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Abstract: Zero-valent iron nanoparticle (nZVI) technology has been found to be promising and
effective for the remediation of soils or groundwater. However, while nanoparticles are traveling
through porous media, they can rapidly aggregate, causing their settling and deposition. When nZVI
are injected in the groundwater flow, the behavior (mobility, dispersion, distribution) is unknown in
groundwater, causing the use of enormous quantities of them if used at the field scale. In this paper, a
laboratory experiment was carried out with groundwater flow in a two-dimensional, laboratory-scale
tank to assess the nanoparticle behavior by means of an image analysis procedure. A solution of zero-
valent iron nanoparticles, Nanofer 255 particles, were used and glass beads were utilized as porous
medium. The laboratory experiment included the use of a digital camera for the acquisition of the
images. The image analysis procedure was used to assess the behavior of nZVI plume. A calibration
procedure and a mass balance were applied to validate the proposed image analysis procedure, with
the hypothesis that nanoparticles would be uniformly distributed in the third dimension of the tank
(thickness). The results show that the nanoparticles presented small dispersive effects and the motion
was strongly influenced from the higher weight of them with respect to the water. Therefore, the
results indicate that nanoparticles have an own motion not strongly influenced by the fluid flow but
more determined from the injection phase and gravity. The statistical elaborations show that the
nZVI plume did not respond to the classical mechanisms of the dispersion.

Keywords: zero-valent iron nanoparticles; groundwater remediation; image analysis procedure;
nanoparticles mobility

1. Introduction

Pollution of soil and groundwater is a critical issue worldwide due to improper in-
dustrial discharge and waste disposal [1,2]. In particular, heavy metals and toxic organic
compounds are the most common contaminants present in soil and groundwater [1,34].
These substances generally hardly degrade and can be found accumulated in soils, there-
fore they become pollution sources for groundwater [5]. In recent years nanoremediation
strategies have been studied as innovative soil remediation techniques [6-9]. Zero-valent
iron nanoparticles (nZVI) are an effective reagent to treat toxic and hazardous chemi-
cals [10]. nZVI are becoming one of the most widely recommend nanomaterials for soil
and groundwater remediation due to their high efficiency in pollutant removal and low
production cost [11]. nZVI particles have showed high reactivity to remediate aquifers
contaminated by nonaqueous phase liquids, heavy metal ions, and many other hazardous
compounds [12-14]. nZVI particles are characterized by a large surface area, high reactivity,
and possible mobility in the subsurface due to their small size [15]. The application to
environmental treatment of contaminated aquifers is associated with their large surface-to-
volume ratio [16]. The proportion of surface and near-surface atoms increases as particle
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size decreases. Surface atoms tend to have weak bonds with simultaneously higher surface
energy. Therefore, the surface atoms have a high tendency to interact, adsorb, and react
with other atoms or molecules, resulting suitable for remediation actions [17].
Zero-valent iron (ZVI) nanoparticles are characterized by a typical core-shell struc-
ture with a diameter generally below 100 nm [17]. Generally, the core-shell structure is
formed in an aqueous medium due to how nZVI particles react with H,O and dissolved
O, [10]. The core consists of mainly zero-valent iron (Fe®) and it gives reducing power for
reactions with environmental contaminants. Instead, the shell consists principally of iron
oxides/hydroxides (i.e., Fe(Il) and Fe(IIl)), because iron typically exists in the environment
as iron(Il)- and iron(I1l)-oxides, formed from the oxidation of zero-valent iron. The shell
provides sites for chemical complex formation [17]. Under ambient conditions, zero-valent
iron is fairly reactive in water and can serve as an excellent electron donor, which makes
it a versatile material for remediation, like in the case of the abiotic reductive dechlori-
nation processes [17-19]. Due to the greatly small particle size and large surface area,
these materials have high in situ reactivity and a great potential in many environmental
applications such as soil, sediment, and groundwater remediation [20,21]. Furthermore,
due to their small size and capacity to remain in suspension, nZVI particles theoretically
could be transported by groundwater [22] and injected as sub-colloidal metal particles
into contaminated soils, sediments, and aquifers [20]. The core-shell structure makes the
nanoparticles suitable for the remediation of many pollutants, such as chlorinated organic
compounds [15,17], heavy metals [15,23], and inorganic anions [15,24]. Structurally, the
small size of nanoparticles encourages mass transfer from and to the solid surface, develop-
ing phenomena such as adsorption, redox reactions, photocatalitic transformation, and size
exclusion reaction, initiated by nanoparticles for the removal pollutants from wastewater
and drinking water [10,25]. Generally, the greater reactivity of nanoparticles as opposed
to micro-scale particles can be the result of a larger specific surface area of granular iron,
greater density of reactive sites on the particle surfaces, and/or higher intrinsic reactivity of
the reactive surface sites [16,26]. Furthermore, nanoparticles offer another advantage: their
characteristics allow them to be injected directly into contaminated soil or deep aquifers
to facilitate in situ immobilization of target contaminants. The in situ immobilization
approach is likely a suitable way to reach contaminant plumes in deep aquifers and sites
that are not accessible by conventional technologies. However, nanoparticles without a
stabilizer tend to aggregate, thereby losing soil deliverability [9]. nZVI transport to the
pollutant source zone is fundamental for the in situ remediation success [27]. nZVI parti-
cles traveling through porous media can rapidly aggregate, bringing to the development
of larger-sized particles, hence increasing the possibility of settling and deposition [22].
The nZVI particle aggregation causes some issues for in situ remediation such as loss in
chemical reactivity and the reduction of particles deliverability in soils [15,28]. Attractive
magnetic interactions and van der Waals forces are responsible for the rapid aggregation
of nZVI particles at the micro scale. The transport properties are then reduced due to the
density of iron, magnetic attractive forces [29], and ionic strength in groundwater, which
increase the aggregation of nZVI particles [30,31]. This causes an increase in the nZVI
particle size, consequently reducing the available surface charge, restraining transport in
porous media [32]. Various surface modification techniques have been investigated to
improve the transport of nZVI nanoparticles in porous media, using polyelectrolytes, poly-
mers. and surfactants as a coating agent or stabilizer [15,33]. The surface coatings induce
electrostatic and/or steric repulsions between nanoparticles and promote their transport in
porous media [34]. To overcome this limitation and to develop nZVI transport in porous
media, several studies [27,30,35,36] have shown the efficiency of some stabilizers, like
polystyrene sulfonate (PSS), carboxymethyl cellulose (CMC), triblock, xanthan gum, and
emulsified iron, to generate electrostatic stabilization mechanisms. Some studies [12,37,38]
have examined the nZVI behavior stabilized by polyacrylic acid (PAA) and they verified its
efficiency to stabilize nanoparticles and improve their transport. Furthermore, significant
results [39,40] were also obtained with the use of colloidal biliquid aphron (CBLA) as a
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density modifier for DNPALSs. It is known that groundwater contamination by dense non-
aqueous phase liquids (DNAPLs) is a severe issue for environment health. The DNAPLs
main issue is the continuation for decades in aquifers due to slow degradation and low
solubility, and therefore they can constitute a long-term source of contamination [40-42].
CBLA is a biliquid foam formed by two surfactants, water and oil phase (insoluble light
organic solvent) [39]. The density modification by CBLA is a promising technology to
control DNAPL migration into an uncontaminated aquifer. CBLA technology allows the
reduction of the density of DNAPL to less than that of water and conversion of it into
Light nonaqueous phase liquid (LNAPL) in order to mitigate the downward migration of
DNAPL to nonpolluted aquifers [39,40]. The process of density modification of DNAPL by
CBLA is divided into three steps: (i) CBLA is injected into the DNAPL pollution source
area; (ii) a demulsifier is injected into the vicinity and CBLA releases the light organic
solvent; (iii) the solvent is mixed with DNAPL in order to reduce the density. Thus, the
NAPL is removed from the source area with other technologies (for example. surfactant
flushing or air sparging) and DNAPL can’t move down during the removal process.

In any case, even if several studies are pointing to the issues related to the stabilization
of nZVI behavior, many uncertainties are still limiting their use in groundwater remediation.
Problems arise from the unknown behavior when the nZVI are injected in the groundwater
flow. Their characteristics should not allow theoretically the use of classic equations for
transport and dispersion [43] as used for dissolved substances completely subjected to the
flow motion. However, in this case, the most used numerical models, able to reproduce
the plume behavior, and therefore to help the correct design of the remediation, could
not be used anymore. Even if the nZVI are subjected mainly to the colloid theory from a
strict point of view, their application as remediation technology, in most cases, expects the
use of dispersive models. They are based on the classical equation of transport in which
the base hypothesis is that the mass of nZVI is totally subject to the groundwater motion.
Furthermore, to this, it has to be added the fact that their dispersive behavior, fundamental
to reach the largest soil portion, is a real unknown. These issues have represented a great
limitation to the practical use of nZVI in field applications. Generally, the use at the field
scale of this remediation technology expects the use of an enormous quantity of nZVI to
try to reach the pollution source or the polluted plumes, making it difficult to forecast the
distribution of nZVI in the soil. The mobility of nanoparticles is then a real issue, which
can often make for inefficient soil remediation.

The purpose of this paper is to assess the behavior of nanoparticles in a laboratory-
reconstructed porous medium, trying to obtain basic information on their transport and
dispersion behavior after the injection phase. The results can help the understanding of
the correct use of numerical models based on the classical dispersion equation. The results
have evidenced on the contrary that the nZVI do not follow the fluid motion as in the case
of a passive solute. This means that corrective terms in the classical approach must be
introduced to have a prevision as close as possible to the reality. The application of image
analysis techniques can allow us to have a view of the behavior of the injected particles
and it can also allow for the application of the basic principles of dispersion theory for a
quantitative and not only qualitative evaluation of the macroproperties of the motion of the
ensemble in a saturated porous medium with known characteristics. In recent years, several
laboratory experiments have used image analysis (IA) techniques that permit, through the
use of specific procedures, the assessment of parameters such as velocity and distribution
in the test section without the use of invasive instruments [33,44-50]. This paper, therefore,
submits a specific procedure, performed and calibrated ad hoc, with the aim of obtain-
ing information about mobility (path and velocity vy and vy) using distribution curves
representing the behavior in time of injected nZVI plume. A laboratory experiment was
carried out using zero-valent iron nanoparticles Nanofer25s, produced by Nanoiron Future
Techonology. The Nanofer25s are equipped with a stabilizing solution in polyacrylic acid
(PAA) able to reduce the surface forces between the nanoparticles, which can determine
the phenomena of aggregation and subsequent sedimentation/interaction with the solid
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phase. This work regards the use of a solution of nanoparticles without further addition
of stabilizers [27,30,35,36] or colloidals as density modifiers [39,40]. Although the modifi-
cation of the nanoparticle solution is an interesting topic to be explored with subsequent
tests, the aim of this paper is to evaluate the mechanical and transport characteristics of the
nanoparticles in saturated porous media simulating a single-point injection.

The laboratory experiment was carried out with a reconstructed groundwater flow
in a two-dimensional laboratory-scale tank. The study of the nZVI behavior in a porous
medium was performed through an image analysis procedure already used with success for
the study of DNAPL behavior in saturated porous media [42,51] and for the Back-diffusion
phenomenon [41,52]. This paper applied the procedure for the first time to nZVI behavior
stemming from preliminary research [53], with the aims:

- To define distribution curves in time and the “concentration” evolution;

- To assess the nZVI mobility, studying velocities and barycenter paths in 2D;

- Torealize a statistical description of the characteristics of the nZVI plume in time;

- To verify the suitability of the theoretical basis of the current methodologies for the
simulation of nZVI application in remediation procedures.

The experimental results were furthermore compared with those obtained by means
an implemented numerical model.

Validation of the procedure is furthermore presented in the paper to assure the suitabil-
ity of the used technique. The purpose of the paper is therefore to enhance the knowledge
on these materials, which, as reported in the above part of the introduction, are suitable
to cover several aspects in groundwater remediation. The possibility, given by the use of
the image analysis to see the phenomena occurring allows for the application of several
methodologies to acquire information on the moving ensemble and on the “adsorbed
distribution”, which constitute a non-negligible component of the whole remediation tech-
nology. The comprehension of determined aspects of the process occurring once the nZVI
are injected can improve technologies and their design, allowing for better efficiency in
their use at the field scale. It is for this reason that this paper can represent a step toward a
better use of the actual procedure used in the use of nanoparticles in groundwater.

2. Experimental Material and Methods
2.1. Experimental Setup

Figure 1a shows the layout of experimental apparatus. The tank has a width of 30 cm,
a height of 34 cm, and a thickness of 3 cm and is made of plexiglass. The width of the tank
allows us to test the hypothesis that the motion of the fluid will be described by means of a
2D approach.

A solution of zero-valent iron nanoparticles, Nanofer 255, was injected (0.8 mL of nZVI)
into the porous medium, reproduced with micro glass beads (400-800 mm), produced
by Sigmund Lindner. Table 1 shows the main features of the micro glass beads used in
the experiment:

Table 1. Main features of the micro glass beads.

Micro Glass Beads

Diameter 400-800 mm
Refractive index 1.52
Porosity (measured) 0.4
Bulk density 149 kg/L

Hardness (according to Mohs) >6
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Figure 1. Experimental apparatus: (a) layout of experimental apparatus; (b) experimental apparatus
cross-section.

On the contrary, the zero-valent iron nanoparticles, Nanofer25S solution, is character-
ized as follows:

The information in Table 2 is provided by Nanoiron Future Technology, the supplier
of the Nanofer 25 solution. A SEM (Scanning Electron Microscope) image (Figure 2) of
Nanofer25S particles is also shown, as reported by the paper of Keller et al., 2012 [54].

Table 2. Main features of the Nanofer25S solution.

Nanofer 255
77% Water
14-18% Iron (Fe)
Compisition mixture 3% Polyacrylic acid (PAA)
2-6% Magnetite (Fe3O4)
0-1% Carbon (C)
Granulometry d50 < 50 nm
pH 11-12
Specific surface >25m?/g

Specific gravity 1.15-1.25 g/cm? (20 °C)
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Figure 2. Nanofer 25S particles imaged with SEM (source Keller et al., 2012 [54]).

Figure 2 shows a mixture consisting of highly aggregated particles. In fact, it is not
possible to detect the actual size of the nanoparticles. It, therefore, confirms the aggregation
phenomena to which the nanoparticles are subject, despite the presence in the mixture of
the stabilizer in PAA.

During the experiment, the water filled the tank, saturating the porous medium, and
the motion was realized using a controlled exit at the bottom side of the tank. The whole
tank was illuminated by a halogen lamp located behind the tank (with respect to the
camera) at a distance equal to 55 cm (Figure 1b). The laboratory experiment also included
the use of a Nikon (D80) digital camera (Nikon, Tokyo, Japan), with 10 megapixels as
image resolution, fixed on a tripod, for the acquisition of the images. The camera was
placed in a fixed position 111 cm away from the tank (Figure 1b). The camera was set to
manual mode, and the shutter speed and aperture were fixed at 1/20 of a second and {6.3,
respectively, throughout the experiment. It was possible to remotely control the camera
through software (Camera Control Pro 2.0) in order to set the frequency of image acquisition.
The test lasted 12 min and about 3200 mL of water was flushed. The light source was
used to light up the tank, exploiting the fact the characteristic color of the nanoparticles
(black) should have absorbed the light, creating an evident difference of colors between the
nZVI distributed and the rest of the media. The use of a single camera was allowed due
to the small depth of the tank compared with horizontal and vertical directions (1/10 the
ratio), as already shown from several other research studies from [41,42,51,52]. In this way,
actually, it was possible to consider the motion two-dimensional and that in the transverse
direction concentration gradients are negligible.

2.2. Image Analysis Procedure

This paragraph shows the image analysis procedures developed to evaluate the nZVI
plume distribution (a—d) and the nZVI plume dispersion (i-iv). Both procedures, the former
necessary for the latter, were developed on the basis of a significant number of experiments.
In fact, about twenty experiments were performed by varying different parameters (the
light position with respect to the camera, the camera distance from the tank, the aperture
and the shutter speed of the camera) in order to define the best configuration.
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2.2.1. nZVI Plume Distribution

An image analysis procedure, based on transmitted light intensity, was performed to

assess the mobility of nanoparticles in a 2D laboratory tank. The image analysis procedure
was carried out on the basis of the work by Luciano et al., 2018, 2010, and Tatti et al., 2018,
2016. The proposed image processing procedure is described below:

(a)

(b)

(©

(d)

Once the images were acquired, an area of interest (AOI) was defined on the single
image. The area was the same for each image acquired during the experiment in
terms of dimensions and origin. The chosen AOI physical size was defined equal to
15 x 16 cm.

The AOI was converted in RGB48 format. The converted AOI was processed to
enhance the contrast between the background porous media and the darker part
(low-light transmissivity region) that represent the nZVI plume. Figure 3 shows an
image converted into RGB48 format (Figure 3a) and the pixel frequency graph in three
channels: red (R), green (G) and blue (B) (Figure 3b). The graph in Figure 3b shows
the results of the pixel frequency reconstruction in the channels. Both green and red
channels could be used for the analysis. This is because they allow for distinguishing
clearly the dark and light components of the images. Figure 3b shows that the red
spectrum is the one evidencing the largest difference between the dark (absence of
light transmission) and the light (high light transmission) due the presence of the
ensemble of particles. Therefore, the images were processed in the red spectrum.
The AOI was converted into grayscale. In Figure 4 is represented the histogram of
pixel value frequency at the different gray levels. It is possible to evidence two distinct
peaks that represent two different levels of light transmitted corresponding to the
absence of nZVI (background) and a peak to the lower grayscale (close to black) that
represent the area where particles are present.

The presence of two peaks in Figure 4 is due to an imperfect light distribution in the
images. This aspect in any case does not interfere with the nZVI distribution that is
clearly identified from the first peak with a lower gray intensity. A threshold was
applied and the filtered result was a matrix with two different classes of pixel with
assigned values: 0 for nZVI and 255 for the background (Figure 5).

Figure 5b shows that the intensity threshold applied makes it possible to identify the
mass of the nanoparticles (black) and isolate them from the porous medium (white).
However, although it is possible to verify a good identification of the nanoparticle
mass, especially in the central part characterized by lower gray intensity values,
Figure 5b shows a weak uncertainty for the boundaries of the nZVI plume.
Therefore, in order to assess the distribution of the nZVI plume, the pixels with
intensity 255 were neglected and to the remaining pixels the original gray level were
reassigned. All images were then processed again. Once the same intensity threshold
was fixed for each image, the 17 gray level intervals were used to process each image
in order to obtain the best definition of the nZVI plume dimensions. The 17 gray levels
were set with a gray intensity step equal to 2 ranging from to the lowest to the highest
gray level (0-2; 3-5; 6-8; 9-11; 12-14; 15-17; 18-20; 21-23; 24-26; 27-29; 30-32; 33-35;
36-38; 39-41; 42-44; 45-47; and 48-50). In such a way, it was possible to evaluate the
different values in each pixel belonging to several color intensities that correspond to
different nZVI presences. Each gray level was then associated to the interval average
of the nZVI distribution: the area with the lowest gray values represents the highest
concentration area and the increase of the gray level corresponds to a lower presence
of nZVI. Figure 6 shows the overlap between digital photo and nZVI distribution
levels, processed by means of the reported procedure. By the data acquired from the
image analysis procedure (a—d), the distribution was processed.
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Figure 3. AOI image in RGB48 (a) and histogram of pixel frequency (b).
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Figure 4. Histogram of pixel frequency of the image in gray levels.



Water 2021, 13, 2797 9 of 25

(a) (b)

Figure 5. Comparison between digital photo (a) and image with intensity threshold (b).

Figure 6. Overlap between digital photo and reconstructed distribution curves.

2.2.2. nZVI Plume Dispersion

Dispersion in porous media is a complex process. Several studies [49,50,55,56] were
carried out investigating plume behavior and trying to elaborate a methodology for the
correct definition of a dispersion coefficient to use in the dispersion equation in the case of
solutes. Several theories range from the deterministic approach [57,58] to the stochastic
one [59], but few of the studies [60] reported situations of flows in which not-dissolved
substances like nZVI were transported and dispersed in a saturated porous medium. The
theories for the definition of a value to assign to the dispersion coefficient tensor generally
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consider the flow velocity and the dispersion coefficient dependent on the tortuosity of
the media and on the concentration gradients. In our case, as expected, the plume of
nZVI was partially influenced from the motion of the flowing water because it acted as
an ensemble of particles with density larger than the water and an initial momentum due
to the injection velocity. The main goal was to increase knowledge on the behavior of
the nZVI plume, trying to define a possible interpretation of the dispersive parameters
that could approximately represent the plume trend. A deeper study about the unknown
dispersive actions could, with all the approximations used, give an indication regarding the
expected behavior of the plume, helping create a more effective design of the distribution
systems/technologies used in remediation procedures. The presented analysis was based
on the occupied area of the nZVI derived from the acquired images. The differences
between the areas of the plume captured in the sequence of the acquired images represent
the increase of the occupied area and therefore can furnish qualitative indications on the
enlargement effects produced from the presence of the solid medium and of the fluid
motion. The proposed methodology can be summarized in the following steps:

i. By the image analysis procedure (a—d), the number of pixels occupied by the nanopar-
ticles (n) was defined for each image. To identify the number of pixels occupied by the
nanoparticles, the same intensity threshold of the proposed image analysis procedure
(a—d) was used;

ii.  The area of a pixel (Apix) was calculated, knowing the physical width and height of
the area of interest and the number of pixels (Width x Height). Table 3 shows some
geometric parameters of the AOL

Table 3. Geometric parameters values of the area of interest (AOI).

Parameter Values
N. of Pixels in width 1601
N. of Pixels in height 1731
Physical width 15 cm
Physical height 16 cm

iii. For each image, the area occupied by the nanoparticles was calculated by means of
the following relationship:

Afzvi = Api X 1 (sz) 1

where the i pedix indicates the time. For the assessment of the areas, all images were
considered during the travelling time of the nanoparticle plume from the injection
point to the AOI end.
iv.  The “dispersion” (D; with the pedix indicating the time) was calculated considering
the difference in the occupied area between an image at the time t and the one
at time t = 0:
D; = [A(T:) — A(T = 0)]/(T; —0) (em?/s) @

2.3. Calibration Image Analysis Procedure

A calibration procedure was carried out. The procedure consisted of using an ad-
ditional smaller plexiglas tank (10 cm width x 10 cm height) filled with the same glass
beads and saturated with a solution (water and nanoparticles) at different known nZVI
concentrations. Regarding the lighting, it was very significant to set the correct position of
the halogen lamp behind the tank to obtain similar conditions because (i) it was necessary
to ensure the most possible uniform lighting for the tank [41,51,52,61] and (ii) the light
intensity values of pixels must be of the same order of that acquired during previous tests.
The idea is to define a level of grays that corresponds to known values of concentration of
nZVI to reconstruct, at least approximatively, the concentration distribution of the injected
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nZVI. The image analysis procedure (a—d) was applied. Once the area of interest was
defined, the image was transformed into RGB48 format. The distribution in Figure 7 is
totally different from the previous elaborations because here the entire box was kept at a
fixed concentration and higher values present at the extremes of the graph correspond to
the border areas where the nZVI plume was not present.

—e—Red Spectrum  —®—Green Spectum ~ ——Blue Spectrum  —— Lower Limit Light Intensity ~ ——Upper Limit Light Intensity

35,000.0

30,000.0

25,000.0

20,000.0

Intensity (RGB48)

15.000.0

10.000.0

5,000.0

0.0

500.0 600.0 700.0 800.0 900.0 1,000.0

Distance (Pixels)

0.0 100.0 200.0 300.0 400.0

Figure 7. Light intensity in a section of the tank.

Figure 7 shows the three color channels separated: blue values resulted in negligible
intensity, and the intensities of the green and red light were measured. The highest values
of intensity were due to the presence of the physical boundaries of the tank. By analogy to
the above-mentioned image procedure (a—d) used with the largest tank, the red spectrum
is applied to the images. The color intensity values obtained by image elaboration matched
to the respective concentrations were interpolated to determine the empirical relations
between the nZVI concentration and the red intensities (Figure 8).

° y=-1349In(x) + 63171
16 R2=0.9284

@ Experimental Points
RMSE =0.17

IS}

08

nZVI Concentrations [g/L]

&
=N

0.4

0.2

0 20 40 60 80 100 120 140
Red Color Intensity

Figure 8. Calibration results. Relations between red color intensity and nZVI concentrations.
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Figure 8 shows a nonlinear relationship between the red color intensity and nZVI con-
centrations. This result is in agreement with some studies [45,61,62] about the correlation
between light intensity values and tracer concentrations after applying the image analysis
procedure. The nonlinear relation between color intensity and nZVI concentrations shows
that the lower intensity values, those closer to the black scale, correspond to the higher
concentration values of nanoparticles. The relationship in Figure 8 obtained appears to fit
the experimental points with quite good precision. This result is demonstrated by the high
value assumed from the correlation coefficient (R? = 0.9284) obtained and the low values of
the Root Mean Square Error (RMSE = 0.17).

3. Results and Discussion
3.1. Nanoparticle Mobility Assessment: Distribution, Velocity, and Barycenter Path

The experimental results show that, after injection into the saturated porous medium,
the nanoparticles were characterized by a mobility downward during the first period of
the test, with a predominant velocity along the y-axis. This nanoparticle behavior would
be confirmed, in fact, by the processing of the trajectory and velocity of the barycenter of
the nanoparticle mass. The results of image processing, according to the image analysis
procedure (a—d), are shown in Figure 9.
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Figure 9. Comparison of digital images and image elaboration procedure for nZVI mobility: (a) t = 0'08.6”; (b) t = 0'59.2";
(c)t=127.0";(d) t = 1'57.0"; (e) t = 2/16.0"; (f) t = 2/36.0"; (g) t = 3'16.0”; and (h) t = 12/00.0".

Figure 9 shows a comparison of digital images and image elaboration results by means
of a Matlab code. Although the experimental test lasted 12 min, Figure 9f shows that at
minute 2'36” the nanoparticles were located at the end of the area of interest. Instead, as
can be seen in Figure 9g,h, the nanoparticles were out of the area of interest. The image
analysis procedure (a—d) was not able to discriminate the nanoparticles, which are attached
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to the grains and are not active. Therefore, for the next processing, only digital images (for
a total amount of 40 digital images) with active nanoparticles, i.e., located in the area of
interest, were considered.

It highlights that the nanoparticles moved quickly during the first three minutes of
the experiment toward the tank’s bottom. This phenomenon was surely due to the effect
of the weight of the nanoparticles and of their inevitable tendency to aggregate [9,22,30].
The experimental test indeed showed a small dispersive effect. This behavior was also
shown by the processing path and velocity of the barycenter of the nanoparticle plume,
individuating the barycenter position of the plume. The following figures represent the
results of path reconstruction (Figure 10) and the velocity trend in time (Figure 11) of
the barycenter.
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Figure 10. Path of nZVI plume barycenter.
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Figure 11. Velocity components vs. time of nZVI plume barycenter.
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The area of interest, as already mentioned, was defined by a width equal to 15 cm and
a height equal to 16 cm. The path reconstruction allowed us to verify that the nanoparticles
made a longer path along the y-axis, with a Dy equal to 6.8 cm, than to the x-axis, with a
Dy of 2.1 cm. This behavior was already shown in Figure 9 by the distribution reconstruc-
tion. Due to the aggregation phenomena turning them into bigger particles [9,22,30], the
nanoparticles tended to move toward the bottom of the tank. The results evidenced the
small dispersion effect to which the plume was subjected.

Figure 11 shows the trends in time for the two velocity components. Once nanopar-
ticles were injected, the downward velocity was much larger than the horizontal one, so
it means that the initial flow direction was fundamental to obtain the desired distribu-
tion. The water flow velocity was calculated measuring the volume at the outlet (Q =
Volumey,, /Time = 4.44 x 107% m3/s), the porosity (measured, e = 0.4), and the transversal
area occupied by the glass beads in the tank (Agjasspeads = 0-0048 m?). The larger density
(weight) of the nZVI with respect to the water and the aggregation phenomena do not
allow us to consider the particle as transported from the main flow of the water. The x-axis
component of the velocity (Figure 11) in its intensity always remained lower than the water
flow velocity, except when the plume was close to the tank edge, where the outlet was
positioned (approximatively individuated from the time 125 s in Figure 11). The path and
velocity barycenter processed allowed us to verify that the nanoparticles did not move
with the water flow velocity, but they were characterized by a separate behavior, according
to which the velocity along the x-axis tended to adapt slowly to the water flow velocity.
On the contrary, the y-axis velocity increased significantly due to the aggregation of the
nanoparticles, which, therefore, due to the gravity force had an important component
directed toward the bottom of the tank.

3.2. Analysis of nZV1I Plume

According to procedure (i-iv), a first analysis for the assessment of nZVI dispersion is
presented in Figure 12.
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Figure 12. Results of proposed methodology to assessment of nZVI plume.

Figure 12 shows the nZVI dispersion trend during the first minutes of the experimental
test, during which the nanoparticles from the injection point moved to the AOI end. The
figure shows that the plume after the first few moments following the injection, in which it
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is possible to notice a high enlargement due to the presence of the porous medium that
distributed the particles, was followed by a decrement, which was also evidenced from
the images previously reported. The asymptotic value for the dispersion effect result was
equal to 0.2 cm?/s (considering both directions but mainly referring to the longitudinal
one in the last times as evidenced from the plume in Figure 6 at times 2/00” and 2'44").
A similar value can be obtained following the empirical formulas reported in the paper
by Bennacer et al., 2013 [63] (D, is equal to 2.76 x vi.103, where vy is the longitudinal
component of the velocity) even if referred only to the longitudinal component. Using this
formula with a velocity of 0.24 cm/s, we obtain a Dy equal to 0.26 cm?/s, and it can be
considered applied to the last part of the plume motion when the water flow has more
importance in the nZVI motion (longitudinal direction).

Statistical elaborations were carried out to characterize the dispersive behavior of
the nZVI. Stemming from the well-known relation that links the variation in time of the
variance of the particles displacement with respect to the barycenter (Equation (5)) of the

plume in case of homogeneous systems [55,64] (D =1/2 x dZ'*/dt ), the variances were

evaluated by means of the following equations:

Vary = B{ (x = Xoar)’} 3)
Vary = E{ (y - Ybar)z} 4)

and then:
Di = 1/2 x (d Vary (t— to) /dt) ®)

The variance of x and y (respectively, Figure 13a,b) displacements were calculated
as well as the standard deviations, respectively, for the x component of the displacement
in Figure 14a and for the y component in Figure 14b. As is known, the Std.dev. can be
considered representative of the enlargement of the plume contours. The linearity of the
tendency line used to interpolate the data is evidence that the enlargement of the plume,
following the dispersion theory, shows the dependency of the particle positions from the
previous displacements (Figure 14a,b). This result confirms that the motion of the nZVI
could not be described using the classical mass balance equation expressed in its Eulerian
form because it is evident that the nZVI plume is not still subjected completely to the fluid
motion due to the fact that it still has its own mobility. Unfortunately, the dimensions of
the tank did not allow for a complete development of the eventual conditions necessary to
satisfy the super-mentioned conditions. The results in Figures 13 and 14 give an idea of
the trend in the plume contour, and it is worth underlining that there’s more variance in
results in the y direction (Figure 13b) while on the contrary the standard deviations are
different in value only at the beginning of the test (Figure 14).

3.3. Mass Balance

A mass balance was applied to validate the image analysis procedure. The aim was to
match the injected mass of nanoparticles and the mass calculated by the above-mentioned
image procedure (a—d) in order to verify if the values were comparable. The injected mass
was equal to 0.2 g. To estimate the nanoparticle mass for each image, the procedure was
the following:

1. For each image, the same light intensity threshold of the proposed image analysis
procedure (a—c) was considered. The intensity threshold applied made it possible to
identify the mass of the nanoparticles and isolate them from the porous medium;

2. For each image, six light intensity levels of grayscale (r) were considered. The six gray
levels were considered individually, with a gray intensity step equal to seven. The
gray color levels were set so that the first intervals were characterized by the lower
gray values and the last were characterized by the higher gray values, as done for the
nanoparticle distribution curves processed;
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3. For each intensity level of each image, the area occupied by the nanoparticles was
calculated with Equation (1);

4. Itis fundamental to apply the same color spectrum (red) to the images in order to com-
pare the results between the different tests. Therefore, the nZVI concentration (cl.) was

calculated through the following relationship obtained by the calibration procredure:

= <—1.349 x ln<;> —|—6.3171)/s (g/L) ©)

r

where:

- Tisthe average light intensity value of reference defined for each gray level
- iidentifies the image at varying of the time
- eis the porosity (measured) equal to 0.4

5. For each gray level, the volume (VL) occupied by the nanoparticles was calculated

with Equation (7). The assumed h};pothesis was the nanoparticles were uniformly
distributed in the third dimension of the tank (thickness):

Vi = (AL xs)/1000 (L) 7)

where:
- Alis the area occupied by the nanoparticles (cm?)
- sis the thickness of the tank, assumed equal to 3 cm

6.  The mass (ml) was calculated for each gray level, with the following relationship:
r

mb = Vi x b xn(g) ®)
r r r

7. Knowing the mass of each gray level, the total mass (M') was calculated for the image
by the following relation:

. 6 .
M= ) ml (g) ©
r=1

This mass balance was applied to each image. Figure 14 shows the comparison
between the injected mass of nanoparticles (0.2 g—red line) and the mass calculated by
the above-mentioned procedure (1-7) for each gray level present in the image. The sum of
each amount should give a result comparable to the injected mass.

Figure 15 shows that, as expected, the largest mass of nanoparticles was concentrated
in the lowest gray level (blue bar in Figure 15), which corresponds to higher concentration
values, according to Equation (3). However, in the first phase of the image acquisition,
during the first 30 s that corresponded to the injection phase, the high and concentrated
mass of the nZVI brought an inaccurate reconstruction of the mass due to the impossibility
to distinguish the black tone articulation. In fact, this caused a mass underestimation, with
a minimum value equal to 0.06 g, during the first phase of the experimental test. Even
with this lack of knowledge in the first part of the injection/distribution process, the mass
values obtained can be surely considered comparable to the injected mass of nanoparticles
(0.2 g). Furthermore, Figure 15 highlights that the whole mass of nanoparticles, estimated
through the proposed procedure, can be traced back to the first two levels of gray (blue
and orange bar in Figure 15), i.e., the gray levels with the lowest values of light intensity,
which correspond to higher concentration values, according to Equation (6). Although the
mass balance has shown some limits in the use of image analysis for the reconstruction of
nZVI distribution mainly in the first part of the injection process, the obtained mass values
for the remaining part of the results, after the first minute of injection, are comparable
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to the injected mass of nanoparticles (0.2 g), until they stabilize in the final phase of

the experiment.
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Figure 15. Mass balance control results.

4. Numerical Model

A numerical model was implemented to reproduce the laboratory test. The fluid
flow was simulated numerically using the groundwater flow equation. According to
the Darcy equation, the fluid velocity was processed through Q = Volume;,/Time =
4.44 x 107% m3/s), the porosity (measured, e = 0.4), and the transversal area occupied
by the glass beads in the tank (Agjagseads = 0-0048 m?). Figure 16 shows the simulation of
low field inside the tank.

Figure 16. Numerical simulation of flow field inside the tank.

The transport of nanoparticles was reproduced using a modified advection-dispersion
equation, which describes the dual-phase interactions between particles in the liquid (water)
and solid phase (glass beads).
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The following equations (Equations (10)-(12)) were used. The set of equations takes
into account not just the transport and dispersion of the nZVI but also the interaction with
the solid phase (attachment and detachment). The ratio between the x-dispersion coefficient
and the one in the y-direction was considered equal to 100 following the observation of the
experimental behavior of the nZVI.

0eC B

IS duC  vC N 02(eDxC) N 9%(eDyC)

ET S ax  dy ax2 ay? (10)
IPpS;
95t _ 4 €~ ppkyS (12)

ot
where:

- Cis the concentration of nZVI in the liquid phase;

- Sin the solid phase (the pedix i is used for taking into account the possibility of several
species of nanoparticles);

- eisthe porosity

Figure 17 shows a comparison between the experimental results (Figure 9) and the
numerical model results. For the comparison, the image acquired at minute 2'36” (Figure 9f)
was considered, as it represents the instant of maximum distribution of the nZVI plume
before the particles left the area of interest. The used values in the numerical model were
those previously defined from the elaboration carried out on the experimental tests. The
dispersive effects results were slightly larger in the model mainly due to the numerical
dispersion linked to the finite difference approximation used for the numerical integration
of the transport equation. Even if a calibration phase was carried out for a better definition
of the dispersive behavior, it was not easy to reproduce completely the plume shape in time
evolution. Two important aspects must be underlined from the results: (i) the dispersion
ratio generally adopted in the groundwater transport description (ay /o) is surely at
least of one order of magnitude smaller than the one which is generally used (0.1 -> 0.01),
(ii) the detachment effect is much smaller than the attachment one (ratio kq/k, = 0.01)

{cm)

v
|

X (cm)

Figure 17. Comparison between the nZVI plume by image analysis and the one simulated using the
numerical model.
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5. Conclusions

This paper proposes an image analysis procedure to assess the mobility and dispersion
of nanoparticles injected in a saturated porous medium. The image analysis procedure
was followed from a processing phase through software and elaborations were finalized to
provide information about the distribution, velocity, path, and dispersion of nanoparticles
injected in a saturated porous medium and subject to an external fluid motion. Moreover,
a calibration test, performed by a smaller tank, was carried out to validate the image
analysis procedure.

During the first minutes of the experiment, the images showed that the nanoparticles
had the tendency to move toward the tank’s bottom after being pushed from the injection
action and the buoyancy forces. This phenomenon was enhanced by the nanoparticles’
tendency to aggregate [9,22,30]. This trend caused the nanoparticles to have an own motion
not strongly influenced by the fluid flow. This behavior, in fact, caused a predominant
velocity along the y-axis with respect to the x-axis during the mobility of the nanopar-
ticles. The processing of the barycenter path and velocity allowed us to verify that the
nanoparticles did not move with the water flow velocity, but they were characterized by
a separate behavior, according to which the x-axis velocity tended to slowly adapt to the
water flow velocity. On the contrary, the y-axis velocity increased significantly, mainly
due to the aggregation of the nanoparticles, which, therefore, due to the gravity force,
had a predominant motion toward the bottom (in the case of the homogeneous porous
medium). A procedure for the study of nanoparticle dispersion is also proposed in the
paper. This procedure (i-iv) allows us to study the nanoparticle dispersion using the re-
constructed area occupied in time and to apply the well-known relations on the dispersive
behavior of plumes. The data obtained from the image analysis, once processed, allowed
us to determine the sequential area occupied by the nanoparticles and therefore to define
qualitatively the dispersion characterizing the plume. A consideration could be made on
the basis of the statistical elaborations carried out. The plume of nZVI was not responding
to the classical mechanisms of the dispersion that allow us to use the classic equations of
mass balance. The results were surely influenced by the limited dimensions of the tank,
but at least, during the test time, the plume of nZVI was not completely subject to the
motion of the fluid and its dispersive laws. However, further processing with a larger tank
and a different injection methodology of nZVI are being carried out. Therefore, it appears
difficult to forecast the behavior of such a plume using the classic equation of mass balance
with a dispersion coefficient calculated via the fluid velocity and dispersivity factor. By the
nonlinear relation between the light intensity of pixels and nZVI concentrations, defined by
the calibration test, a mass balance control (1-7) was applied to confirm the validity of the
image analysis. The mass balance control highlighted that all masses of nanoparticles were
concentrated in the lowest gray level, in agreement with relation between light intensity of
pixels and nZVI concentrations. However, during the first phase of the image acquisition,
the concentrations were so high that the images could not accurately distinguish the black
levels, causing a mass underestimation. This issue is linked to the lighting methodology.
Although there was mass underestimation in the first images, for the other images the
results are good and significant to confirm the validity of the image analysis procedure.
Therefore, the image analysis procedure allows us to obtain good results for the study
of the nanoparticle mobility and dispersion. Another important aspect is that the use of
the classical dispersion equation cannot provide a reliable result. In fact, it is based on
the classical hypothesis in which the behavior of the receiving fluid governs the main
parameters of transport and dispersion. On the contrary, in this case it could be used to
represent the groundwater remediation applications, but with extreme caution. Finally, the
results obtained with a numerical model, aimed to reproduce the experiment carried out,
have allowed us to derive useful starting considerations that can provide valid aid for the
application of numerical models in the design of remediation activities based upon the
nZVI approach. Further experimental studies are planned to improve knowledge of the
nZVI plume in the case of different injection methodologies.
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