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Abstract

:

Zerovalent iron nanoparticles (nZVI) are becoming one of the most widely recommended nanomaterials for soil and groundwater remediation. However, when nZVI are injected in the groundwater flow, the behavior (mobility, dispersion, distribution) is practically unknown. This fact generally results in the use of enormous quantities of them at the field scale. The uncertainties are on the effective volumes reached from the plume of nZVI because their tendency to aggregate and their weight can cause their settling and deposition. So, the mobility of nanoparticles is a real issue, which can often lead to inefficient or expensive soil remediation. Furthermore, there is another aspect that must be considered: the fate of these nZVI in the groundwater and their possible impact on the subsoil environment. All these considerations have led us to propose an application of nZVI simulating the permeation technique through a laboratory experience, finalized to have a better, or even simpler description of their real behavior when injected in a flow in the subsoil. A two-dimensional laboratory-scale tank was used to study the dispersion and transport of nZVI. A nZVI solution, with a concentration equal to 4.54 g/L, was injected into glass beads, utilized as porous medium. The laboratory experiment included a digital camera to acquire the images. The images were then used for calibrating a numerical model. The results of the mass balance confirm the validity of the proposed numerical model, obtaining values of velocity (5.41 × 10−3 m/s) and mass (1.9 g) of the nZVI of the same order of those from the experimental tests. Several information were inferred from both experimental and numerical tests. Both demonstrate that nZVI plume does not behave as a solute dissolved in water, but as a mass showing its own mobility ruled mainly from the buoyancy force. A simple simulation of a tracer input and a nZVI plume are compared to evidence the large differences between their evolution in time and space. This means that commercial numerical models, if not corrected, cannot furnish a real forecast of the volume of influence of the injected nZVI. Further deductions can be found from the images and confirmed by means the numerical model where the detachment effect is much smaller than the attachment one (ratio kd/ka = 0.001). From what is reported, it is worthwhile to pay attention on the localization of the contaminants source/plume to reach an effective treatment and it is important to go further in the improvement of solution for the limiting the nanoparticles aggregation phenomenon.
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1. Introduction


Pollutant release is a worldwide issue that has been known for decades. This phenomenon may occur accidentally or due to anthropogenic activities, which ultimately result in soil and water pollution, leading to many health hazards [1,2,3]. Heavy metals (arsenic, chromium, lead, cadmium, mercury, zinc) and polycyclic aromatic hydrocarbons (PAHs) are two of the major environmental pollutants [3,4,5]. In recent years, in situ remediation techniques have been increasingly used as they avoid costs associated with the excavation and transport of the contaminated soil for off-site treatments [2]. Generally, in situ remediation techniques exploit phenomena such as biological, chemical, physical and/or thermal stabilization processes directly inside the subsoil [2,6,7,8,9]. However, it is necessary to consider carefully specific field conditions, such as weather, soil permeability, contamination depth, and potential deep chemical leaching [2]. Recently, nanotechnology has been successfully applied to environmental remediation, reaching inaccessible areas such as crevices and aquifers and thus eliminating the necessity for costly traditional operations [10]. Nanoremediation is a remediation technique through which reactive nanomaterials (i.e., nanoparticles) are injected in situ for the transformation and detoxification of pollutants, without the need for excavations and removal of polluting materials [11,12]. Zerovalent Iron Nanoparticles (nZVI) have been used for in situ remediation of a wide range of contaminants, both organic and inorganic [13]. In fact, laboratory tests and also pilot applications have demonstrated that nZVI application is effective to immobilize some harmful metals and metalloids, such as silver (Ag), aluminum (Al), arsenic (As), beryllium (Be), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb), uranium (U), vanadium (V), and zinc (Zn) [6,14,15]. ZeroValent Iron (ZVI) nanoparticles are characterized by a typical core–shell structure, with a diameter generally below 100 nm [16]. The core mainly consists of zerovalent iron (Fe0) and provides the reducing power for reactions with environmental contaminants. Instead, the shell consists of iron oxides/hydroxides (i.e., Fe2+ and Fe3+), because iron typically exists in the environment as iron(II)- and iron(III)-oxides, formed from the oxidation of zerovalent iron [17,18,19]. The presence of two layers in the core–shell structure generates useful properties for contaminant removal. The transport of nZVI to the pollutant source zone is fundamental for the success of in situ remediation [20]. Due to their small size, while nZVI particles are traveling through porous media, they can rapidly aggregate, leading to the development of larger-sized particles and increasing the possibility of settling and deposition [21,22]. Studies [18,23,24], based on laboratory and field activities, report that nanoparticles, when dispersed in water, tend to behave like colloids. The mechanical behavior of colloids, and nanoparticles as well, is strongly influenced by electrostatic repulsion deriving from the electrical double layer (EDL), and by the Van der Waals attraction, developed between the particles dispersed in water, according to Derjaudin–Landau-Verwey–Overbeek (DLVO) theory [23,24,25]. These forces can cause the aggregation of the nanoparticles with the formation of particles with a larger size, and therefore it is possible that the specific surface area is reduced [26,27]. By maximizing repulsive electrostatic forces between colloids, the formation of nZVI aggregates is controlled and each nZVI is kept free. When the nZVI are injected in porous medium, the main issue is the high tendency to aggregation, with the formation of large-size particles, and therefore to sedimentation phenomena [28,29]. These phenomena can alter the mobility of the nanoparticles in porous media, sometimes making remediation interventions ineffective. Moreover, a further limitation about nZVI mobility is also due to the possible affinity between nZVI and minerals of the soil grains, thus resulting in nZVI deposition onto the porous matrix. In fact, physical-chemical phenomena, based on the interaction between colloids and porous matrix, can influence the transport and mobility of nanoparticles [24]:




	-

	
Physical mechanisms: the filtration and straining phenomena. The first one is a generally irreversible phenomenon, according to which the particles are greater than the pores, so the colloids remain trapped [30,31]. On the contrary, the latter is a reversible process in which particles, being smaller than pores, are filtered by the intergranular contact points [30,31];




	-

	
Chemical mechanisms. These mechanisms typically result in dynamic deposition and release phenomena, with different behaviors in the early and advanced stages of deposition. During the initial phase, no particle is attached on the surface of the solid grains, and therefore the attached colloids do not influence the total interaction energy between particles and solid grains. During the advanced stages of deposition, a significant number of particles is already deposed on the porous matrix, and thus influences deposition kinetics. In this way, the collector includes both the porous medium and the deposed particles [30]. The main processes are: (i) irreversible attachment, if attractive Van der Waals forces are predominant and the nZVI attachment in primary minimum is generally considered to be irreversible; (ii) linear reversible attachment (known as attachment—detachment), if attractive Van der Waals forces and EDL repulsive forces are similar and the deposition is not limited or affected by the amount of deposed particles [24,32,33]; (iii) blocking phenomenon, if repulsive energies are predominant and the deposed particles exclude the suspended colloids that are close to the soil grain, reaching a maximum concentration of colloids on the surface grain [30,32] and (iv) ripening phenomenon, if attractive energies are predominant and the deposed particles tend to attract the suspended ones, leading to higher concentrations of attached colloids until the porous medium is completely clogged [24,30].









Therefore, considering these mechanisms, the nZVI transport in porous media can be represented by a modified advection-dispersion partial differential equation, including a term to define the interaction between particles (nZVI) in the liquid (water) and solid phase. Therefore, the paper presents an experimental laboratory test for the nZVI injection in a saturated porous medium, with a reconstructed groundwater flow in a two-dimensional tank. The results obtained by laboratory tests were used to calibrate a numerical model in order to study the nZVI transport in a saturated porous medium. The aim of this paper is to enhance the knowledge of the behavior of the nZVI once they are injected into the saturated soil. The main task is to verify if the usual hypothesis employed when a classic numerical model is applied in the simulation of the influence volume of nZVI injections can be used. In fact, the understanding of the nZVI transport mechanisms during the injection phase in the field and the development of numerical models are fundamental for the correct planning of the remediation intervention. The proposed model has evidenced that if the injection system is articulated on different points, the result is always a limited dispersion accompanied by a strong influence of the buoyancy force that does not allow to consider the particles completely subjected to the flow motion. In particular, this last evidence leads to specific difficulties in the application of standard models for the analysis of the influence areas of the nZVI in the groundwater remediation technology.




2. Materials and Methods


The injection of nZVI suspensions through direct push technology or via various types of wells (e.g., temporary or permanent injection wells) looks to be a promising remediation technique for contaminated aquifers [6,14,34,35,36]. The direct push system involves the injection of nanoparticles in suspensions with high pressure and high flow rate. However, this technique can lead to the formation of preferential flow paths, therefore to an irregular distribution in the soil, and in some case also to the fracturing of the porous medium structure [11,30,35]. On the contrary, in the case of permeation injection with piezometers or simple gravity wells, the pressures and rates are low [30]. This should also ensure a more homogeneous distribution of the nZVI suspension around the injection point and generally avoid the formation of preferential flow paths. However, the permeation injection is not compatible with low permeability aquifers. Due to low injection pressures, nanoparticles can settle at the point of injection, causing the clogging of the porous medium [11,35]. In fact, permeation injection is generally used in case of medium-coarse formations. This paper investigates at the lab scale the behavior of nanoparticles once introduced in groundwater by means of percolation systems. The results of laboratory experience were used to calibrate a numerical model.



2.1. Laboratory Investigation: Experimental Set-Up


The laboratory experiment used the flush of a volume of tap water for a total time of 10 min inside a saturated porous medium, reproduced through a plexiglass tank, partially filled with micro glass beads. During the first 2 min and 11 s of the experiment, a nZVI + water solution, at a known concentration, has been introduced into the saturated porous medium using a peristaltic pomp. During the experiment, digital images have been acquired for the calibration of the numerical model by a digital camera.



The experimental set-up is presented in detail in a previous paper [37]. However, here, a short description is reported. The tank, used in the lab tests, has a width of 52 cm, a height of 39 cm, a thickness of 7 cm and is made of plexiglass. The tank was partially filled with micro glass beads (400–800 μm- produced by Sigmund Lindner) for a total height of 29 cm. It is assumed that micro glass beads can be considered a homogeneous porous medium. Table 1 shows the main features of the micro glass beads used in the experiment.



The test was carried out under conditions that allowed us to consider the motion of the fluid characterized by means of a 2D approach. In fact, the width of the tank proved to be much smaller than its length and height. Figure 1 shows the layout of the experimental apparatus.



In the test, the flush of a volume of tap water equal to 28,000 mL for a total time of 10 min was used. Water motion was assured by means of a peristaltic pump, as shown in Figure 1. A water flow velocity (5.70 × 10−3 m/s) was calculated.



During the first 2 min and 11 s of the experiment, a nZVI + water solution, with a concentration equal to 4.54 g/L, has been introduced into the saturated porous medium using a peristaltic pomp (Figure 1) simulating a permeation injection. Nanofer25S were selected and purchased from NANO IRON s.r.o. (Rajhrad, Czech Republic) [11,14,36,38,39,40]. Nanofer25S solution can be characterized as follows (Table 2):



The sample of Nanofer25S is equipped with a stabilizing solution in polyacrylic acid—PAA (3%) (Table 2), which can reduce surface forces between the nanoparticles. Some studies [41,42,43] have examined the behavior of nZVI when stabilized by polyacrylic acid (PAA), and then verified its efficiency to stabilize nanoparticles and improve their transport. As shown in Figure 1, the experiment involved the use of a solution of water and nZVI, injected in the porous medium, whose features are shown in Table 3.



The nZVI + water (Table 3) solution was introduced into the tank using a low-pressure pump for a total time of 2 min and 11 s, simulating then the dispersion on the water table of the nZVI and their percolation in the subsoil. Figure 1 shows the two injection points of nZVI, placed on the surface of the saturated porous medium:




	-

	
Point 1 (P1): x = 21 cm and y = 5 cm




	-

	
Point 2 (P2): x = 30 cm and y = 5 cm









Figure 1 shows that the tank has been illuminated by two halogen lamps, located behind the tank at a distance of 200 cm with respect to the camera. The experiment set also included the use of a Nikon (D80) digital camera with 10 megapixels as image resolution, fixed on a tripod for the acquisition of the images located before the tank. The camera was placed in a fixed position 150 cm away from the tank (Figure 1). The camera was remotely controlled by means of a software (Camera Control Pro 2.0) in order to set the frequency of image acquisition (Figure 1).




2.2. Numerical Model


The numerical model has the aim to develop a tool for simulating the mobility and transport of nanoparticles in a saturated porous medium using a 2D approach; furthermore, it can be useful in this phase for a better understanding of the processes involved. The model can in fact give, thanks to its calibration by means of images of the involved processes, an idea of the behavior of the nanoparticles once they are injected in a saturated porous medium and subject to a velocity flow. The simulation presented in this paper concerns the calibration of the model based on lab tests, the application for evidencing the efficiency of nZVI and the comparison of nZVI compared to a dissolved tracer substance. From the results, the different behavior of the nZVI compared to a substance completely subject to the fluid motion and the importance of the location of the injection wells or leakage area are evident.



The model provides before the calculation of the hydraulic head following the well-known approach Equation (1).


   ∂  ∂  x i     (   k  i j     ∂ h   ∂  x j     )  = ϵ   ∂ h   ∂ t    



(1)







As the initial condition, static distribution of the piezometric level was adopted and the flow was assured with Dirichlet and Neumann conditions at boundaries (point of inlet and point of outlet). Defining the velocity field, it is possible to study the nZVI motion.



The nZVI transport in porous media can be represented by a modified advection-dispersion partial differential equation, including a term to define the interaction between particles (nZVI) in the liquid (water) and solid phase and the interaction with the eventual contamination present. Several studies [24,31,35,37,44] have shown that for a generic domain, the nZVI transport equation can be expressed as follows (Equations (2) and (3)):


    ∂  (  ε C  )    ∂ t   +   ∑  i   ∂  ∂ t      (   ρ b   S i   )  = −  ∂  ∂  x i       (   v i  C  )  +    ∂ 2    ∂  x i 2       (  ε  D  i j   C  )   



(2)






   ∂  ∂ t      (   ρ b   S i   )  = f  (  C ,  S i   )   



(3)




where ε is the porosity of the medium [−], vi is the Darcy velocity along the ith direction [m/s], C is the nZVI concentration in the mobile phase [g/m3], Si is the nZVI concentration in the solid phase [mg/g], estimated as the mass of deposited particles by the unit of the porous medium mass, Dij is the dispersion coefficient tensor [m2/s] and ρb is the bulk density of the solid matrix [g/m3]. The first term on the left-hand side of the Equation (2) shows the variation over time of the nZVI concentration in the liquid phase and the second term represents the mass transfer from the liquid phase to the solid phase. On the right-hand side of the Equation (2), we find the classical terms representing the advection and the diffusion. The velocity, on the right-hand side of the Equation (2), was obtained using the well-known Darcy law. However, according to previous results [37,45], the nZVI plume does not behave as a solute dissolved in water, but as a whole. Their mobility does not appear only subject to the fluid motion but also characterized by its own mobility due to the aggregation phenomena. So, in order to consider the further velocity contribution, in addition to the water velocity, a modification for the y-velocity (vy(ij)) in the advection term of the nZVI transport equation was introduced, considering a corrective factor (α). The velocity is then calculated according to Equation (4):


   v  y  (  i , j  )    =  v  w a t e r   × α  



(4)







The corrective factor (α) is used to take into account the contribution in the vertical direction of the sedimentation velocity of nanoparticles, using Stokes law (vs), according to Equation (5):


  α =    v  y  (  i , j  )       v  w a t e r     =    v  w a t e r   +  v s     v  w a t e r      



(5)







The Equation (3) represents the exchange between liquid and solid phase, according to particle-particle or particle-porous matrix interaction mechanisms. The variable f in the Equation (3) is a generic function expressing the deposition and release of particles. Studies in the literature [24,35,37,46] show that several mechanisms, chemical phenomena, influence the particle-particle or particle-porous matrix interactions: (i) irreversible attachment, (ii) linear reversible attachment (known as attachment—detachment), (iii) blocking phenomenon and (iv) ripening phenomenon. The particular behavior of the nZVI plume, according to preliminary research [37], in the case of direct push injection, has evidenced that the use of the classical dispersion equation cannot provide a reliable result because of the importance of phenomena such as aggregation and buoyancy force that allows for a partial independence of the plume motion with respect to the water one. The interaction equation can be represented in an explicit way by means of the following discretized Formula (6):


   S  i , j   t + 1   =  [   (    ε   ∗    k  A T T      ρ b     )  × d t ×  C  i , j  t     ]  −  (   k  D E T   ∗ d t ∗  S  i , j  t   )   



(6)




where Ci,j is the nZVI concentration in the liquid phase and Si,j is the nZVI concentration in the in the solid phase, developed according to linear reversible attachment. The linear reversible attachment process [24,30,35,37,44,46] were considered in the numerical model (3) for the interaction between nanoparticles and solid phase. The attachment (kATT) and detachment (kDET) coefficients (Table 4) used for the numerical simulations were assessed during the calibration phase, stemming from the available literature data [31,47,48,49] and the mass balance, matching the nZVI mass injected during the experimental test and the one calculated by the numerical simulation.



The calibration phase for the velocity field has been carried out by modifying the values of the hydraulic conductivities (kx and ky) of the porous medium. Table 5 reports the input data used in the model. The hydrodynamic dispersion (D), shown in Table 5, has been defined according to the results obtained from previous studies [37].



In the simulation reported in this paper, the presence of a contaminant, adsorbed to the grains of the porous media, was also considered. Once the nZVI interact with the contaminant, it is adsorbed on their surface, assuming a first-order kinetic according to Equation (7):


    d  P i    d t   = −  k  o b s    C i   



(7)




where Pi is the contaminant concentration [g/m3]; Ci is the nZVI concentration in the liquid phase and kobs is the observed reaction rate constant [min−1]. In this paper, the kobs value was selected stemming from the available literature data in the range 0.07–1.3 min−1 [50].





3. Results and Discussion


Calibration was carried out based on the knowledge of (i) the injection points of the nZVI + water solution, (ii) the nZVI concentration, (iii) the hydraulic and (iv) the geometric properties of the saturated porous medium. Figure 2 shows the simulation of the flow field inside the tank.



The hydraulic conductivity coefficient, kx (Table 5) was chosen according to a calibration procedure, comparing the velocities for x-axis defined by simulations of the numerical model and the water flow velocity value measured during the experimental test, calculated according to the volume at the outlet (Q = Volin/Time = 4.66 × 10−5 m3/s = 168 L/h), the (measured, ε = 0.4) porosity, and the transversal area occupied by the micro glass beads in the tank (AGlassBeads = 0.020 m2) and the same procedure for the conductivity coefficient along the y-axis. The mean velocity value provided by the simulation of the numerical model (5.41 × 10−3 m/s) is strictly close to the water flow velocity of the experimental test (5.70 × 10−3 m/s).



The nZVI transport was reproduced using a modified advection-dispersion Equations (2) and (3). Equation (3) describes the dual-phase interactions between particles in the liquid (water) and solid phase (grains). The results obtained with the numerical model (Figure 3, Figure 4 and Figure 5) show the mobile part of tfhe nZVI through the porous medium and the attached ones. It was assumed that, with mobile nZVI, part of the nanoparticles was still able to react with the present contaminants. The results also show the inactive part of nZVI lost due to their interaction with the solid medium. Figure 3 shows the results of the numerical model during injection time.



Figure 3 shows the attached nZVI. On the contrary, Figure 4 shows the results of the numerical model for both mobile and attached nanoparticles at the final instant of injection time of nZVI, after 2 min and 11 s since the beginning of the experimental test.



As it is possible to notice, at the instant 2 min 11 s, there is the maximum expansion of the plume of the mobile nZVI and then they begin to exit from the tank. Finally, Figure 5 shows the trend of attached nanoparticles at the end of the test, i.e., at 10 min.



Figure 5 shows only the distribution of the attached nanoparticles at the end of the experiment, while the mobile nanoparticles are outside the tank at that time.



The numerical model results (Figure 3, Figure 4 and Figure 5) show light instabilities due to the finite difference approximation used. Regarding the attachment and detachment coefficients (Table 4), they have been chosen following a calibration procedure, considering the literature data [47,48,49] and comparing the nZVI mass injected during the experimental test and the nZVI mass obtained with the numerical simulation, calculated according to the following relationship, Equation (8):


   m  N u m e r i c a l   M o d e l   =  ∑   ⌊ (   c  M o b _ n Z V  I i      ∗    V i  i n f l    )  −  (   c  D e p _ n Z V  I i      ∗    V i  i n f l    ) ⌋  × ε  



(8)




where the nZVI concentration (ci), cell by cell (m  ×  n), has been multiplied by the influence volume (Viinfl) around the cell node, both for mobile and attached nZVI. The value of mass obtained by simulations of numerical model is equal to 1.9 g, and it is comparable to the injected mass of nanoparticles (2.5 g) during the experimental test. As mentioned before, a significant aspect must be underlined from the results: the detachment effect is much smaller than the attachment one (ratio kd/ka = 0.001).



The validated model was then applied for simulating the redistribution of a passive dissolved tracer in the saturated porous medium characterized by random heterogeneous permeability (Figure 6a–c). The numerical investigation was carried out using the input model data reported in Table 5 and a permeability field ranged from 1.4 × 10−4 m/s to 6.8 × 10−3 m/s. The concentration of the injected tracer was considered equal to the concentration of nanoparticles injected inside the tank during the laboratory experiment. The results reported (Figure 6a–c) show a different redistribution of the tracer if compared to the nanoparticles one (Figure 3, Figure 4 and Figure 5). The plume of the dissolved tracer is characterized by a major velocity and dispersion along the x-axis than the plume of nanoparticles. The different behavior of the tracer is mainly caused by the absence of the influence of the buoyancy force. The obtained results demonstrate the uncertainties of the traditional numerical models, used for dissolved contaminants, to simulate the redistribution of nanoparticles in saturated porous media.



The main factors affecting the capacity of nanoparticles to remove contaminants are the concentration of nanoparticles and the proximity of injection wells of nanoparticles to contamination sources. Therefore, it is important to know the location of the source of contamination to optimize the effectiveness of the removal process. The proposed numerical model was applied to simulate two different scenarios characterized by the same source of contamination, but at different injections points of nanoparticles. Both reproduced porous media were characterized by the values of parameters shown in Table 5 and the heterogeneous permeability field reported above. The contaminant was considered adsorbed to the grains of the porous media with a concentration equal to 1 g/m3 of bulk soil. The concentration of the injected nanoparticles was set equal to 4.545 × 103 g/m3, the same concentration of nanoparticles used for the laboratory experiment (Table 3). The injection of nanoparticles was simulated at P1 in the first scenario, near the border of the computing domain in the second one. The two simulations show different results in terms of removal of the contamination source. In the case of injection of nanoparticles in P1, the source of contamination is almost completely removed because nanoparticles are injected near the polluted area, and they enter in contact with the contaminant (Figure 7). In the second scenario in Figure 8, the injection point of nanoparticles is farer from the source of contamination and the limited dispersion, together with the strong influence of the buoyancy force, do not allow the nanoparticles to reach the portion of the aquifer containing the source of contaminant.



The results confirm the importance of investigating and characterizing the position of the contamination source to better define the location of injections wells of nanoparticles and increase their effectiveness in contaminants removal.




4. Conclusions


The aim of the paper was to present experimental results which can furnish information on the mobility and dispersion of nZVI in saturated porous media. The mobility of nanoparticles is a real issue, which can often result in inefficient soil remediation application at the field scale [37]. The numerical model, helped by laboratory experience, has the aim to enhance the knowledge on the nZVI behavior and provide information on the design of the application technology of nZVI. The exam, both by means of lab tests and numerical analysis of two largely used methodologies for the distribution of nanoparticles in soil and subsoil, has provided valuable information on the characteristics of the generated plumes. The first methodology, direct push injection, was focused on in a previous paper [37,45] and from the obtained results, it was evidenced that the direct push does not guarantee the proper dispersion of the particles. In the present study, a different method for injection was adopted and the response of the system has shown a behavior practically very close to the other one. In both cases, the distribution of the nZVI results in narrow plumes with a strong characterization of its shape towards the vertical axes, the influence of the flow motion (horizontal) is relatively low, and it can be considered relevant in our tests simply due to the presence of the closed boundary (tank bottom). The nZVI transport in the porous media test was then represented by means of a numerical model based on a modified advection-dispersion partial differential equation, including a term to define the interaction between particles (nZVI) in the liquid and solid phase. From the experimental results, it was clear that the simple use of the mass balance equation does not satisfy the conditions for the good interpretation of the nZVI plume behavior. The introduction of a corrective term (α) which takes into account the buoyancy effects due to different weight of the nZVI can be a first aid to a better forecast of their distribution. The results of the numerical model simulation (Figure 3, Figure 4 and Figure 5) show clearly that the nZVI plume does not behave like the one of a solute input, which is only influenced by the fluid motion and its characteristics in terms of transport and dispersion. Therefore, the nZVI transport cannot be defined using the classical mass balance equation, but it must be modified to take into account the interactions between the nZVI and the saturated porous medium that can influence the nZVI transport. To enforce this statement, a simulation of a dissolved tracer in the same domain of the tests with a random generated heterogeneous permeability (Figure 6) was added. As it is possible to evidence in this case, the plume of the dissolved tracer is characterized by higher velocity and larger dispersion, in particular along the x-axis and, more important, the barycenter of the plume shows a completely different trajectory if compared with those of the nanoparticle plumes. Therefore, these results demonstrate the unsuitability of the simple application of traditional numerical models, generally used for dissolved contaminants, to simulate the redistribution of nanoparticles in saturated porous media. At the end, the simulation of nZVI dispersion with the presence of a contaminant source (Figure 7 and Figure 8) confirms the importance of investigating and characterizing the source of contamination to better define the location of injections wells of nanoparticles and increase the effectiveness of the nanoparticles to remove contamination. The elaborations carried out by the numerical model have demonstrated to be fully comparable to ones obtained from the experimental activities. The velocities intensity is absolutely close to those measured in the experimental tests (5.41 × 10−3 m/s, vs. 5.70 ×10−3 m/s) and same considerations can be applied to the mass of nZVI injected during the laboratory tests (2.5 g vs. 1.9 g).



Therefore, the results obtained by the combination of experimental and numerical tests have allowed us to derive useful considerations that can provide valid aid for the application of numerical models in the design of remediation activities based upon the nZVI approach.
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Figure 1. Experimental apparatus. 
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Figure 2. Numerical simulation of the flow field inside the tank. 
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Figure 3. Results of numerical model simulations (during the injection time). 
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Figure 4. Results by numerical model simulations at 2 min 11 s (at the end of the injection time). 
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Figure 5. Results by numerical model simulations at 10 min (at the end of the permeation test). 






Figure 5. Results by numerical model simulations at 10 min (at the end of the permeation test).



[image: Hydrology 09 00196 g005]







[image: Hydrology 09 00196 g006 550] 





Figure 6. Numerical simulation of flow filed in a heterogeneous aquifer (a). The redistribution of a dissolved tracer simulated numerically at time = 2 min 11 s (b) and time = 10 min (c). 
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Figure 7. Numerical simulation of nanoparticles redistribution and contaminant removal in a heterogeneous aquifer at time = 46 s (a), time = 2 min 11 s (b) and time = 2 min 50 s (c). The injection of nanoparticles was simulated at P1. 
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Figure 8. Numerical simulation of nanoparticles redistribution and contaminant removal in a heterogeneous aquifer at time = 46 s (a), time = 2 min 11 s (b) and time = 2 min 50 s (c). The injection of nanoparticles was simulated near the border of the domain. 
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Table 1. Main features of the micro glass beads.
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Micro Glass Beads






	
Diameter

	
400–800 μm




	
Refractive index

	
1.52




	
Porosity ε (measured)

	
0.4




	
Bulk density

	
1.49 kg/L




	
Hardness

(according to Mohs)

	
≥6
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Table 2. Main features of the Nanofer25S solution.
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Nanofer25S






	
Composition mixture (weight % content)

	
77% Water

14–18% Iron (Fe)

3% Polyacrylic acid (PAA).

2–6% Magnetite (Fe3O4)

0–1% Carbon ©




	
Granulometry

	
d50 < 50 nm




	
pH

	
11–12




	
Specific surface

	
>25 m2/g




	
Specific gravity

	
1.15–1.25 g/cm3 (20 °C)
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Table 3. Features of nZVI + water solution used during permeation injection test.
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nZVI + Water Solution for Permeation Injection Test






	
nZVI stock solution concentration

	
250

	
g/L




	
nZVI volume

	
10

	
mL




	
nZVI mass

	
2.5

	
g




	
nZVI + water solution volume

	
550

	
mL




	
nZVI + water solution concentration

	
4.54

	
g/L
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Table 4. Attachment and detachment coefficients for numerical model.
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Attachment and Detachment Coefficients






	
kATT

	
0.1

	
1/s




	
kDET

	
0.0001

	
1/s
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Table 5. Model Input Data.
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Parameter

	
Values

	
Units






	
Physical width

	
0.52

	
m




	
Physical height

	
0.29

	
m




	
Rows (m)

	
26

	
-




	
Columns (n)

	
43

	
-




	
Injection/Extraction flow rate (Q)

	
168

	
L/h




	
Porosity (ε)

	
0.4

	
-




	
Micro glass beads hydraulic conductivity

	
kx

	
2.5 × 10−3

	
m/s




	
ky

	
4.3 × 10−3

	
m/s




	
Micro glass beads dispersion 1 (D)

	
2.6 × 10−5

	
m2/s




	
Bulk Density (ρb)

	
1.49 × 106

	
g/m3




	
Injection Point 1 (P1)

	
xP1

	
0.21

	
m




	
yP1

	
0.05

	
m




	
Injection Point 2 (P2)

	
xP2

	
0.30

	
m




	
yP2

	
0.05

	
m




	
nZVI + water solution concentration

	
4.545 × 103

	
g/m3




	
nZVI volume

	
10

	
mL




	
nZVI mass

	
2.5

	
g








1 Mean value.
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