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ARTICLE INFO ABSTRACT
Keywords: Nanoscale zero-valent iron (nZVI) particles are routinely used for environmental remediation, but their transport
Zero-valent iron dynamics in different settings remain unclear, hindering optimization. This study introduces a novel approach to

Surface and chemical modification predicting nZVI transport in saturated porous model environment. The method employs advanced long column

devices for real-time monitoring via controlled magnetic susceptibility measurements. Numerical modeling with
a modified version of the MNMs 2023 software was then used to predict nZVI and its derivatives mobility in field-
like conditions, offering insights into the radius of influence (ROI) and shape factor (SF) of their distribution. A
standard nZVI precursor was compared with its four major commercial derivatives: nitrided, polyacrylic acid-
coated, oxide-passivated, and sulfidated nZVI. All these iron-based nanoparticles exhibited identical particle
sizes, morphologies, surface areas, and phase compositions, isolating surface properties, dominated by charge, as
the sole variable affecting their mobility. The study revealed optimal transport when the surface charge of nZVI
and its derivatives was strongly negative, while rapid aggregation of nZVI derivatives due magnetic attraction
reduced their mobility. Modeling predictions based on column scale-up, indicated that detectable concentrations
of 20 g L! were found at distances ranging from 0.4 to 1.1 m from the injection well. Slightly sulfidated nZVI
traveled farther than the nZVI precursor and ensured more homogenous particle distribution around the well.
Organically modified nZVI migrated the longest distances but showed particle accumulation close to the injection
point. The findings suggest that minimal sulfidation combined with organic modification of nZVI surfaces may
effectively enhance radial and vertical nZVI distribution in aquifers. Such improvements increase the commercial
viability of modified nZVI, reduce their adverse impacts, and boosts their practical applications in real-world

Environmental remediation
Transport modelling

scenarios.
1. Introduction capabilities against various contaminants in groundwater and soils due
to their exceptional reactivity, large surface area, and abundant reactive
Progress in nanotechnology over the past few decades has revolu- sites (Galdames et al., 2020; Latif et al., 2020; Pasinszki and Krebsz,
tionized environmental clean-up, enhancing traditional remediation 2020; Zafar et al.,, 2021). The potential benefits of nZVI nano-
methods with advanced nanoscale solutions. Among nanoscale mate- remediation over conventional technologies include fast and effective
rials, zero-valent iron (nZVI) particles offer unique remediation cleanup, broad applicability to various sites, and higher regulatory

Abbreviations: DLS, dynamic light scattering; EDX, energy-dispersive X-ray spectroscopy; LOI, length of influence; MNMs 2023, Micro and Nano-particles
transport filtration and clogging Model Suite; N_nZVI, nitrided zero-valent iron nanoparticles; nZVI, zero-valent iron nanoparticles; Ox_nZVI, oxide-passivated
nZVI; PA_nZVI, polyacrylic acid functionalized zero-valent iron nanoparticles; PA, polyacrylic acid; ROI, radius of influence; SEM, scanning electron microscopy; SF,
shape factor; S_nZVI, sulfidated zero-valent iron nanoparticles; TEM, transmission electron microscopy; X_nZVI, unmodified zero-valent iron nanoparticles; XPS, X-
ray photoelectron spectroscopy; XRD, X-ray powder diffraction.
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confidence. It is not invasive, easy to deploy, and less likely to harm
sensitive water sources. Additionally, it can work well with biological
methods and is effective in challenging conditions (Al-Hashimi et al.,
2021; Karn et al., 2009; Li et al., 2014; Plessl et al., 2023; Sethi and
Molfetta, 2019; Tosco et al., 2014a). However, nZVI-based nano-
remediation still needs some optimization to deploy its full potential in
contaminant removal. It is therefore essential to engineer nZVI to
enhance targeted delivery and selectivity and boost its commercial
relevance. This involves improving its chemical stability and minimizing
water-induced surface passivation, which are crucial for increasing
nZVI’s reactivity and ensuring its long-term effectiveness against pol-
lutants (Cheng et al., 2021; Eljamal et al., 2020; Jia et al., 2018; Liu
et al., 2021; O’Carroll et al., 2013; Shan et al., 2021; Tian et al., 2020;
Wau et al., 2020; Zhang et al., 2019).

Recent studies on environmental remediation have provided a
deeper understanding of the complex behavior of nZVI in real-world
conditions The mechanisms underlying nZVI’s interaction with soil
constituents and contaminants have been elucidated, providing insights
into its long-term environmental impacts and sustainability (He et al.,
2018; Keochanh et al., 2024; Visentin et al., 2024; Zhu et al., 2024).
Moreover, a long term development of nZVI derivatives through surface
alteration or composites on various matrices brought fruitful results in
the form of successful applications in combination with bioremediation
or electrokinetic remediation (Ahmad et al., 2023; Gao et al., 2025;
Garcia et al., 2021; Ng and Lim, 2022; Nune et al., 2022; Velimirovic
et al., 2020; Xu et al., 2024; Yusuf et al., 2024; Zhu et al., 2023).
Different nZVI derivatives have been optimized to improve their reac-
tivity, longevity and storage. As an example, advanced surface modifi-
cations, such as sulfidation and polymer or oxide coatings, have been
tested in treating groundwater or mine waters contaminated with
chlorinated hydrocarbons and metals, mainly with hexavalent chro-
mium Cr(VI) (Dhanush Raj and Ahammed, 2024; Klimkova et al., 2011;
Lacina et al., 2015; Li et al., 2014; Liu et al., 2024; Nunez Garcia et al.,
2020a, 2020b; Semerad et al., 2021; Song et al., 2023; Stejskal et al.,
2017; Su et al., 2019; Wang et al., 2024). Among them, sulfidation was
proven as a successful methodology to obtain nZVI systems tailored for
the effective degradation of chlorinated ethylenes (Bhattacharjee and
Ghoshal, 2018; Brumovsky et al., 2020; Cheng et al., 2024; Fan et al.,
2016, 2017; Han and Yan, 2016; Lang et al., 2022; Wu et al., 2020; Xu
et al., 2019, 2021). Sulfidated nZVI was favorably injected on a large
scale at a site contaminated with organohalide pollutants, resulting in a
rapid decrease in the concentration of volatile organic compounds in
groundwater (Nunez Garcia et al., 2020a) and similarly for the reduction
and immobilization of Cr(VI) in the aquifers (Brumovsky et al., 2021).

Successful nanoremediation not only hinges on the reactivity of nZvI
particles but also on their effective transport within the subsurface
environment. Understanding the transport mechanisms that affect par-
ticle mobility in saturated porous media is crucial for improving the
delivery of engineered nZVI in aquifers. This knowledge enables precise
prediction and control of subsurface nZVI distribution, allowing for the
effective design of injection strategies for in-situ aquifer remediation
(Bianco et al., 2016, 2023; Mondino et al., 2020). To ensure efficient
particle distribution within a contaminated aquifer, it is essential to
optimize both the injectability and mobility of nZVI. This involves
enhancing the injection area, minimizing pressure, and promoting even
distribution of the particles (Tosco et al., 2014a). At the macro-scale,
nZVI transport behavior is governed by physical and physicochemical
interactions at the pore scale. These interactions are influenced by both
the properties of the particles (size, shape, surface modification) and the
characteristics of the porous medium (geology, granulometry) (Bradford
et al., 2002; Pelley and Tufenkji, 2008; Seymour et al., 2013; Ting et al.,
2021) Such interactions result in dynamic deposition and release phe-
nomena, which directly affect nZVI mobility. Additionally, the transport
of nZVI is affected by the rheological properties of the dispersant fluid
and key hydrodynamic and hydrochemical parameters like pore water
velocity, injection flow rate, ionic strength, and pH (Bradford and
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Torkzaban, 2008; Saleh et al., 2008; Tosco et al., 2009; Tufenkji and
Elimelech, 2004). Together, these factors determine how effectively
nZVI particles can move through and interact within the subsurface
environment, impacting their overall mobility and distribution in
remediation applications.

Despite the significant potential of nZVI in environmental remedia-
tion, detailed studies on its fate, transport, and associated toxicity
remain underexplored. New methodological advancements offer prom-
ising perspectives for studying nZVI dynamics in real-time (Skacelova
et al., 2020; Wu and Schwartz, 2020). However, the research gap lies in
the lack of comprehensive investigations into the transport dynamics of
nZVI and its various derivatives, coupled with the absence of standard
testing methods to assess this transport effectively. Moreover, a com-
parison with previous studies on nZVI migration is challenging because
of the diverse precursors and methods used in their preparation. Thus,
this study aims to address these gaps by (i) uncovering trends in the
migration of various nZVI derivatives using a uniform nZVI precursor,
(ii) introducing an advanced column device for monitoring their trans-
port, (iii) evaluating the role of surface chemistry in the mobility of nZVI
and (iv) developing tools for predicting nZVI transport through scaling
and predictive modeling. Indeed, the novel aspects of this research
include the consistent synthesis of four nZVI derivatives: nitrided,
organically modified with polyacrylic acid, air-stable with an oxidic
shell, and sulfidated nZVI and the focus on the impact of surface mod-
ifications on their mobility. The hypothesis is that refining the surface
treatment of nZVI will enhance its mobility and potentially minimize
adverse effects. By selecting nZVI with tailored surface coatings, we
focus on a critical factor that dictates their transport, stability, reactivity,
and ecological footprint in remediation contexts. A combined experi-
mental and modelling approach was applied to characterize and model
the particle transport at the laboratory scale and foresee their behavior
in field-relevant conditions. Both the quantitative interpretation of the
laboratory scale experiments and the upscaled model predictions were
performed with the help of the MNMs 2023 software (Micro and
Nano-particles transport, filtration and clogging Model Suite), a nu-
merical code specifically developed at Politecnico di Torino for the
simulation of particle transport in saturated porous media. The findings
of this study intend to guide precise adjustments to nZVI surfaces,
improving its movement in specific environmental contexts. Such en-
hancements could improve nZVTI’s practical applications and reduce any
negative impacts, thereby benefiting both environmental remediation
practices and public health.

2. Material and methods
2.1. nZVI derivatives

Previously well-documented and commercially available nZVI was
selected as the basic type (as a reference) of nanoparticle and used as a
precursor for other modifications in this study (Table 1). Pyrophoric
metal powders of unmodified (labeled X nZVI) and oxide-passivated
nZVI (labeled Ox_nZVI) were purchased from NANO IRON s.r.o, Czech
Republic (NANOFER 25P and NANOFER STAR, respectively). Nitrided
N_nZVI was synthesized via the incorporation of atomic nitrogen
throughout the entire volume of nZVI (NANOFER 25P), resulting in the
formation of crystalline forms of y-Fe nitrides. N_nZVI particles were
prepared using a nitriding gas mixture with a composition of NHs: Ny in
a 1:2 ratio. The gas flow rate was maintained at 30 L h-'. The reaction
was carried out at a temperature of 500 °C for 3 h (Brumovsky et al.,
2022, 2023). The organically modified nZVI was freshly prepared from
NANOFER 25P by surface-functionalization with organic molecules of
polyacrylic acid (Klimkova et al., 2011) and labeled as PA_nZVI. Sulfi-
dated S_nZVI with various S/Fe mass ratios (0.005, 0.01, 0.02, and 0.05)
were prepared by applying inorganic sulfur-based coatings to nZVI
(NANOFER 25P). These mass ratios were selected in accordance with the
detailed previous study on the reactivity of these materials (Brumovsky
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Table 1
Summary of nZVI-based derivatives.
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nzZvl Commercial production Type of modification nZVI Commercial production Type of modification
X nZVI NANOFER 25P 409 unmodified S_nZV1.0.5 - sulfidated

S/Fe = 0.005
N_nZVI - nitrided S_nZVI_1.0 - sulfidated

S/Fe = 0.01
PA_nZVI - organic surface layer S_nZVI 2.0 - sulfidated

S/Fe = 0.02
PA_nZVI_com NANOFER 258 organic surface layer S_nZVI_5.0 - sulfidated

S/Fe = 0.05
Ox_nZVI NANOFER STAR 586 oxid surface shell S_nZVI_com NANOFER 25DS Fe sulfide surface layer

et al., 2020). For comparison, two other nZVI samples were purchased
from NANO IRON s.r.o, Czech Republic: NANOFER 25S (polyacrylic
acid modified nZVI) and NANOFER 25DS (sulfidated nZVI), here labeled
as PA nZVI_com and S_nZVI_com, respectively (Table 1). Additional
details of the nZVIs preparation and characterization are provided in the
Supplementary Information (SI, chapter 1 and Table S1).

Concentrated suspensions of nZVI (250 g L™!) were prepared by
dispersing the nanoparticles in a high-speed homogenizer (ULTRA-
TURRAX IKA T18 [S18N-19G], IKA, Staufen, Germany) for 2 min at
11,000 rpm in 50 mL of tap water (Table S2). Tap water served as a
better model than demineralized or ultrapure water due to its closer
resemblance to natural water systems in terms of ionic strength, pH,
mineral content, and biological components. The suspensions were
subsequently diluted to a concentration of 5 g L™} and dispersed for 15
min at 15,000 rpm in a final volume of 2 L. To restore the reactivity of
Ox_nZVI, an activation procedure was conducted prior to migration
experiments (Ribas et al., 2017). The initial Ox_nZVI suspension was
kept in tap water for 48 h at room temperature (23 °C), followed by
re-suspension and dilution to the final concentration.

All the nZVI derivatives were analyzed to quantify their surface area
(Sper), size distribution, and surface charge, composition and
morphology. The Brunauer-Emmett-Teller method (BET; Autosorb iQ
XR, Anton-Paar Quanta Tec, USA) was utilized to determine the surface
area. The elemental composition of the nZVI derivatives’ surfaces was
further characterized using X-ray photoelectron spectroscopy (XPS;
VersaProbe II, Physical Electronics Inc, USA). Energy-dispersive X-ray
spectroscopy (EDX; ThermoFisher Scientific, USA) coupled with scan-
ning electron microscopy (SEM; ThermoFisher Scientific, USA) was
employed to analyze the qualitative elemental composition and surface
morphology of the samples. Dynamic light scattering (DLS; Zetasizer
Nano ZS, UK) was used to measure the zeta potential and, together with
transmission electron microscopy (TEM; JEM 2100, JEOL Ltd., Japan),
to evaluate the particle size distribution. For modeling purposes, the size
distribution and surface charge were also measured for suspensions

column length: 200 cm

diluted prior to the migration experiments. The phase compositions of
the suspensions of nZVI derivatives were determined using X-ray pow-
der diffraction (XRD; Malvern PANalytical, USA). The crystallographic
structural parameters and crystallite sizes (Dcrysy) of the identified pha-
ses were calculated using Rietveld refinement (all details are provided in
the SI, Chapter 1 and Table S1).

2.2. Migration experiments

The experimental setup which was used to test the nZVI particle
migration comprised a 2 m long polymethylmethacrylate column with
an internal diameter of 2 cm, vertically dry packed with a technical
quartz sand (Sklopisek Strele¢, ST05/10, Czech Republic, dsg, of 0.76
mm, bulk density py, of 1.5 kg L’l) (Fig. 1). Presented setup was deemed
optimal for minimizing boundary effects due to uniformity of the sand
while maintaining manageable material usage and ensuring reliable
data collection and precise replication of real-word conditions
(Brumovsky et al., 2021; Cernik et al., 2019; Némecek et al., 2016;
Parma et al., 2020). Sandy porous medium was used for tracking nZVI
transport because it provides a uniform and controlled environment,
allowing for consistent and reproducible results. This standardization
helps isolate the effects of nZVI behavior from the variability inherent in
real soil, making it easier to interpret and compare data (Molnar et al.,
2016; Shen et al., 2024; Wei et al., 2024). Using sand with grain sizes
between 0.5 and 0.8 mm ensures optimal nZVI mobility by balancing
hydrodynamic resistance and pressure. Smaller grains could cause
clogging and increased inlet pressure, while larger grains may allow
nZVI to pass too quickly without sufficient retention.

The dry sand was carefully poured into the column, and periodic
tapping was done on the column sides to ensure even distribution. The
column was subsequently flushed with CO,, followed by at least one
pore volume of tap water to expel the CO5 and guarantee saturation. The
porosity was directly calculated by measuring the amount of tap water
required to fill the pore volume (Table S3) before each experiment, with

measurement path: 180 cm

Fig. 1. Column set up: shaft-driven stirred nanoparticle suspension vessel (1); tap water vessel (2); peristaltic pump (3); CO- gas cylinder (4); three-way valve and
manometer (5); column (6); coil for ferromagnetic susceptibility measurement with stepper motor (7); flow cells with electrodes for measuring Eh, pH, and con-

ductivity (8).
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an average value of 39.9%. The nZVI suspensions (5 g L), which were
continuously stirred using a shaft agitator (WiseStir HS-30D, Witeg,
Germany) at 500 rpm, were pumped using a peristaltic pump (ISMATEC
IPC, Masterflex, USA) from a storage vessel into the column at a stable
flow rate of 10 mL min ' (Darcy velocity of 3.18 cm min~1) for 2 h,
corresponding to approximately 5.6 pore volumes. The flow inside the
column was vertical and upward. The column was then flushed with tap
water for 2 h to evaluate the particle detachment rate. During nZVI
suspension injection and tap water flushing, the pH, Eh, and conduc-
tivity parameters were constantly monitored in the column effluent
(Fig. S1), and the pressure was measured at the column inlet to detect
potential porous media clogging. The nZVI concentration along the
column was periodically scanned using a coil for the ferromagnetic
susceptibility measurements. Tracer tests were conducted with a NaCl
solution to measure the conductivity at the inlet and outlet of the col-
umn. The dispersity was then determined from one of the tracer tests and
was assumed to be equal to 0.5 mm for all column tests (Fig. S2).

2.3. Ferromagnetic susceptibility measurement and data processing

Magnetic susceptibility measurements were conducted to detect
changes in the oscillator frequency, corresponding to alterations in the
magnetic susceptibility of the model porous medium. During the 2-h
migration experiment, a motorized detection coil (ID 32 mm, 200 wire
turns, height 8 mm) scanned the column every 10 min, taking 180
measurements at 1 cm intervals. The ferromagnetic susceptibility was
measured using a resonant circuit with constant capacitance, where coil
inductance depended on the surrounding susceptibility (see details in SI,
chapter 2). The basic measurement frequency was 3.6 kHz. To prevent
aggregation of ferromagnetic nanoparticles due to secondary magneti-
zation, a low-intensity magnetic field (=6 mT) was used (Parma et al.,
2020; Vecchia et al., 2009a).

The scanning process began at the top of the column (180 cm from
the bottom) for calibration, with the detector moving to the bottom and
measuring every centimeter for 2.65 s as it moved upward. First,
background measurements were obtained from multiple saturated col-
umn scans. Then, suspension injection began with the initial coil mea-
surement taken at the base of the column. One column experiment
resulted in 12 scans analyzed using "ZVFE" software 2015. Raw fre-
quency data processing involved three steps: (i) subtracting background
noise and correcting for temperature-induced signal drift; (ii) decon-
voluting the data to isolate the elementary iron signal, using a set of
linear equations to solve for the deconvolved frequencies; (iii) con-
verting the deconvolved frequencies into nZVI concentrations using
conversion constants which slightly varied with the specific surface
modification of nZVI (Fig. S3). A detailed description and values of these
constants are provided in the SI, chapter 3 and Table S3. To obtain input
data for the modeling software, we used linear interpolation to convert
concentrations from multiple scans into a single time frame. This process
involved using a weighted average to calculate the concentrations at the
desired time based on the closest two scans in the same column segment.

2.4. Transport modeling of migration experiments

The transport of nZVI was modeled using a modified version of the
MNMs 2023 software (Micro- and Nanoparticle transport, filtration, and
clogging Model-Suite, r. 4.011a) (Bianco et al., 2016, 2017). The
experimental retention profiles were fitted simultaneously using the
Levenberg-Marquardt method for nonlinear least squares. The mobility
of nZVI was assessed using a finite difference approach applied to a
modified advection-dispersion equation, which describes the dual-phase
kinetic interactions between the liquid and solid phases (Bianco et al.,
2016; Pulido-Reyes et al., 2022):
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ac a5; ac 2’Cc
€9 2 gy H g Prga =0
(Eq 1)
dS;
=, = ka' a.iC
Pb ot ek, f.

where ¢ is the porosity of the porous medium ( — ), p,, is the bulk density
of the porous medium (kg m~>), g is the Darcy flow velocity along the
x coordinate (m s’l), and Dy is the hydrodynamic dispersion coefficient
(m? s~ ). This was calculated as axqf where ay is the dispersivity (m).
The concentration of nZVI was divided between those suspended in
the liquid phase C (kg m~>) and those retained on the porous medium
S (kg kg™1). The subscript i refers to the multiple concurrent interaction
mechanisms between the particles and porous media. The attachment
coefficient k,; regulates the particle deposition rate (s~ while faiisa
generic function that depends on the case-specific deposition mecha-
nism. This function is equal to one for the linear attachment process. It

adopts the form (1 - ) for a blocking mechanism where S,q rep-

resents the maximum number of particles that can be retained on the
solid phase under specific chemical conditions (Ko et al., 2000; Ko and
Elimelech, 2000). For modeling a straining mechanism, the function is

7/130’
expressed as (1 +ﬁ> , where dso is the average porous media
B

diameter (m) and parameter f,. controls the shape of the particle spatial
distribution (—) (Bradford et al., 2002; Raychoudhury et al., 2014).

2.5. Radial injection simulations — ROI and SF integration

The permeation injection of nZVI through a screened well into a
homogeneous and isotropic aquifer was simulated using a one-
dimensional scenario, assuming radial symmetry and negligible influ-
ence of the groundwater background velocity on the overall flow field:

JaCc dS; 190 e 0 oC
a2y e a0 Ly <rD’E> =0

J
% (ppSi) = ekaifaiC

(Eq 2)

wherer is the radial coordinate describing the distance from the injection
point (m) and, D; is the dispersion coefficient (m2 s’l) calculated as a,%.
Under the radial flow regime, the Darcy flow velocity g- = % (ms™)
depends only on the injection flow rate and well geometry, and it de-
creases hyperbolically with increasing distance from the injection well.
Q represents the injection discharge rate per well screen unit (m? s™1).
Because the particle deposition rate is strongly influenced by the flow
velocity (Li et al., 2008), the formula proposed by (Tosco et al., 2014b)
was employed in this study to model the influence of velocity on the
attachment coefficient kg ;:

kas(0r) = Carg—10(a) (Eq 3)
€ ds0,s

where Cq; (—) is an empirical coefficient determined by fitting the
experimental data (Bianco et al., 2017). 54(gr) is the single collector
contact efficiency (—), which describes the effect of different deposition
mechanisms (gravitational sedimentation, interception, and Brownian
diffusion) on the particle transport under specific assumptions and
simplifications (single spherical collector, infinite fluid domain, and
uniform flow field) (Yao et al., 1971) (detailed information can be found
in SI, chapter 4, Tables S4 and S5 and Fig. S4). In this study, a simplified
procedure, described in details in SI (chapter 5), was applied to estimate
Cg; from the results of the single-column tests performed at a constant
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velocity (Table S4) (Pulido-Reyes et al., 2022). The transport of nZVI in
radial symmetry was numerically solved using the MNMs 2023 software,
simulating the injection of 1 m3 of nZVI suspension with a concentration
of either 5 g L™ or 10 g L ™! at a flow rate of 1 m® h™! (Tosco et al.,
2014b), through a 4" well screened in an aquifer with the same char-
acteristics as the column tests. The radius of influence (ROI) was defined
as the radial distance from the injection well where a particle

Journal of Environmental Management 370 (2024) 122552

concentration of at least 5 g kg~ ?, corresponding to a Cror of 20 g L™! of
pore volume, was predicted. The ROI of nZVI was compared with the
ROI of the tracer, calculated as \/V/ze, where V is the injected volume
per well screen unit (m?). The dispersion of nZVI particles was defined
using the shape factor (SF), which describes how the nZVI particles are
distributed around the center of the well, offering insight into their
dispersal patterns:

% # S _nzvi 20

N

. ¢ |
.L;_nzw_s.o
xPr™y

Fig. 2. Transmission electron microscopy (TEM; smaller images) and scanning electron microscopy (SEM; larger images) of various nZVI derivatives.
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+c0
SF = 27[€H/ CTOTTBdr (Eq 4)
0

where H is the well screen height (m), and Cror is the total particle
concentration per unit of pore volume (kg m %), calculated as the sum of
the concentrations of suspended and retained particles (see details in the
SI, chapter 6).

3. Results and discussion
3.1. Features of nZVI and its derivatives

All nZVI derivatives used in this study exhibited spherical particles
with an average size ranging between 49 and 67 nm and a specific
surface area of 24 m? g~ !. Based on Scherrer’s equation, the synthesized
nZVI derivatives had a crystalline size of a-Fe ranging from 35 to 68 nm,
which matched well with TEM observation (Fig. 2; Fig. S5, and
Table S1). Surface modification of the nZVI precursor resulted in de-
rivatives with a negative surface charge and a distinctive surface
morphology, where a dense iron core is encased in an oxide shell
composed of FeO and Fe30y4, as confirmed by XRD, SEM-EDX, and TEM
analyses (Fig. 2, Figs. S5 and S6 and Table S1). The oxide content in the
derivatives ranges from approximately 1.6 to 6.8 wt% (Table S1). All
nZVI derivatives, regardless of modification, consistently formed
microscale aggregates up to 5 pm, as shown by DLS and SEM (Fig. 2,
Table S1). This aggregation is likely due to effective collisions in the
highly concentrated suspensions (25% w/v nZVI), which promote the
formation of these aggregates.

The impact of surface modification was further evident in the
composition measured in 2-5 nm probing depth on surface, as shown by
XPS measurements (Table S1). The survey XPS spectra revealed two
main peaks corresponding to iron (Fe 2p, 8.5—-14.5 at.%) and oxygen
(O 1s, 40—59.6 at.%), with additional elements such as sulfur (S 2p,
0.1-8.8 at.%) in S_nZVI and nitrogen (N 1s, 2.7 at.%) in N_nZVI, indi-
cating the influence of different surface treatments. Moreover, the phase
composition analysis by XRD showed that all derivatives contained more
than 90 wt% of crystalline a-Fe, except for N_nZVI, which was pre-
dominantly composed of Fe4N (96.9 wt%) (Table S1).

Results of material characterization imply that the modifications
applied to precursor nZVI (i.e., X nZVI) minimally impacted size and
shape of aggregates and is fully consistent with previous studies pub-
lished on detailed characterization of respective particles (Brumovsky
et al., 2020, 2021, 2022, 2023; Filip et al., 2014; Kaslik et al., 2018;
Semerad et al., 2020; Soukupova et al., 2015). However, magnetic na-
ture of nZVI derivatives and negative surface charge could contribute
most significantly to their mobility. The magnetic interactions among
nZVI particles often lead to aggregation, which hinders their mobility in
porous media. Nanoparticles behave like permanent magnetic dipoles
attracting each other due to magnetic interactions, which typically
prevail above all the other surface repulsive forces acting on nZVI, i.e.
electrostatic forces (Fazeli Sangani et al., 2019; Rosicka and Sembera,
2011; Vecchia et al., 2009b; Xie et al., 2024). Previous studies confirmed
that the aggregation rate of nZVI increases when increasing particle
concentration and saturation magnetization (Kocur et al., 2013). The
rapid formation of large aggregates significantly influences nZVI
mobility, causing their settlement and possible deposition in porous
media because of the enhanced straining mechanism (Kuyukina et al.,
2022; Ling et al., 2021; Ng and Lim, 2022). However, when primary
nanoscales gather to form microscale aggregates, they lose their mag-
netic properties due to the random arrangement of single dipoles.
Rosickd and Sembera (2011) showed that the magnitude of magnetic
interactions among aggregates decreases with increasing the number of
particles forming the aggregate. Under such conditions, other interac-
tion mechanisms including electrostatic repulsion, may also play a
relevant role in particle-particle interactions. In this study DLS mea-
surement showed that N_nZVI, Ox_nZVI, PA_nZVI, and S_nZVI all possess
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negative surface charges, with zeta potentials ranging from —6 mV for
Ox_nZVI to —41 mV for PA_nZVI. This values suggest that repulsive
aggregate-aggregate interactions may be relevant for the studied parti-
cles and can contribute to improve nZVI mobility during transport in
porous media due to the occurrence of blocking mechanisms (Ling et al.,
2021). The hypothesis of possible blocking mechanisms during aggre-
gate transport was also confirmed by transport modelling (see section
3.3). Additionally, the presence of an oxide shell (FeO and Fe304) on the
surface of the nZVI derivatives further impacts electrostatic interactions
by altering the surface chemistry, which plays a crucial role in the
particle’s overall mobility in environmental remediation applications
(Dong and Lo, 2014; Mackenzie and Georgi, 2019; Su et al., 2020).

Although the magnetic properties of nZVI may hinder its mobility,
they also enable efficient detection using electromagnetic induction
sensors owing to changes in magnetic susceptibility. Thus, the column
setup presented in this study may provide suitable feedback for the
spatial and temporal migration of nZVI in space and time.

3.2. Insights from column tests

The deposition profiles of nZVI measured across different locations
and times provided more details on nZVI transport than typical short-
column breakthrough experiments (Bianco et al., 2016; Chen et al.,
2023; Liu et al., 2019; Vecchia et al., 2009a). The deposition profiles for
all tested nZVI in porous media showed a consistent pattern: the con-
centration increased with time at a set distance from the injection point,
whereas it decreased along the column length moving away from that
point (Fig. 3). Notable differences in the concentration profiles were
observed across the various nZVI tests, indicating distinct retention and
migration characteristics for each nZVI type. For clarity, among multiple
replicates performed in each column experiment (Fig. S7), only a single
representative profile was chosen that best reflects the average behavior
observed across all replicates (Fig. 3). To ensure the accuracy of the
analysis and modeling, the initial 10 scans from each deposition profile
were utilized to reduce the effect of potential nZVI column
breakthroughs.

The ongoing reactions of iron with water did not influence the
change in the measured signal during the short time interval of the
experiment, thus eliminating the need for more effective measurement
methods to predict transport distances. The accuracy and sensitivity of
the ferromagnetic measurement were verified by their repeatability
(results not shown) and are confirmed by the consistency of the
measured signal throughout the experiment itself, including the elution
phase. The mass balance data indicated that very low levels of nZVI
passed through the column, demonstrating efficient retention (Fig. S8).
During the initial scans of the flush phase, minimal nZVI movement was
observed; however, no further nZVI detachment occurred. This also
confirmed the stable retention of nZVI under the experimental condi-
tions. Moreover, the physicochemical parameters across all the nZVI
tests showed consistent trends, revealing steady suspension properties
(Fig. S1). Additionally, the observed small pressure changes were
limited to 45 kPa, which is the evidence of minimal risk of column
clogging.

To measure how nZVI affected their environment in the column, the
Length of Influence (LOI) was established for this study. The LOI was
defined as the distance from the injection point to the position where the
Cror reaches 20 g L7 of pore volume, equivalent to 5 g kg_1 of soil, as
observed in the final scan. While ROI provides a measure of the extent of
influence in a circular or spherical radius around the source point, LOI is
directional and provides information on the spread of the effect in a
particular direction. Moreover, LOI can indicate the preferential path-
ways of nZVI flow and transport, essential for targeted remediation and
understanding the impact on downstream areas.

For unmodified X nZVI, the four-column tests revealed significant
variations in the concentration profiles despite all presenting a
sigmoidal shape (Fig. 3). These differences may be attributed to different
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Fig. 3. Concentration profiles of unmodified X nZVI and its derivatives; symbols and lines represent experimental and modeled data in time, respectively.

aggregation rates during suspension preparation. The longest distance of
X_nZVI achieved during a 100-min timeframe (analogous to 10 scans)
fluctuated between 0.5 and 1.5 m, and LOI ranged between 0.45 and 1
m, highlighting the diverse behavior of X nZVI in terms of migration
capabilities. Similarly, the shape of the N_nZVI concentration profiles
and variations of LOI (0.44-0.88 m) were like those of X nZVI. Organ-
ically modified PA_nZVI, PA_nZVI_com, and Ox_nZVI with oxide shells
exhibited (hyper)exponential concentration profiles with a significantly
higher Cror at the column inlet than X _nZVI. Increasing the viscosity
using organic stabilizers resulted in enhanced mobility, as previously
observed for carbon-based nanoparticles (Bianco et al., 2016). Although
organic modification allowed nZVI to achieve the longest distances
(1.1-1.7 m), LOI was within the same intervals as for the others,
reaching 0.5-0.86 m, representing only approximately 50% of the total
migration distance observed. Ox_nZVI reached an LOI of 0.5-0.7 m.
Transport of S_nZVI was influenced by the degree of sulfidation. nZVI
exhibiting a minimal degree of sulfidation, S_nZVI_ 0.5, S_.nZVI_1.0, and
S_nZVI_com, demonstrated comparable or slightly enhanced mobility

compared to X nZVI (1-1.3 m). S_nZVI com achieved the furthest
migration (up to 1.5 m), with an LOI exceeding 1 m, indicating its su-
perior dispersal capability. Sulfur content above 1% slightly decreased
the total migration distance and LOI, leading to higher nZVI accumu-
lation at the inlet of the column. In this study, X_nZVI and all the tested
derivatives exhibited comparable migration distances and LOI, with a
consistent detection concentration of 20 g L™! achievable between 0.4
and 1.1 m. Despite these similarities, the spatial and temporal distri-
butions of individual nZVI modifications varied, indicating distinct un-
derlying transport mechanisms.

3.3. Migration mechanisms

One- or two-site attachment models were selected to fit the column
experimental results assuming no particle detachment (Boccardo et al.,
2020; Tosco et al., 2009; Tosco and Sethi, 2009). The choice of a specific
model was customized to each nZVI derivative based on the various
shape of its concentration profile curve and fitting success of different
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models. Exponentially decreasing profiles showed best fit using linear
deposition models, sigmoidal curves were best fitted using the blocking
mechanism, and hyper-exponential profiles most accurately modeled by
straining model. A combination of these models has been appropriate for
profiles with more complex shapes. In general, the numerical models
demonstrated a good ability to reproduce the results of the column tests
accurately (Fig. 3 and Fig. S7), and high values of the determination
coefficients were found (Table 2 and Table S6).

The sigmoidal deposition profiles of X nZVI and N_nZVI were fitted
accurately using a combination of blocking and linear interaction
mechanisms. The need for a double retention mechanism to properly fit
the retention profiles suggests the presence of a heterogenous particle
population likely composed of large aggregates, for which sedimenta-
tion dominate the deposition process (modeled with the linear interac-
tion mechanism), and smaller aggregates that instead exhibit
electrostatic repulsive forces (modeled with the blocking site) driven by
their not negligible surface charge (zeta potentials between 1 and -22
mV). For X_nZVI, the best-fit k, values were 0.012-0.048 s~ for the
blocking site and 0.001-0.012 s~! for the linear site. Similar k, values
were obtained for N nZVI (0.009-0.032 and 0.001-0.003 s~ %, respec-
tively). In addition, the maximum blocking concentration, Spyax, was
found to vary within similar ranges, indicating comparable migration
properties of the two different crystalline phases (Table 2). Poly-
electrolyte coatings have been confirmed to improve the mobility of
nZVI in porous media (Jiemvarangkul et al., 2011; Lin et al., 2010;
Raychoudhury et al., 2010). In the present study, the addition of an
organic modifier changed the PA_nZVI deposition dynamics, which
switched from the two-site model (blocking plus linear) employed for
X nZVI to a single-mechanism process. Specifically, a linear model was
adopted to simulate the exponential profile of PA nZVI, whereas a
straining process was used to accurately fit the hyperexponential curve
of PA_nZVI_com (Fig. 3). The occurrence of straining could be explained
by the development of long-chain steric coatings on the surface of
PA_nZVI_com, and to the presence of divalent and trivalent cations in the
tap water used for the experiments. Indeed, when multivalent cations
are present, bridging phenomena among the polymeric chains present
on the surface of different particles can occur, thus leading to additional
particle aggregation and consequent increase in the average particle size
(Tiraferri et al., 2017; Tosco and Sethi, 2010). However, despite some
accumulation of PA_nZVI_com observed at the column inlet, the values
of the straining parameter fs were much lower than the typical value of
0.432 proposed by Bradford et al. (2002) (Table 2). Such values show
that straining was not dominant in the studied conditions, highlighting
the linear transport behavior. These results agree with Bianco et al.
(2023), who used a linear model to describe the transport of nZVI par-
ticles stabilized with a shear-thinning gel. The attachment rates for
PA_nZVI and PA_nZVI_com were lower than those for X_nZVI at both the
linear and blocking sites. This implies that organically modified nZVI
may have better transport than unmodified X nZVI. For Ox_nZVI, a

Table 2

Deposition mechanisms and range of transport parameters in column experiments.
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dual-site model with blocking and straining mechanisms was used to
describe the concentration profiles effectively. Also, in this case, the
dual-site model suggests the presence of a heterogenous particle popu-
lation in terms of aggregate size and surface charge. However, the s
value revealed only a minimal effect of straining. Compared with
X _nZVI, Ox_nZVI showed lower attachment rates, indicating enhanced
mobility, although the Syax values were similar (Table 2). A dual-site
blocking-linear model was used to fit the sigmoidal profiles of S_nZVI.
Finally, a blocking and straining model was adopted for S_nZVI_com.
The selection of the blocking site is consistent with the material’s rela-
tively high surface charge; however, the need to include a straining site
to fit the retention profile suggests the presence of very large aggregates
or the progressive growth of initial aggregates during transport within
the column. All the other S_nZVI samples were properly fitted using a
dual site model with a blocking and a linear retention site. Despite the
same model being also used to fit X_nZVI data, lower kinetic coefficients
were obtained for all sulfidated particles, suggesting better transport for
this nZVI derivative. In particular, the blocking attachment rates were
similar for all the S_nZVI samples and were one order of magnitude
higher than those of the linear site (Table 2). The repulsive forces among
S_nZVI particles, accentuated by their stronger negative surface charge
(<—26 mV) compared to X_nZV], significantly reduced their deposition.
(Ko and Elimelech, 2000). Higher sulfidation levels in S-nZVI resulted in
higher Spmax values, demonstrating the lower mobility of the more sul-
fidated particles. A lower Spax typically enhances nZVI mobility due to
faster saturation of deposition space (Li et al., 2015), aligning with
slightly decreased zeta potential values as sulfidation increases.
Regarding real application of nZVI, we need to consider that we are
dealing with injection of aggregates rather than nZVI single nano-
particles as evident from DLS measurement (Fig. S9). Aging experiments
on X nZVI and N_nZVI confirmed the stability of aggregates in time,
showing no trend in aggregate size grown and stability of nZVI sus-
pensions. Since magnetic attractive forces may dominate the mobility of
nZVI, transport of microscale nZVI aggregates is rather dominated by
Wan der Waals and electrostatic forces. Although magnetic forces can
significantly influence the aggregation rate (Rosickd and Sembera,
2013), their impact was not considered in this study because the sus-
pension’s stability was experimentally confirmed. Ultimately, the
model’s results aligned with the experimental data, supporting the hy-
pothesis that the aggregate suspensions can be considered rather stable.

3.4. From radial simulations to real-world implementation

The modifications of X_nZVI were evaluated based on their ability to
cover the greatest distance with the most effective spatial distribution at
a sufficiently high concentration. Kinetic coefficients derived from the
migration experimental results were employed to extrapolate nZVI
transport to conditions resembling field scenarios, which were achieved
by simulating the permeation injection of nZVI within a homogeneous

Blocking Linear Straining Determination coefficient
ka Smax ka ka Pstr R

(x1073s7h (gkg™H (x1073s7h (x1073sh =) (%)
X nZVI 11.9-47.7 4.0-17.9 1.0-12.4 - - 98.8-99.6
N_nZVI 9.8-32.1 2.9-19.3 1.3-2.6 - - 99.4-99.7
PA_nZVI - - 4.5-5.5 - - 98.7-99.4
PA nZVI_com - - - 4.7-6.1 0.04-0.10 97.1-99.4
Ox_nZVI 6.3-9.8 4.0-15.2 - 3.4-3.8 0.07-0.10 99.1-99.2
S_nZv1.0.5 15.0-15.5 4.1-5.8 1.6-1.7 - - 98.6-98.8
S_nZvVI_1.0" 22.6 9.2 2.2 - - 99.4
S_nZVI_ 2.0 14.5-29.4 5.1-15.2 1.8-2.4 - - 99.6-99.8
S_nZv1 5.0 9.5-12.7 12.4-15.8 1.2-2.0 - - 99.7-99.9
S_nZvIl_com” 8.9 5.9 - 1.5 0.1 96.5

2 only one experiment modeled.
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Fig. 4. Representative radial distribution of the X-nZVI and its derivatives at the end of the simulated scenarios. ROI and SF values for specific column experiments

are depicted.
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Table 3
Average ROI and SF values from radial injection simulations.
ROlavg ROlavg/ROlracer SFavg SFavg/SFiracer
(m) (%) (kg m?) (%)

Injection (g L) 5 10 5 10 5 10 5 10
X nZVI 0.28 0.37 32 41 0.23 0.63 12 16
N_nZVI 0.27 0.35 31 39 0.21 0.54 11 14
PA nZVI 0.26 0.32 30 36 0.25 0.51 13 13
PA_nZVI_com 0.26 0.33 30 37 0.29 0.59 15 15
Ox_nZVI 0.29 0.36 32 40 0.23 0.56 12 15
S_nZVI 0.5 0.32 0.40 36 45 0.27 0.72 14 19
SnZVI 1.0 0.27 0.34 31 38 0.18 0.49 9 13
S_nZVI 2.0 0.29 0.36 33 40 0.21 0.56 11 14
S_nZVI_5.0 0.26 0.33 29 37 0.18 0.47 9 12
S_nZVI_com 0.31 0.40 35 45 0.26 0.73 14 19




V. Veselska et al.

radial domain (Tosco et al., 2018). A radial simulation was performed to
predict the nZVI-specific concentration profile around the injection well
using the C,; values derived from the interpretation of the 1D experi-
ments (Table S7, Fig. S10). Overall, the mobilities of the studied nZVI
derivatives predicted by the radial simulations were consistent with the
results observed in the column tests. However, field-scale simulations
amplified the small differences among the tested nZVI that had already
been observed at the laboratory scale. Significant variations were
observed in the shape and magnitude of the simulated concentration
profiles, which were influenced by the type of nZVI particles and their
concentration in the injected suspension. Higher concentrations in the
suspension directly resulted in elevated concentration profiles in the
aquifer owing to the greater total mass of nZVI injected (Fig. 4). This
trend was coherently mirrored by the behavior of the expected ROI,
which varied between 0.26 and 0.32 m for the 5 g L' suspension and
extended from 0.32 to 0.40 m for the 10 g L' injection scenarios
(Table 3). However, when comparing various nZVI derivatives, the
differences in ROI were rather small, showing an 8 cm range between
the highest and lowest values at the same injected concentration. This is
the reason why SF was proposed as an integrative measure to discern the
differences more clearly in transport properties.

In terms of the nZVI dispersion around the center of the well, the
shape of the concentration profiles mainly depended on the interaction
between nZVI and the porous medium, which varied for each nZVI type.
For instance, materials whose transport and deposition were primarily
influenced by physical processes, such as straining (e.g., polyacrylic acid
stabilized particles and oxide-passivated nZVI), exhibited exponentially
decreasing concentration profiles with significant particle accumulation
near the injection well. In contrast, when blocking was the dominant
deposition mechanism (e.g., sulfidated nZVI), a more uniform distribu-
tion around the well, resulting in an almost flat profile, was predicted.
The iron content, however, had only a minimal effect on the shape of the
concentration profiles according to the model. The uniform distribution
of nZVI reduced the need for the injection of large quantities. The need
to define the spatial extent to which nZVI can operate effectively results
from the fact that nZVI moves as a distinct mass, driven more by
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Fig. 5. Normalization of ROI and SF against non-interacting tracer for
enhanced comparability of X _nZVI and its derivatives transport.
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buoyancy than by diffusion or dispersion, such as dissolved substances
(Viotti et al., 2022). In this study, a quantitative measurement of the
uniformity of nZVI distribution near the injection point was introduced
through SF. Considering the 10 g L™! scenario, the SF, which describes
the steepness of the concentration curve, ranged between 47 kg m? for
sharp profiles with particle accumulation near the injection point and
73 kg m? for simulations where a more homogeneous nZVI distribution
was achieved. Comparison of the ROI and SF values across the nZVI
derivatives was only valid at identical injection concentrations and did
not yield a clear ranking based on nZVI migration effectiveness. To
quantify the transport behavior of the nZVI derivatives at two different
concentrations, the ROI and SF values were normalized by dividing
them by the values of a tracer that did not interact with the porous media
(Fig. 5). A slightly more homogeneous spatial distribution was expected
for X nZVI than for N_nZVI, as demonstrated by the higher shape factor
value (Table 3). The distinctively sharp concentration profiles of PA_n-
ZVI and PA_nZVI_com, together with Ox_nZVI, resulted in a notable
retention of nZVI close to the injection point, as emphasized by having
some of the lowest estimated SF values at a concentration of 10 g L™}
(Fig. 4, Table S7). In contrast, S_nZVI_0.5 and S_nZVI_com, with the most
uniform concentration profiles across distances, also had the highest SF
values. In particular, the 0.5% sulfidation (S_nZVI_0.5) led to an increase
of around 10% of the ROI and of 14% of the SF compared to the un-
modified X nZVI. A similar mobility improvement was also observed for
the commercial S_nZVI_com. In contrast, nZVI with higher levels of
sulfidation showed no improvement or even a decline in ROI and SF.
Specifically, the S_nZVI 5.0 particles exhibited the poorest transport
behavior, with an 11% reduction in ROI and a 25% decrease in SF
compared to the unmodified X nZVI. Therefore, the combination of a
low degree of sulfidation and organic modification could bring about the
desired effect of achieving very good radial and vertical iron distribution
in the subsurface.

4. Conclusions

This research provides a comprehensive comparison of various nZVI
derivatives under controlled conditions, focusing on their migration
mechanisms and potential applications in environmental remediation.
By optimizing transport monitoring techniques, we successfully aligned
experimental results with mathematical models, creating a robust
framework for predicting and controlling the transport of nitrided,
organically modified, oxide-passivated, and sulfidated nZVI derivatives.
Radial simulations using the MNMs numerical code enabled predictions
of the radius of influence (ROI) and particle distribution homogeneity
(SF) around the well in field-scale injections.

The study experimentally confirmed two main properties of nZVI
derivatives that significantly impact mobility: magnetic nature and
surface charge. Magnetic attraction led to rapid aggregation and sedi-
mentation of large nZVI aggregates, while the negative surface charge
from sulfides, oxides, or organic compounds introduced electrostatic
repulsion in smaller aggregates, enhancing their mobility in porous
media. This dual behavior required modeling with a double retention
mechanism: large aggregates, influenced by sedimentation, were
modeled using a linear or straining interaction mechanism, while
smaller aggregates, exhibiting repulsive forces, were modeled using a
blocking mechanism. The migration of X nZVI and N_nZVI was com-
parable, but the results suggest that surface modification with organic
compounds like polyacrylic acid could enhance mobility and perfor-
mance of N_nZVI particles. Findings of this study allowed to compare the
expected mobility behavior of different nZVI derivatives in sandy
aquifers. Moreover, the model proved to be a flexible tool to extrapolate
and generalize results to field scale conditions and support the design of
real nZVI injections. Overall, the study highlights the importance of
selecting appropriate surface modifications to achieve optimal nZVI
performance in environmental remediation. The results indicate that
sulfidation and organic modifications, such as those applied to S_nZVI
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and PA_nZVI, improve mobility while also ensuring controlled particle
retention in target areas, which is crucial for effective in-situ remedia-
tion. By balancing reactivity, mobility and retention, nZVI derivatives
can be tailored for more effective and controlled remediation outcomes,
contributing to their commercial viability in environmental clean-up
efforts.
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