was investigated in the presence of naturally occurring cations, anions, and
organic matter. Experiments were conducted with groundwater constituents and humic
acids (HAs) at levels similar to those encountered in real groundwater (Fig. 5(a))
(Edmunds and Shand, 2008). No impact of NaCl was observed. In the presence of most
groundwater solutes, NZVI exhibited good performance for p-NP removal, with 100%
removal over 2 h, except in the presence of NOs™ (44%) and SiOs*" (84%). For NOs’,
the inhibitive result could be caused by a competitive reduction of NO3™ by NZVI (Ryu
et al., 2011). Compared to NZVI-AgNPs in pure water (85%), the removal efficiency
of p-NP by the NZVI-AgNPs with NO5", Si03%, Ca*, and Mg?* decreased to 21%, 67%,

73%, and 83%, respectively. Furthermore, p-NP was completely removed over 2 h in
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the presence of SO4* and HA, which represents a better performance than that obtained
in pure water.

To further clarify the aggregation behavior of the particles, we measured the
average particle sizes of NZVI and AgNP-NZVI suspensions in the presence of SO4>",
Si0;%, Ca?*, Mg?*, and HA (Fig. 5(b)). As expected, the particles sizes in the NZVI-
AgNP systems were higher than in systems without AgNPs, which was attributed to the
heteroaggregation between AgNPs and NZVI particles. Upon the introduction of Ca**
or Mg?*, the particle size drastically increased from 593 nm to 1804 and 1727 nm in the
NZVI system, and from 1313 nm to 2382 and 2186 nm in the NZVI-AgNP system,
respectively. This was attributed to the particle surface charge screening (EDL
contraction) by Ca*/Mg?* (Rogozhnikov, 2001). EDL contraction can decrease the
electrostatic or steric repulsive forces of the nanoparticles, thereby increasing
aggregation (Petosa et al., 2010) and further decreasing the NZVI reactivity (Ryu et al.,
2011). Moreover, Ca?>" and Mg?" showed stronger inhibitive effects in NZVI-AgNPs
than in NZVI alone. In the presence of Ca** or Mg?*, electrostatic repulsive forces
among particles (i.e., NZVI-NZVI, NZVI-AgNP, AgNP-AgNP) favored
homoaggregation and heteroaggregation, thus altering the NZVI reactivity.

In contrast, a decrease in the average particle size of NZVI (from 593 to 486 nm)
and NZVI-AgNPs (from 1313 to 877 nm) in the presence of HA was attributed to the
interactions of HA with the surfaces, which likely enhanced the electrostatic repulsion

decreased (Dong and Lo, 2013). This reduced particle aggregation, which enhanced the
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removal of p-NP. The particle size decreased more for NZVI-AgNPs than for NZVI,
which suggests that less AgNPs were attached to NZVI surfaces, thereby providing a
lower inhibition effect of AgNPs in the presence of HA.

XRD analysis was also conducted to analyze the passivation byproducts of NZVI-
AgNPs after the reaction (Fig. 5(c)). The byproducts in the pure water system included
maghemite (y-Fe;Os)/magnetite (Fe3O4) and silver (Ag(0)), which were attributed to
NZVI oxidation during the p-NP reduction (Xiong et al., 2018). Similarly, in the
presence of HA, maghemite/magnetite and silver (Ag(0)) phases were also detected
after p-NP removal. In contrast, green rust ([Fe**sFe’"2(HO 12> [SO*4-2H.0]%)
(Tahawy et al., 2021) and silver (Ag(0)) were detected in the presence of SO4>".
Considering the relatively higher reactivity of green rust than that of magnetite
(Digiacomo et al., 2020; Usman et al., 2018), the enhanced p-NP removal in the NZVI-
AgNP-SO4% system (Fig. 5(a)) was attributed to the generated green rust. For SiOs*, a
weak peak of silver was identified as the final product, and there was no obvious Fe
phase detected in the XRD analysis. The absence of Fe phases might be attributed to
the amorphous coating of Sion the NZVI surface as previously reported, and the surface
coated Si would further reduce the amount of active surface sites available for
contaminants (Meng et al., 2002). Despite the lower particle size of NZVI-AgNP-SiO3%",
the reactivity of both NZVI and NZVI/AgNPs decreased drastically, which was
attributed to the strong binding of silicates to the NZVI surface.

4. Conclusions
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Because of the increasing use of engineered nanoparticles (ENPs) in various
industries and consumer items, ENPs are ubiquitously found in aquatic environments.
However, little is known about the interactions among the co-existing ENPs in nature.
This work showed for the first time how two typical engineered nanoparticles,
nanoscale zero-valent iron (NZVI) and silver nanoparticles (AgNPs), interact and
influence each other under environmentally-relevant conditions. First, we have
investigated the potential interactions between AgNPs and NZVI particles using p-NP
conversion into p-AP as a probe reaction. At a AgNP load of 10 mg/L, AgNPs covered
the reactive NZVI surfaces, which decreased p-NP removal. Whereas at a AgNP load
of 100 mg/L, the enhanced homoaggregation of AgNPs led to the exposure of the inner
Fe(0) surface of NZVI because of particle collisions, which increased the p-NP removal.
The same behavior was observed with nanosized TiO» particles and microsized quartz
sand particles, thereby excluding the role of potential Ag" ions release, electron transfer
process, and/or galvanic effect.

Second, the impact of groundwater constitutes has been evaluated, which showed
contrasting effects depending on ion types and the binding affinities to Fe-oxides. These
results revealed that not only AgNPs but also other nano/microsized particles (e.g. TiO2
and quartz sand) may influence the NZVI reactivity, which will help to develop decision
support and prediction tools for NZVI remediation technologies. Electron microscopic
and X-ray spectroscopic investigations and DLVO calculations revealed that

heteroaggregation of NZVI and AgNPs resulted in dramatic decrease of the NZVI
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reactivity, while at higher AgNPs loading, collision between self-assembled aggregates
of AgNPs and NZVI can improve the reductive ability of NZVI. These findings shed
light on an overlooked aspect of interactions between co-existing nanoparticles, which
could influence their fate and mobility in environmental settings. Owing to the
increasing occurrence of NPs in aqueous environments, this work calls for more
investigations of potential interactions between the co-occurring nanomaterials for
accurate assessment of environmental associated risks.
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