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ABSTRACT

Subsurface remediation using nanoscale zero valent iron (nZVI) is a promising in-
situ technology that can convert groundwater contaminants into non-toxic
compounds. Despite its promising characteristics, field scale implementation of
nZVI technology has faced major challenges due to poor subsurface mobility and
limited longevity, all leading to smaller nZVI travel distance. How far nZVI travels
in the subsurface is an important parameter as it influences the amount of
contaminants that could be reached and thereby remediated.

This thesis examined various factors (viscosity, groundwater velocity,
injection flux, soil heterogeneity, lag period) on nZVI travel distance through a
numerical model and by performing a statistical analysis which revealed that
viscosity has a statistically significant impact on nZVI travel distance while the
impact of groundwater velocity and injection flux are statistically insignificant. The
model also revealed that soil heterogeneity plays an important factor and that

longer nZVI injection periods are better for nZVI deployment in the field.
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Chapter 1 Introduction

Groundwater contamination can be a result of chemicals such as heavy metals
and chlorinated solvents making their way to underlying aquifers. This leads to
environmental damage and potential health issues if such aquifers are used as a
drinking water source (Harr 1996). In addition, as exposure to contaminated
groundwater is dangerous, extracting it out of the ground surface for treatment is
often risky (as some contaminants may cause health issues (Costas et al. 2002))
and costly. Therefore, innovative in situ technologies are required, preferably at
the source zone (area where contamination originates from). One such technology
is nanoscale zero valent iron (nZVI) which can be injected into the subsurface and
has shown significant potential in remediating contaminated groundwater
(O’Carrol et al 2013; Li et al. 2006).

In this chapter, an overview of the nZVI technology, the mobility of nano
particles in the subsurface, and implementation challenges at the field scale are
reviewed and described. Although many studies have been conducted in the
laboratory, this chapter focuses on field-scale implementation. In addition, the

objectives of the thesis are outlined.

1.1 Nanoscale Zero Valent Iron (nZVI) Technology

nZV| remediation works because the zero valent iron (Fe®) releases an electron

when it is oxidized. These electrons can then reduce organic groundwater
1



contaminants, through reductive dechlorination, converting them into non-toxic
compounds (Li et al. 2006, O’Carroll et al. 2013). For example, tetrachloroethylene
(PCE, C2Cls) can be reduced to ethane (C2Hs) (Eqg. 1-1), which poses a little
toxicological risk (Li et al. 2006).
C,Cl, + 5Fe® + 6H* — C,Hg + SFe2* + 4Cl- (1-1)
Inorganic contaminants such as hexavalent chromium (Cr8*), divalent nickel
(Ni?*) and divalent lead (Pb?*) can be reduced by nZVI to less toxic state as Cr3*,
Ni% and PbP respectively, adsorbed on the nZVI surface as Cré*, Ni** and Pb?* and
precipitated as oxides (O’Carroll et al. 2013). Figure 1 shows a remediation
scenario using nZVI. Generally, nZVI is injected into subsurface through an
injection well and as it moves through the subsurface it reacts with the
contaminants, remediating the site. Alternatively, nZVI can be injected into the
source zone but can be effected by source concentration, reactivity, and location
(Taghavy et al. 2010).
When injected into the subsurface, nZVI particles may aggregate (formation of
larger sized particles due to dominant attractive forces (Petosa et al. 2010)) which
can limit their mobility and reactivity, therefore different kind of stabilizers and
surface coatings have been used to increase nZVI stability in porous media. Some
of these coatings include carboxymethyl cellulose (CMC), guar gum, poly-styrene

sulfonate (PSS), an emulsion of biodegradable vegetable oil and water, and



nZVI

Contaminant source 1

I, ——

Treated water

Figure 1.1: nZVI remediation schematic

polyacrylic acid (PAA) (Quinn et al. 2005, Lin et al. 2010, Raychoudhury et al.
2010, Sakulchaicharoen et al. 2010). These coatings can be applied on the iron
surface during synthesis or after. In addition, bimetallic nZVI particles have been
produced by modifying nZVI surfaces with noble metals (Elliott and Zhang 2001,
Henn and Waddill 2006, Sakulchaicharoen et al. 2010). These noble metals can
include Palladium (Pd), Platinum (Pt), Nickel (Ni), Silver (Ag), or Copper (Cu) and

their addition increases the rate of reduction of contaminants (O’Carroll et al 2013).

1.2 nZVI Travel Distance in Groundwater

nZVI mobility and longevity are important parameters when implementing nZVI
technology in the field. As seen from Figure 1.1, in order for nZVI to be successful
it needs to travel from the injection well to the contaminants. Even if injected into

the source zone, nZVI still needs to travel from the injection well to the outskirts of
3



the source zone to ensure complete remediation. However, various range of nZVI
mobilities have been reported in different field studies based on different
measurement strategies such as contaminant degradation efficiency in monitoring
well, visual observation of compounds extracted from monitoring well, analysis of
extracted groundwater, nZVI reduction efficiency, measurement of acidity or
basicity (i.e., pH measurement) and measurement of dissolved oxygen (DO). In
addition, nZVI longevity (how long nZVI stays active and does not react with non-
contaminants) also varies in literature. In general, nZVI can be injected into the
subsurface using gravity fed (constant head) or constant flux methods. Gravity fed
injections specify a constant pressure or head that controls the flow, while constant
flux uses a constant flow rate for injection.

Gravity fed injections have been used by many ((Elliott and Zhang 2001,
Kocur et al, 2014, Zhang 2003, Wei et al, 2010, Henn and Waddill, 2006;
Chowdhury et al, 2015) to introduce nZVI into the subsurface. Elliott and Zhang
(2001) injected nanoscale bimetallic Fe-Pd particles by gravity fed injection in an
unconfined saturated aquifer for two days to remediate groundwater contaminated
by trichloroethylene (TCE) and chlorinated aliphatic hydrocarbons. These particles
were reported to travel at least 1.5 m based on the observed maximum
degradation in the closest piezometer location. Zhang (2003) documented a test
done by Glazier et al. (2003) in the Durham sub basin, North Carolina, where slurry

of potable water and nZVI particles were freshly prepared on site and injected by



gravity with the help of a submersible pump. They reported a 6 to 10 m radius of
influence of injected nZVI particles based on notable reduction in contaminant
concentration. Elliott and Zhang (2001) used a recirculation system during gravity
fed injection of bimetallic Fe-Pd particles and high contaminant reduction was
observed at the injection well and adjacent piezometer spaced at 1.5 m. The
recirculation system has also been used in other field studies (Henn and Waddill
2006, Chowdhury et al. 2015, Kocur et al. 2014). Basically, the system involved
extracting contaminated groundwater to be mixed with particles before injection,
allowing for pre-treatment of contamination. Henn and Waddill (2006) reported
nZVI travel distance of 6 m as nZVI migrated to a downgradient well during gravity
fed injection and visual observation in several extraction wells reported
cloudy/black strained water indicating the presence of nZVI colloids. Wei et al.
(2010) injected freshly prepared Fe-Pd particles into a contaminated site by gravity
fed injection and reported a 3 m distance measured by suspended solid (SS) and
total solid (TS) analysis. They compared the mobility of this freshly prepared Fe-
Pd suspension with commercially available Fe-Pd suspension and opined that
freshly prepared suspension has better mobility. Kocur et al. (2014) reported at
least 1 m travel distance of CMC-nZVI particles to a downgradient monitoring well
in a contaminated sandy soil during gravity fed injection. Chowdhury et al (2015)
used a peristaltic pump to inject CMC-nZVI by gravity into a variably saturated

shallow aquifer and found particles to travel at least 0.8 m away from well, based



on indirect measurements such as oxidation-reduction potential (ORP), pH and
DO.

He et al. (2010) combined gravity fed and constant flux (pressure injection)
methods using a peristaltic pump to inject CMC stabilized Fe-Pd particles in a
contaminated unconfined aquifer. The peristaltic pump maintained a constant
head for gravity fed while during pressure injection the well head was sealed, and
a pressure gauge was installed with a total pressure of less than 5 psi. They
reported more nZV| mobility during high pressure injection than during gravity fed
injections, where particles travelled up to 3 m down gradient.

Constant flux injection has been modified in different field injections using
several techniques. One such technique is pressure pulse injection (PPI) where
an injection tool is attached with an inflatable packer that isolates the target
injection area and then particles are pushed by a perforated injection pipe with
large-magnitude pressure pulses. This technique was used by Quinn et al. (2005)
to remediate contaminated groundwater by injecting emulsified (emulsion of
biodegradable vegetable oil and water) nZVI (EZVI) into eight wells located in a
dense non-aqueous phase liquid (DNAPL) source zone. DNAPLs are liquids that
are denser than water with low water solubilities, such as PCE, trichloroethylene
(TCE), polychlorinated biphenyl (PCB), coal tar, mercury and extra heavy crude oll

(National Research Council, 1999). Although the authors did not report any exact



distance travelled by EZVI, they did find that EZVI did not travel the expected
distance.

Another technique is pneumatic fracturing used by Su et al. (2013) to inject
EZVI by injecting nitrogen gas first followed by EZVI injection. This type of injection
was compared to direct, or constant flux injection and showed that pneumatic
injection resulted in higher EZVI travel distance. For an example, Su et al. (2013)
reported a 2.1 m travel distance for EZVI colloids during pneumatic injection
compared to 0.89 m for direct injection.

Bennett et al. (2010) found that CMC-nZVI were mobile in the subsurface
but their mobility was reduced with time and became immobilized after 13 hours
and transport ranges varied from 0.54 m to 1.3 m in several direct push and pull
tests. Busch et al. (2015) reported nZVI travel distance up to 5.3 m during constant
flux injection while 12 % of the particles were found in this distance and significant
amount decreased before this due to deposition in porous media. It should be
noted that seepage velocity was 2 (m.h™1) and the injection rate was 500 (L.h™1).
This high injection rate may be attributed to the increased travel distance because
most of the studies used injection rate lower than this value, (i.e., Bennett et al.
(2010) used a maximum of 318 (L.h™1) (5.3 L.min™1).

In most cases, the injection of nZVI using gravity fed methods resulted in
shorter travel distances due to lowered injection velocities (compared to constant

flux injections), especially if polymer-stabilized nZV| were used. This shorter travel



distance is due to viscosity effects and increased attachment rates at lower
velocities (Krol et al, 2013). In addition, mobility can be enhanced using
recirculation techniques or flushing with water or stabilizing solution (Henn and
Waddill 2006, Chowdhury et al. 2015, Mondal et al. 2018). Conversely,
incorporating lag times in the injection strategy can decrease nZVI mobility as the
reduced average velocity may result in attachment onto soil grains (Bennet et al,
2010; Krol et el, 2013).

Although nZVI mobility is the focus of most remediation studies (due to the
importance of the particles reaching the contaminants), most field and lab
applications report moderate mobility ranging from 1 to 6 m (Kocur et al, 2014;
Elliott and Zhang, 2001; Henn and Waddill, 2006; Zhang, 2003; Kéber et al. (2014).
In addition, the reported nZVI travel distance is often measured by visual sightings
of nZVI with distance, examining contaminant concentration downgradient of the
injection well or by indirect measurements such as change in ORP, SS, and TS
analysis etc.

Although numerous studies have been performed, as outlined above,
transport behavior of nZVI in the subsurface is still not well understood. One thing
that is common among all the studies is that they all agree that optimum travel
distance for successful remediation has not been achieved yet. In addition, the
effect of various factors has not been systematically studied and comparison of

various studies is difficult due to the change in system parameters. From the



studies outlined above, nZVI transport distances range depends on injection types,
injection rates, injection strategy (e.g., lag period, circulation), mass injected, the
viscosity of injected solution, and the type of particle used. However, the factor has

the most effect on nZVI travel distance has not been identified.

1.3 Implementation Challenges of nZVI Remediation

Despite its promising characteristics, field scale implementation of nZVI
technology has faced major challenges due to poor subsurface mobility, limited
longevity (O’Carroll et al. 2013, Kocur 2015), and well clogging (Elliott and Zhang
2001), all leading to a smaller travel distance. A larger travel distance is preferable
since it can reduce the total time of remediation and provide a cost-effective
solution. There are several factors which may have an effect on nZVI travel

distance.

1.3.1 Factors Affecting nZVI Travel Distance

Research has been carried out by others to identify the factors which may have an
effect on particle travel distance. nZVI travel distance may be affected by rapid
aggregation, settling, oxidation, nZVI injection method, groundwater/porewater
velocity, injection flux, lag phase (time duration when nZVI injection is stopped),
solution viscosity, and subsurface heterogeneity (Bennett et al. 2010, Krol et al.

2013, Raychoudhury et al. 2014, Kocur et al. 2014 ).



Aggregation may occur due to particle-particle interaction (Petosa et al.
2010) and settling occurs due to gravitational forces (Phenrat et al. 2007). These
factors affect nZVI travel distance by reducing the amount of nZVI particles
available for transport (O’Carroll et al. 2013, Raychoudhury et al. 2014, Kocur
2015).

The method of nZVI injection may also influence nZVI travel distance. As
mentioned above, different types of injection strategies can be used for nZVI
remediation. These include pneumatic injection, direct injection, pressure pulse
injection, gravity fed injection etc. (Su et al. 2013, Kocur et al. 2014). While gravity
fed injection generally maintains a constant head at the injection well, other
injection methods depend on injecting flux in the porous media. Krol et al. (2013)
considered both constant flux (CF) and constant head (CH) injections from field
injection data of (Bennett et al. 2010) in a three-dimensional (3D) numerical model
and found a higher travel distance in the case of a CF injection.

Laumann et al. (2013) conducted a column experiment for nZVI transport
and suggested that doubling the injection velocity increased nZVI transport
(Breakthrough of PAA-nZVI rose from 0.32 to 0.70). According to Kocur et al.
(2014), field nZVI travel distance and longevity can be achieved with very high
porewater velocity and highly stable nZVI suspension. Alternatively, lag phase

during successive nZVI injection can lead to nZVI deposition in porous media
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under low porewater velocity condition (Bennett et al. 2010, Kocur et al. 2014) and
make nZVI immobile (Krol et al. 2013).

nZVI travel distance can also be influenced by the solution viscosity (Krol et
al. 2013, Chowdhury et al. 2015). nZVI solution viscosity and stability can be
increased by adding different types of polymer such as CMC (Li et al. 2015). Li et
al. (2016) observed greater travel efficiency (38% mass eluted) by adding 2 g. L™
CMC compared to 1 (g.L™1) (11% mass eluted) at a fixed nZVI concentration.
Higher nZVI recovery was observed from the experimental sand tank as CMC
concentration was increased from 1 to 2 (g.L™1). However, increasing solution
viscosity decreased the hydraulic conductivity, lowering the travel velocity (as
hydraulic conductivity is inversely proportional to viscosity and proportional to
Darcy velocity (De Wiest 1966)) and hence the travel distance (Mondal et al. 2018).

nZVI concentration in the injected solution can also affect nZVI| travel
distance. Laboratory experiments showed a higher fraction of nZVI was recovered
by injecting lower concentrations (Phenrat et al. 2010, Li et al. 2016). However, the
length of the sand-tank was fixed during the experiment therefore the actual nZVI
travel distance directly could not be obtained.

Lastly, subsurface heterogeneity can affect nZVI travel distance. For
example, more nZVI can be transported in coarse sands than in fine sands (Yang
et al. 2007, Phenrat et al. 2010, Raychoudhury et al. 2014, Li et al. 2016) and

during various field injections, subsurface heterogeneity was found to strongly
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hinder transport (Kocur et al. 2014) and distribution of nZVIl (Henn and Waddill
2006). In addition, preferential flow caused by subsurface heterogeneity can
negatively impact the remediation goals as nZVI fails to reach the target
contaminant (He et al. 2010, Velimirovic et al. 2014). Daylighting of injected
solution (when the solution shows up on the surface) was also observed in a field
study (Su et al. 2013). In addition, phenomenon such as aggregation is greatly
influenced by soil particle size.

As natural aquifers are heterogeneous in nature, modeling studies should
incorporate heterogeneity (variable permeability field in the subsurface aquifer) to
investigate its effect and understand the possible consequences. There are few
modeling studies that simulated heterogeneity of soils. Cullen et al. (2010)
simulated the transport of carbon nanoparticles in heterogeneous permeability
field and opined that less movement of nanoparticles happens in a heterogeneous
media compared to homogeneous media. Strutz et al. (2016) predicated that nZVI
particles will be retained on high permeability areas after initial transport in a
heterogeneous media. Most recently, Mondal et al. (2018) compared experimental
transport of CMC-nZVI with the model result in a heterogeneous domain (variable
permeability in clean silica sand). They investigated the impact of solution
viscosity, porewater velocity of flushing distilled water, nZVI| attachment efficiency
on nZVI concentration and found that lower viscosity, lower attachment efficiency,

and higher porewater velocity cause high nZVI concentration in the domain.
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Although these studies have investigated the role of heterogeneity and sensitivity
of some factors on nanoparticles and nZVI transport through laboratory and
numerical studies, no studies have investigated the statistically significant impact
of possible factors on nZVI transport in heterogeneous groundwater aquifer

representing field aquifer conditions.

1.3.2 Factors Affecting nZVI Longevity

Unwanted nZVI oxidation with oxidants that are not contaminants (i.e., DO, water,
natural oxidants) is responsible for limited nZVI longevity/lifetime in groundwater
(Su et al. 2013, Kocur 2015). In this case, instead of reacting with contaminants,
nZV1 is oxidized mostly by DO in groundwater which eventually forms various iron
products (magnetite and other iron oxides) (Su et al. 2013) and results in nZVI

loss. This factor affects nZVI travel distance by reducing the active iron content.

1.4 Thesis Objectives

The literature review reveals that there are few modeling studies done taking soil
heterogeneity in subsurface into account. Such a study may bridge the gap in
fundamental understanding of nZVI transport in groundwater and help in
overcoming the implementation challenges at the field scale. As such, this study
examines factors that will have the greatest impact on nZVI travel distance, taking
soil heterogeneity into consideration. There are three specific objectives of this
thesis:

13



1. To identify factors that affect nZVI travel distance and hence, groundwater
remediation through a literature study.
2. To develop a field-validated 3D model for nZVI transport in the subsurface.
3. To perform a sensitivity analysis to identify which factors that have the most
impact on nZVI transport on soils with various ranges of heterogeneity,
using the analysis of variance (ANOVA).
The first objective has been addressed in Chapter 1. Literature has been reviewed
in this chapter to identify the parameters/factors which may have an impact on
nZVI technology with respect to travel distance and groundwater remediation.
Chapter 2 delves a bit deeper into some of these effects, as well as, the theory
behind nZVI transport.

Chapters 3 and 4 deal with the second objective. A 3D model has been
developed using COMSOL (a software platform based on finite element analysis),
by modifying the colloid filtration theory (CFT) and verifying it with a field validated
model developed by Krol et al. (2013).

Chapter 5 deals with the third objective. Using the validated model, a two-
dimensional (2D) statistical analysis has been performed on the effect of various
important nZVI factors, including groundwater velocity, solution viscosity, and
injection flux. ANOVA was used on two sets of subsurface permeability realizations
representing two aquifers with varying levels of heterogeneity, and the sensitivity

of mass distribution in the subsurface was examined.
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Chapter 2 Theory on Fate and Transport of Colloid
in Porous Media

In this chapter, the governing equations for nZVI transport are described. These
include: the advection-dispersion (AD) equation, physicochemical filtration of
colloids in porous media including the CFT, the Darcy law for flow through porous
media and the relationship between soil grain size and permeability in a

heterogeneous domain.

2.1 Nanoparticle Transport

To simulate nZVI transport in the subsurface, the AD equation can be modified for
colloidal transport, described in section 2.2 (Frimmel et al. 2007, Alonso et al.
2007). The transport of nZVI in the aqueous phase in a homogenous granular
porous media can be defined by AD equation (given in the general form (Eq. 2-1a)

and one-dimension form (Eq. 2-1b)) (Schijven and Hassanizadeh 2000, Tufenkiji

2007):

oc } ,

=26 = —V - (dC) + BDgiepV2C (2 - 1a)
ac_ _acC 92C

509 = ~d5; T Daisp 529 (2-1b)

Where C is the aqueous nZVI concentration(mol.m~3) at a distance of x

(m) and time t (s), 0 is the porosity (=), q is the Darcy velocity (m.s™!) (q = 6v
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where v is the porewater velocity (m.s™1)). Dgisp is the effective hydrodynamic

dispersion coefficient (m2.s™1).

2.1.1 Advection

Advection is the transport of solutes due to porewater velocity or plug flow (Fetter
et al. 1993). It is the dominant transport mode for aqueous phase species (Steefel

and Lasaga 1992). The term V- (dC) in Eq. (2-1a) represents advective transport.

2.1.2 Effective Dispersion
The term Dyg;5,V>C in Eq. (2-1) represents effective dispersive transport. This term
is a combination of diffusion and dispersion (Fetter et al. 1993):
Dgisp = De + v (2-2)
where D, is the effective diffusion coefficient (m2.s71) and « is the
longitudinal dispersivity (m). Diffusion is the spreading of solutes due to a
concentration gradient (Fetter et al. 1993). Diffusion is typically a much slower
mechanism than advection but in soils such as clays and silts, where advective
flux is low, diffusion may become the dominant transport mechanism (Rudolph et
al. 1991).
Dispersion describes solutes spreading due to variation in velocity from
pore to pore. This can be the result of geological heterogeneities and local flow

patterns (Fetter et al. 1993).
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Colloid transport in porous media is not only governed by advection,
diffusion, and dispersion but also deposition of colloids as they move. Therefore,
the AD equation cannot sufficiently predict colloid behaviour, as it only describes
the behaviour of the aqueous nZVI phase and removal process in porous media
as physiochemical filtration is not considered (Molnar et al. 2015). Since nZVI is
considered a colloid, the AD equation was modified with the CFT equation to

accurately describe nZVI transport in subsurface porous media.

2.2 Physiochemical Filtration of Colloids in Porous Media

Physiochemical filtration of colloids has been described as both reversible and
irreversible phenomena (Tufenkji 2007). Reversible processes have been
described by both equilibrium adsorption and kinetic adsorption-desorption while

irreversible processes have been defined by CFT.

2.2.1 Equilibrium Adsorption

Equilibrium adsorption or attachment of colloids from the aqueous phase to the

solid phase can be defined as follows (Tufenkji 2007):

S = KeqC (2 -3)
Where S is the sorbed concentration (kg. m~3), C is the concentration in the

aqueous phase (mol.m™3)and K., is the equilibrium constant (kg.mol™™).

Equilibrium adsorption is considered to be non-reversible (no desorption).
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2.2.2 Kinetic Adsorption-Desorption

This theory assumes that adsorption (attachment) and desorption (detachment)
are governed by a kinetic, reversible process before equilibrium is established in
the system. Attachment happens when colloid (or other compound) contacts the
solid surface and get adsorbed onto it due to physiochemical interplay (Tufenkji
2007). Detachment happens when colloids detach from the soil surface (Tufenkji
2007).

The net changes in attached concentration can be defined as follows
(Tufenkji 2007):

Where p, is the density of porous media (kg.m™3), k.. is the
attachment/retention rate coefficient (s7!) and kg is the detachment rate
coefficient (s71).

Sorption represents the partitioning of solute between solution and solids.

The overall sorption process can also be defined as follows (Wang et al. 2009):

et 8acat 8 g (2-=5)

Where the term K is the partitioning coefficient (m3.kg™1) that represents
the partitioning of the solute (z—z) between solution and solids during the sorption

process (Wang et al. 2009). This is a reversible process and can be incorporated

into the one dimensional (1D) AD equation as follows:
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According to Schijven and Hassanizadeh (2000), both equilibrium

adsorption and kinetic adsorption-desorption methods may provide the same

conclusions and are not appropriate to describe colloid transport.

2.2.3 Sorption Process vs. Filtration Process

The breakthrough curves show the normalized concentration (Ci) with pore
0

volumes and allow comparison of various transport mechanisms such as sorption
and filtration (Kirkham 2014). Figure 2.1 demonstrates the general differences
between ‘classical’ filtration versus sorption (Molnar et al. 2015). The transport of
a non-reacting tracer is normally defined by the AD equation not considering
retardation in the porous media, therefore, the breakthrough curve is fast and
reaches initial concentrations (Figure 2.1a). On the other hand, transport of
reactive solute in porous media considers retardation (Eq. 2-6) due to partitioning
effect (both attachment/adsorption and detachment/desorption in porous media).
The resulting breakthrough curve still reaches initial concentrations but a lag
(retardation) is observed when compared to the non-reactive tracer (Figure 2.1b).
For colloids, filtration is a kinetic process where attachment happens much faster
than detachment (colloid detaching from the collector surface and re-entering the

bulk pore fluid) (Schijven and Simtinek 2002, Tufenkji 2007).
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Figure 2.1: Conservative non-reacting tracer (a - dotted red line), partitioning (b - solid

green line), and filtration (c - dashed blue line) breakthrough curves. Where L is the

distance travelled, R is the retardation factor, C, is the initial (influent) concentration. All
other symbols are as previously defined in the text. Reproduced with permission from

(Molnar et al. 2015).

Colloid filtration considers the attachment process which is irreversible

(detailed description in the next section 2.2.4), which is why the breakthrough

curve for filtration is lower than the other breakthrough curves (i.e., tracer and

solute) but appears at the same time as the non-reactive tracer (Figure 2.1c).
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2.2.4 Colloid Filtration Theory

CFT was developed by Yao et al. (1971) and is the most common approach for
colloid transport modeling both at laboratory and field scales. CFT describes an
irreversible two-step attachment process where a single collector represents a soil
grain (Figure 2.2).

Step 1.  Colloids come into contact with the collector surface by mechanisms
such as Brownian diffusion (D), interception (I) and gravitational
sedimentation (G). The ratio of colloids hitting the collector to those
approaching the collector is described by the single collector contact
efficiency, 1, .

Step 2. A fraction of the colloids which reach the collector surface gets
attached to the surface. The ratio of particles that stick to the collector to
those that strike the collector, is called the attachment efficiency, a.

Figure 2.2 represents the collision and contact mechanism of colloids with
the soil grain through Brownian diffusion (D), interception () and gravitational
sedimentation (G). Particle trajectory defines the transport path of particles,
represented by solid lines, while streamlines are the lines through which

groundwater flow occurs and are represented by dashed lines.
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Figure 2.2 Collision and contact mechanism (Yao et al. 1971)

The collector contact efficiency, n, (—) can be defined as follows (Tufenkji

and Elimelech 2004):

Mo =Mp + M1 + Mg (2-7)
Eq. (2-7) can be further written as:

No

1
_ 37\ —0.081p7j—0.715770.052
=24 ASNR Npe NvdW

+0.55 AgNg®75NR %%, +:0.22Ng *#*Ng ' Nogw? (2-8)

where porosity dependant parameter (Ag) (—) is determined from:
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G=(1-6)"3 (2-9)

. 2(1-G%)
T (2-3G+3G5-2G6)

As (2 — 10)

Ng (=) is the aspect ratio and it is calculated from the ratio of nanoparticle

diameter (dp) (m) to the collector (soil grain) diameter (d¢) (m).

dp

Ny = a (2-11)
Peclet number (Np.)(—) can be determined as follows:
_ vde 2 —12
Pe — DB ( )

where, Dy is the bulk diffusion coefficient (m?.s™1). Van der Wall's number

(Nyaw) (—) is determined as follows:

A
Nvaw = (2 —13)

where, A is the Hamker constant (—), k is the Boltzman constant (=) and T

is the temperature (K). Attraction number (N,)(—) is defined as follows:

A

Ny=—
A (12nusubrgv)

(2-14)

where, g, represents viscosity (Pa.s) of the colloidal solution in the
subsurface and rp denotes the colloid radius (m). The gravity number (Ng)(—) is

determined as follows:

_ 2r5(pp — PF)8

N
G 9P-subV

(2 - 15)
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where, g is the acceleration due to gravity (m.s™2) and pg is the density of
the colloidal solution (kg. m~3).

Finally, the attachment rate can be defined as:

3(1 —0)ang v

Kate = T (2 -16)
and changes in attached concentration can be defined as:

Ppb oS

Ea = kattC (2 - 17)

CFT can predict deposition phenomena more accurately than reversible
phenomena and it accounts for traditional mechanism of filtration (Tufenkji and
Elimelech 2004, Nelson and Ginn 2005). Eq. (2-18) links AD Eq. (2-1) with CFT
equations to predict colloid transport in porous media:

oC aC 0%C N

509 = "5 T Poisp 320 —Pu 3¢ (2-18)
This equation can be written with respect to concentration using Eq. (2-17):

aC aC 9°C

Ee = —q& + DDispﬁe — 0k,C (2-19)
2.3 Darcy Law for Flow through Aquifer

Groundwater flow through a saturated aquifer is typically described by the Darcy

law (De Wiest 1966):

d(pr0)
ot

7 (prd) = Qn (2-20)
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The first term @ represents the amount of water stored in aquifer and

the second term V- (pgq) refers to groundwater movement, while Q,, is the sink

and source term (kg. m~3s71). The Darcy velocity (q) (m.s™1) is defined as follows:

kpVP

Msub

q= (2 -21)

Where, kp is the permeability (m?) of the aquifer porous media and VP is
the pressure gradient (=) which can be written as:
VP = pggVh (2-22)
Where, Vh is the hydraulic gradient (m.m™?1) derived from the ratio of the

difference in hydraulic head to the distance between two points.

2.4 Heterogeneous Porous Media

Porous media is typically modeled as homogenous using an average value of
permeability for the whole domain. However, real aquifers have variable
permeability distributions, as well as, layering of various soils. This means that
aquifers should be modelled as heterogeneous formations with variable collector
or soil grain sizes. The relationship between permeability and soil grain size is

described by the Kozeny-Carman equation (Kozeny 1927, Carman 1937):

03 (2-123)

.- J(kp (1 — 0)2180

This equation can be considered for colloid transport modeling when representing

heterogeneous aquifer conditions.
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Chapter 3 Development of a Field-Validated Three-
Dimensional Model for nZVI Subsurface Transport

In this chapter, the 3D model developed using COMSOL Multiphysics (COMSOL
User’s Guide 2017) is described. In particular, the modelling approach, the detailed
calculations and assumptions of the model, and the comparison of the developed
model with another field validated model, are described in this chapter. Portions of
this chapter have been published in the Canadian Geotechnical Society (CGS)
Conference (Asad et al. 2018), as such some definitions and equations are

repeated from Chapter 2.

3.1 COMSOL Modeling Approach

COMSOL Multiphysics is a software platform that uses finite elements to simulate
physics-based problems. It is defined as a “Multiphysics” platform because it can
deal with various types of physical phenomena such as fluid flow, heat transfer,
pore scale flow, etc. (COMSOL User’'s Guide 2017). Various types of physical
phenomenon are built into COMSOL modules, with appropriate characteristic
equations and fundamental features. These modules can be linked together, as
well as, modified with additional user-defined equations (COMSOL User’s Guide
2017). For this work, the Transport of Diluted Species (TDS) Module and the

Darcy’s Law (DL) Module were used.
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3.1.1 Model Development for nZVI Transport

To model nZVI transport, and to verify and validate the 3D modelling approach,
the Krol et al. (2013) study was used. Krol et al. (2013) simulated a field study
(Bennett et al.,, 2010) in which CMC-coated nZVI was injected into a shallow
granulated aquifer. Krol et al. (2013) used CompSim, a 3D finite difference, three-
phase, simulator developed by Sleep and Sykes (1993), which is a proprietary
software. They showed that the CompSim model was able to accurately predict
the field study. Therefore, the results of the CompSim was used to verify and
validate the model developed in this study to ensure that the CMC-nZVI transport

was correctly implemented using COMSOL, a commercially available software.

3.1.2 Numerical Approach
The DL module defines Darcy’s law in COMSOL by:

d(pr0)
ot

+9.(pr@) = Qm -1

Where q is the Darcy velocity (m.s™1), 0 is the porosity (—), and pg is the
fluid density (kg. m~3). A 3D Darcy velocity field is created in the DL module which
is transferred to the TDS module, where the transport of polymer coated
nanoparticles in a porous media is described by Eq (3-2) which is the 3D version
of Eq. (2-19):

aC aC aC aC 02C 92C 02C

Ee - _Q&_ qa_y_ qg-}' ])Dispﬁe-l'DDispa_yze +DDispﬁe

- ekattc (3 - 2)
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Where C is the aqueous nZVI concentration (mol.m~3) at a distance of x
(m) and time t (s), q is the Darcy velocity (m.s™1) (q = 6v where v is the porewater
velocity(m.s™1)). Dgsp is the effective hydrodynamic dispersion tensor (m?.s™).

Attachment rate coefficient k. (s™1) is defined by the CFT (Tufenkji and

Elimelech 2004) and expressed as:

3(1 —0)anyv
Kate = T 2d.

(3-3)
Where o is the attachment efficiency (=), n,is the collector contact
efficiency (=), d¢ is the collector (soil grain) diameter (m). It is to be noted that the

term k. (s™1) is applied for nZVI transport only. The polymer (CMC) is considered

a conservative species, and therefore the attachment rate for the polymer is zero.

3.1.3 Conceptual Model

Figure 3.1 shows a conceptual model of an injection well in the middle of a 3D
domain that injects polymer (CMC) coated nZVI into an aquifer with groundwater
flowing from left to right. This conceptual model has been implemented in

COMSOL.
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nZVI Injection well

Groundwater flow

Figure 3.1: Model schematic

3.1.4 Boundary Conditions

Figure 3.2 shows the boundary conditions (BC) and characteristics of half of the
3D domain since a symmetrical BC has been used along the XZ plane (through
the injection well) to split the domain into half and minimize computational time.
The model represents a remediation scenario, therefore a cylindrical injection well
has been defined in the middle of the domain which injects a CMC-coated nZVI
solution into the subsurface. The initial solution concentration is defined as zero in
the domain and the direction of groundwater flow is from left to right defined by the

constant hydraulic head BC.
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Figure 3.2: Boundary conditions for half of a 3D domain

No flow and no flux BC have been defined at the upper, lower, and side
boundaries. The injection well can be used for defining a water mass flow rate
(m3.s71) in the DL module and a nZVI and polymer constant flux (mol. m~2.s71)

in the TDS module.

3.1.5 Parameters and Variables

To simulate the Krol et al (2013) domain, the same parameters were used and are
summarized in Table 3.1. These parameters represent the properties of the
subsurface domain, nZV| and polymer characteristics, and necessary constants

and variables.
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Table 3.1 Basic simulation parameters (adapted from Krol et al (2013))

Name Symbol Value
Length of domain L 4 (m)
Radius of injection well R; 0.05 (m)
Density of porous media Pb 1250 (kg. m~3)
Porosity 0 0.36 (—)
Average density of nZVI solution P 1000 (kg. m~3)
nZVI diameter dp 1.40x107 (m)
Collector diameter dc 2x10** (m)
Hamaker constant A 3x102" ()
Boltzmann constant k 1.4x10% (J.k™H)
Temperature T 293 (K)
Diffusion coefficient (nZVI) Dgn 3x10° (m2.s71)
Diffusion coefficient (polymer) Dgp 1x10° (m2.s71)
Permeability kp 3.6x10"" (m?)
Hydraulic gradient Vh 0.0142 (m. m-l)
Attachment efficiency a 0.02 (-)
CMC molecular weight Mywp 90 (kg. mol™)
CMC percentage P 0.8 (%)
nZVI injection concentration C; 0.96 (kg.m™3)

3.1.6 Parameters from Colloid Filtration Theory

To simulate the transport of CMC coated nZVI, the transport equation (Eq. 2-1)
was modified with the CFT equation. Single collector contact efficiency (n,), a
variable in the CFT equation requires calculation of several parameters. While
some values are fixed at the start of a model, other values vary with time and
space, for example porewater velocity, producing a non-linear system which is

sensitive to initial conditions and can result in numerical convergence challenges.
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Single collector contact efficiency (n,) can be determined as follows (Tufenkji and
Elimelech 2004):
No = 2.4 A}S/3NE0.081N1;§.715N85)‘;3V2 +0.55 ASN11;'675N2'125
+0.22Ng***Ng ' Nogw’ B-4)
where, Ag is called the porosity dependent parameter (—), Ny is the aspect
ratio (=), Np. is the Peclet number (=), Nyqw is the Van der Wall's number (-),
N, is the attraction number (=) and Ny is the gravity number (=). Ag(—), Nygw (—)
and Ny (—) are fixed parameters. Np. (—) depends on both porewater velocity
(v)(m.s™1) and bulk diffusion coefficient (Dg)(m?2.s™1). Both N, and N; depend on
porewater velocity (v)(m.s™1) and subsurface viscosity(ug,,)(Pa.s), which is the

dynamic viscosity of injected CMC coated nZVI solution. All variables are defined

in Chapter 2.

3.2 Calculation of Mole Fraction, Subsurface Viscosity and
Modeling Well Injection

Similarly to Krol et al (2013), the injected solution consisted of 0.8% of 90 (kg/mol)
CMC polymer and 0.96 g/L nZVI. The specific values used in COMSOL are
outlined in this section.

3.2.1 nZVI and Polymer Mole Fractions

COMSOL solves two dependent variables for the aqueous concentrations of nZVI
and polymer, (Cy) (mol.m™3) and (Cp) (mol.m™3) respectively. In COMSOL, the

unit (mol. m~3) represents the moles of species per unit of total volume. However,
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typically field nZVI injections are given in terms of mole fractions(Xy and Xp)

therefore the concentrations are related as follows:

CN Xni
XN = 3-5
N ( 0 Cip ) ( )
Cp Xpi
Xp = 3-6
P ( 8Cy, ) ( )
mol of nZVI mol of polymer s .
where Xni (m) and Xpi (W) are the initial mole fractions of nZVI,

and polymer respectively and C;, (mol.m~3) and Cip (mol. m~3) are initial molar

concentration of nZVI and polymer respectively. 6 is soil porosity (—) (to convert
from total volume to water volume). The mole fractions vary in each node of the
model as concentration varies with time.

3.2.2 Initial nZVI Mole Fractions

Initial mole fraction of NZVI (xp;) (-t 220

——— ) is measured as follows:
mol of water

_ kg kg of nZVI
nZVI Concentration (ﬁ) 0.96 (—m3 ofwater) )
molecular weight of nZVI (%) 0.0558 (_iﬁlooffnnzz\(;[)
Xin = -
) mol of water mol of water
molecular weight of water (m) 55450 ( m3of water )
_, mol of nZVI
=310%107* —————— B-7

mol of water

3.2.3 Initial Polymer Mole Fractions
To determine initial mole fraction of CMC polymer in water, moles of polymer with

respect to the total solution weight of 100 kg was calculated:
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08 kg of polymer
' total kg 0.8
Moles of polymer = =%

molecular weight of polymer (ril(%looffp;g;rfgr)

mol of polymer

= 8.88x1073 3-8
* total kg ( )
Then moles of water with respect to total weight was calculated.
kg of water
— 7% tota :
(100 —0.8) “totalkg 99.2
Moles of water = =
. kg of water 0.018
molecular weight of water(m)
mol of water
= 5511 —— (3—-9)

total kg

mol of polymer

Finally, initial mole fraction (x;) ( ) of CMC polymer in water is

mol of water

calculated by dividing molality by moles of water in total weight.

mol of pol
mol of polymer (WI}Zgy) 8.88 x 10-3
Xpi = mol of water, 5511
mol of water (W)

mol of polymer

=1.615 % 107° (3 —10)

mol of water

3.2.4 Subsurface Viscosity
When the CMC-nZVI solution is injected into the subsurface, the subsurface

viscosity is calculated at every node since the mole fraction of nZVI and polymer

mol of nZVI mol of polymer ))

) and Xp (

(i.e., Xy ( changes. The equation for calculating

mol of water mol of water

subsurface viscosity (i) (Pa.s) of the solution is:

Heup = 1OXP lof:’;(”p)"‘ XN log(ung) +xw log(uwe) (3 — 11)
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This equation uses the Xy and Xp in each node and varies the subsurface
viscosity accordingly.
3.2.5 Calculation of Unknown Polymer Viscosity
Polymer viscosity is difficult to determine from experiments as it varies in a diluted
solution due to its dependence on solution concentration (Budtov 1967, Dill 1980).
To calculate the viscosity of the injected solution the Grunberg and Nissan
equation was used (Grunberg and Nissan 1949) :
log(Hsol) = Xpi 10g(1p) + Xni 10g(Hnp) + Xy 108Ky (3-12)
Where g, is the solution viscosity (Pa.s) determined from experiments. For
the stated amount of polymer and nZVI injection, the solution viscosity (o) (Pa.s)
is found to be 0.013 (Pa.s) (Krol et al. 2013), while the nZVI viscosity is taken to
be that of water which is 0.001 (Pa.s) as nanoparticle viscosity is found to be very
close to this value (Mishra et al. 2014). Since the initial mole fraction nZVI (x,;),
initial mole fraction CMC polymer (x,; ), and viscosity of nZVI (u,¢) (Pa. s) and water
(kwr)(Pa.s) are known, the polymer viscosity (u,)(Pa.s) is determined using Eq.
(3-12) as follows:

0 ) . log(so1) — Xni 10g(Hng) — Xy log(Hwe)
p) =

log( o (3-13)
log(0.013) — 3.10 * 10™* % 10g(0.001) — 1 * 1log(0.001)

log(ip) = 1.165 » 10-6 B-14)

log(pp,) = 6.9033 * 10° (3 —15)
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This value is then used in Eqg. (3-11) to calculate the subsurface viscosity
(Usup) (Pa. s) at different nodes with time.

3.2.6 Modeling Well Injection in COMSOL

In the DL module, a mass flux boundary was defined using an injection rate. If Iy
is the solution injection rate (m3.s71), R, is the injection well radius (m) and H; is
the height of injection well (m) (i.e., Figure 3.2); the mass flux (M) (kg. m~2.s™1)
can be determined as follows:

IrpF
Mg = 3—-16

The mass flux (Mg) (kg. m~2.s71) is related to the flow into the domain
Mg = . prq (3-17)

Where n is a vector normal to the boundary. A positive value of the mass
flux indicates injection into the system and a negative value indicates an extraction.
In this modeling case, inward flux has been defined.

In TDS module, a flux boundary can be defined which takes the nZVI flux
and polymer flux values separately. The nZVI flux (Fy)(mol.m~2.s71) is defined as

follows:

Fy = — IR 318
N7 R H My ( )
where C; is the nZVI injection concentration (kg. m™2), I is the injection rate
(m3.s71), Myy is the molecular weight of nZVI (kg. mol™1). The relation of this nZVI

flux (Fy) to advection and dispersion terms of Eq. (3-2) is as follows:
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Fx = 0. (—qC + Dp;g,VC) (3-19)
Where n is a vector normal to the boundary. A positive value of the nZVI

flux (Fy) (mol.m™2.s71) indicates inward flux in the system and a negative value

indicates an outward flux. In this modeling case, inward flux has been defined.

Similarly, the polymer flux (Fp), was defined as follows:

Cplg

Fp = ——— 3—-20
i TR{HMyp ( )

If Cp is the polymer injection concentration (kg.m™3), Iy is the injection rate
(m3.s71), Myp is the molecular weight of polymer (kg. mol™1)

And the relation between polymer flux (Fp) (mol.m~2.s~1) with advection
and dispersion terms of Eq. (3-2) is following
Fp = n. (—qC + Dp;,VC) (3 —21)

Where n is a vector normal to the boundary.

3.3 Verification of Model Results

The COMSOL model was verified using the Krol et al. (2013) study. Figures 3.3

and 3.4 compare relative nZVI concentration (Ci) and subsurface viscosity
0

(Msup)(Pa.s) of the COMSOL and CompSim models respectively after 1 and 20

hours of constant injection.
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Figure 3.3: Comparison of COMSOL and CompSim (Krol et al. 2013) concentrations
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Figure 3.4: Comparison of COMSOL and CompSim (Krol et al. 2013) viscosity

Figures 3.3 and 3.4 show a similar distribution of relative nZVI concentration

(Ci) and subsurface viscosity (ug,p) for both COMSOL and CompSim models. In
0
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addition to this qualitative comparison, the difference between the values of the

distribution was calculated using the following general formula:

(3 — 22)

Diff \/2]!=1(YCOMSOL — Ycompsim)?
ifference =
J

Where | is the number of observations. Table 3.2 shows the difference
between COMSOL and CompSim simulation outcome considering values

corresponding to Figure 3.3 and Figure 3.4.

Table 3.2: Difference between COMSOL and CompSim model results

Time C/Co(—) Msup (Pa.S)
1 hour 0.035 0.00025
20 hours 0.021 0.00026

Table 3.2 shows that the difference is very low indicating good agreement
between the two model results. To rule out mesh dependence, the simulation was
performed for various mesh size (i.e., coarse to extra fine mesh). Figure 3.5
compares nZVI concentration plots for three different mesh sizes, using identical
input for all three simulations. Negligible difference can be seen among three
concentration plots but the finer mesh simulation resulted in a smoother
concentration profile due to more elements of smaller size. For the rest of the

simulations a fine mesh was used.
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Figure 3.5: Comparison of COMSOL concentration plots for varying mesh size

3.4 3D nZVI Transport in Porous Media

nZVI injection into the subsurface is typically performed using an injection well. To
better depict and predict remediation scenarios and to study the effect of various
factors, a 3D model is needed. Figure 3.5 represents a simulated 3D domain
showing nZVI spread from a constant flux injection well after 20 hours of injection

into a homogeneous domain.

40



Figure 3.6: nZVI spread after 20 hours of injection

3.5 Conclusions

In this chapter, a detailed procedure for a 3D homogeneous nZVI transport model
development in COMSOL was described. The developed model followed the
approach of Krol et al. (2013), who simulated and validated a field injection of
CMC-coated nZVI (Bennet et al. (2010). Detailed numerical approach, boundary
conditions, parameter selection, calculation of mole fractions, viscosity and flux
have been documented. Verification of model results was done by comparing both
model concentration and viscosities to the simulated results of Krol et al. (2013).
The very low difference between the two model results was found indicating good
agreement between the two studies.
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Chapter 4 Development of a Heterogeneous Two-
Dimensional nZVI Transport Model

Subsurface heterogeneity can affect nZVI travel distance by hindering nZVI
transport, diverting nZVI flow from desired direction (i.e., preferential flow), and
transporting injected nZVI solution to the surface (i.e., daylighting of solution)
during field injection (Henn and Waddill 2006, Su et al. 2013, Kocur et al. 2014) .
In addition, phenomena such as aggregation and straining are greatly influenced
by soil particle size which varies with variable permeability distribution. As natural
aquifers are heterogeneous in nature, modeling studies should incorporate
heterogeneity to investigate its effect and optimize nZVI technology. There are few
studies (Cullen et al. 2010, Strutz et al. 2016, Mondal et al. 2018) which considered
nZVI| distribution in a heterogeneous domain. Although these studies have
investigated the role of heterogeneity and sensitivity of some factors on
nanoparticles and nZVI transport through experiments and simulations, no studies
have investigated the statistically significant impact of possible factors on nZVI
transport in heterogeneous aquifers representing field aquifer conditions.

In this chapter, the validated model from Chapter 3 was used to simulate a
2D heterogeneous domain. The numerical approach, boundary conditions,
parameters and variables, permeability distribution realizations, and the effect of

subsurface heterogeneity are discussed below.
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41 2D Heterogeneous COMSOL Model

The development of a 2D heterogeneous model in COMSOL is similar to that of
the field validated 3D model described in Chapter 3. While the calculation
procedure for time and space dependant mole fractions, subsurface viscosity, and
molar flux are as same as the 3D model, there is an additional equation that links
the heterogeneous permeability field to the CFT equation. The Kozeny-Carman
equation, (Kozeny 1927, Carman 1937, 1956) describes the relationship between

the collector diameter d-(m) and the soil permeability kp(m?).

.- jkp (1 — 0)2180 41

63

It is to be noted that this equation is only valid for laminar flow.

4.1.1 Boundary Conditions for 2D Model

Figure 4.1 represents the BC and characteristics of a full 2D domain. An injection
well was defined in the middle of the domain which injects the CMC-coated nZVI
solution into the subsurface, representing a vertical soil profile of the subsurface.
The initial CMC-nZVI concentration is defined as zero in the domain. The direction
of groundwater flow is defined from left to right due to the “constant hydraulic head”
BC, while the “no flow” and “no flux” BCs have been defined at the upper and lower

boundaries.
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Figure 4.1 : Boundary conditions for a full 2D domain, representing a vertical cross-
section

4.1.2 Parameters and Variables for 2D Model

In the 2D model, a 20m x 20m vertical soil profile was simulated in COMSOL. While
most of the simulation parameters are the same as the Krol et al (2013)
homogenous domain (Table 3.1), the collector diameter is variable for this 2D
model because permeability varies in a heterogeneous medium.

To simulate the transport of CMC coated nZVI in a 2D heterogeneous
aquifer, the 2D transport equation was used.

aC aC aC 02C 02C

ae = —q& - Q£ + DDiSp.We +DDiSp'WO - BkattC (4- — 2)

44



The parameters and variables associated with single collector contact
efficiency (n,) equation (Eq. 3-4) were examined in light of the added
heterogeneity. Ag(—) and N, 4w (—) are fixed parameters for the 2D heterogeneous
model, but, Ng(—) and Np.(—), fixed parameters in 3D model, become variable in
this 2D model due to change in collector diameter (calculated by Eq. 4-1). This is
due to the variable permeability distribution in the vertical soil profile. N,(—) and
Ng(—) remain variable in 2D as they were in the 3D model, due to their

dependence on porewater velocity (Eq. 2-14 and Eq. 2-15).

4.2 nZVI Distribution in Heterogeneous Subsurface

To examine the effect of subsurface heterogeneity on nZVI transport, one hundred
permeability realizations for two aquifers with different heterogeneities (i.e.,
Borden and Swiss) were generated using the Field Generator in PMWIN
(Processing Modflow 5.3) which uses Mejia’s algorithm (Mejia and Rodriguez-
lturbe 1974, Frenzel 1995). This algorithm works by determining the covariance of
the randomly distributed data field. Covariance considers multiplication of standard
deviations (for both independent and dependent variable) and correlation function
which characterizes the data field (Snedecor and Cochran 1980, Spiegel 1992).
In this scenario, permeability is the dependent variable and length of the aquifer is
the independent variable. Using the algorithm, the Field Generator (Processing

Modflow 5.3) takes basic characteristics (i.e., mean, the variance of permeability
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distribution and correlation length) of aquifers which are well documented in the
literature (Table 4.1). Mean and variance of permeability distribution provide the
Generator information about the permeability of aquifer, while the correlation
length defines the maximum distance after which deviation between dependent
variable (i.e., permeability) and the mean becomes different, and an estimation of
randomness (Bhushan 2000). In this context, correlation length provides an idea
about the size of the permeability variation with aquifer length.

The mean permeability, correlation length, and porosity are same for both
aquifers, but the Swiss aquifer has a higher variance in permeability resulting in
greater contrast in permeability fields (Table 4.1). Therefore, the Swiss aquifer is
considered more heterogeneous than the Borden aquifer. It is to be noted that the
permeability distribution was taken into COMSOL by an “Interpolation” function.
This function takes permeability distribution data directly as input and does not
change the discretization. This means that the data is placed in the same location

on a 20m x 20m domain, as they were located on the Field Generator.

4.2.1 Aquifers of Various Heterogeneity

The Borden aquifer was chosen for this study as it is relatively homogeneous and
well characterized (Sudicky 1986, Dekker and Abriola 2000). The Swiss aquifer
was chosen as it is more heterogeneous compared to Borden aquifer due to a
higher variance in permeability (Jussel et al. 1994, Dekker and Abriola 2000). This

higher variance in permeability results in a higher contrast in permeability as
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compared to the Borden aquifer and allows for a comparison of the effect of
permeability on nZVI transport. Table 4.1 represents aquifer properties and
simulation parameters for the initial simulations (Base Case) in a 2D

heterogeneous domain.

Table 4.1: Aquifer properties and simulation parameters for two heterogeneous aquifers

Name (unit) Symbol Value
Borden aquifer | Swiss aquifer
Porosity (—)2 0 0.34 0.34
Average permeability (m?)P¢ kp 1.1 x10~11 1.6 x 10711
Variance (log(kp)) ()¢ 0.2130 0.4343
Mean (log(kp)) (—)b¢ W -11.01 —-11.01
Average diameter of collector dc 1.50 x 1074 1.75 x 10~*
(m)
Horizontal correlation length Xp 5.1 5.1
(m)®
Vertical correlation length (m)P Zy 0.21 0.21
Anisotropy factor (—)4 Af 0.5 0.5
nZVI injection concentration C; 0.96 0.96
(kg.m~%)°
Base Case porewater velocity ' 0.1 0.1
(m.day1)®
Base Case nZVI flux Fn 0.009 0.009
(mol.m™%2.s71)¢
Base Case injection viscosity Usub 0.013 0.013
(Pa.s)®

Sources: (3Sudicky 1986, "Woodbury and Sudicky 1991, 9Brown et al. 1994, cJussel et al.
1994, ¢Krol et al. 2013)

4.2.2 Selection of Number of Realizations for Permeability Distribution

The estimate of variance of the nZVI center of mass at 24 hours was calculated
for randomly selected permeability realizations. It was found that convergence of

variance occurred within 15 realizations (Figure 4.2), therefore 15 permeability
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realizations (out of 100) were chosen for both aquifers (Borden or Swiss) at
random to perform the analysis. This means that 15 realizations are representative

of the aquifer variability while optimizing simulation time.

0.12

0.1
0.08
0.06

0.04

Estiamte of variance

0.02

0 2 4 6 8 10 12 14 16
Number of realizations

Figure 4.2: Estimate of variance for center of mass of Borden aquifer

4.2.3 Effect of Soil Heterogeneity on nZVI Transport

Figure 4.3 shows the permeability distribution of the Borden and Swiss aquifers for
one of the realizations. These two realizations are generated by the Field
Generator and have a difference in permeability variance only (nZVI injection flux

and other simulation parameters are identical).
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Figure 4.3: Aquifer permeability distribution for (a) Borden aquifer (b) Swiss aquifer

Figure 4.3 shows that greater variation in permeability is observed in the
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Swiss aquifer than in the Borden aquifer, while Figure 4.4 shows the nZVI

distribution for the two aquifers (with the permeability shown in Figure 4.3).
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Figure 4.4: Aqueous nZVI distribution in (a) Borden aquifer (b) Swiss aquifer at 48 hours
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nZV|l movement in the Borden aquifer (Figure 4.4a) seems to be confined
around the injection well while nZVI appears to be more dispersed in the Swiss
aquifer (Figure 4.4b). This dispersed movement is due to the aquifer heterogeneity
with nZVI following a preferential flow path as outlined by the high permeability
zone seen in Figure 4.3b.

Similarly, Figure 4.5 shows nZVI distribution in both aquifers for three
different permeability realizations after 48 hours of injection., while keeping all
other simulation parameters the same. It can be seen from Figure 4.5 that while
Borden aquifer realizations show a nearly circular nZV1 distribution around the well,
Swiss aquifer realizations exhibit a more dispersed pattern due to the higher
variance of soil permeability. Similarly to Figure 4.4b, nZVI in the Swiss aquifer
follows the high permeability zones leading to more lateral spreading. These
results show that nZVI distribution is likely to be impacted by subsurface

heterogeneity.

51



Borden Aquifer Swiss Aquifer
20

15

5 -

E E 10
M = v
5
4]
0 5 10 15 20 0 5 10 15 20
X(m) X(m)
Borden Aquifer Swiss Aquifer
20
15
E E 10 —u
Il [l
i)
0
0 ) 10 15 20 0 = 10 15 20
%{m) Xx(m)
Borden Aauifer Swiss Aauifer
8 e : o
N N M
0 5 10 15 20 0 5 10 15 20
*(m) X(m)
C (mol.m™3)

10 20 30 40 S0 60

Figure 4.5: nZVI distribution in Borden and Swiss aquifer for three different permeability
realizations at 48 hours.
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4.3 Conclusions
In this chapter, procedure for a 2D heterogeneous model development in
COMSOL was described with the help of the field validated 3D model outlined in
Chapter 3. Permeability distributions were inputted into the 2D model to represent
vertical soil profiles of two aquifers of varying permeability, Borden, and Swiss
aquifers.

Simulations were run in the 2D heterogeneous model for both aquifers.
While nZVI flux and other simulation parameters were identical for nZVI injection
in both aquifers, the variance in permeability affected the results. The model result
showed that nZVI distribution in the Swiss aquifer is more dispersed than in the
Borden aquifer as the Swiss aquifer has higher variance in soil permeability. In
addition, it is found that in Swiss aquifer, nZVI moves in the preferential flow paths
(characterized by high permeability zones). Similar results are seen for different
realizations of both aquifers and therefore it can be concluded that nZVI distribution
is likely to be impacted by subsurface heterogeneity. This 2D heterogeneous
model was used to perform a statistical analysis of nZVI transport parameters in

the following chapter.
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Chapter 5 Sensitivity Analysis

In this chapter, the analysis of variance (ANOVA) was performed to analyze the
effect of various factors (injection rate, solution viscosity, aquifer velocity and lag
period) on nZVI transport parameters (i.e., the center of mass and nZVI spread in
both the x and z directions and nZVI attachment). The nZVI transport parameters
were calculated by changing the value of one of the factors at a time and the effect

of the change was evaluated by ANOVA.

5.1 One-Factor Analysis of Variance

The one-factor ANOVA is a statistical method that calculates the impact of one-
factor. The one-factor ANOVA can be represented as follows (Montgomery and
Runger 2007):

Xjj = L+ Tj + € (5-1
Where x;; is the value of random variable at j™ observation under i*" factor, p is
the overall mean, T; is the factor effect, and ¢;; is the random error component
(Montgomery and Runger 2007). In this study, x;; is the random variable which
defines nZVI transport distance or spread, while the factors (t;) are groundwater
velocity, and injection rate and viscosity. The analysis assumes that the
observations are done in a random order and the effect of a factor is quantified by

the null hypothesis.
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5.1.1 Null Hypothesis

Let us consider parameter distributions where t, and 1, are factors and the mean
of these two distributions are p; and p, respectively. Now, the null hypothesis (H,)
can be written as follows (Montgomery and Runger 2007):
Ho: g = 1y (5-2)
This states that the means are statistically equal. To test this hypothesis,
the statistical Fisher (F) test was performed, and the results are given in terms of
the P value. To check the null hypothesis, a statistically significant/confidence level
of 0.05 was used. In other words, if the P value > 0.05 then the null hypothesis
cannot be rejected, and we do not have sufficient evidence to reject the null
hypothesis and therefore the factor has no significant effect on the parameter. If
the P value < 0.05 then the null hypothesis is rejected meaning that means are

statistically unequal, and factor has a significant effect on the parameter.

5.2 Estimation of Center of Mass and nZVI Spread

In order to assess the effect of the different factors on nZVI transport in aquifers of
variable permeability, and to quantify the movement and shape of the mass
distributions, various mass parameters were used including the center of mass and
mass spread in a 2D domain. Both parameters were considered in two directions

(i.e., x and z directions) and are shown in Figure 5.1.
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Figure 5.1: Measurement of center of nZVI mass and spread; XCN and ZCN are the
center of mass in the x and z directions, respectively; XNSP and ZNSP are the spread of
mass in the x and z directions, respectively.

These parameters (center of mass and mass spread) were based on the
study of Dekker and Abriola (2000) and Krol (2011) and modified for this study.

The horizontal center of mass (XCN) of the system was calculated as follows:
XCN = (i)fx dm (5—-3)
M
Where, M is the total mass of nZVI, x is the distance in the x direction and
dm is the incremental portion of the nZVI mass. The spreading of the mass (XNSP)

was determined by the radius of gyration which can be determined as follows

(Dekker and Abriola 2000):
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XNSP = A 5—-4
= |5 -4

Where IM is the second moment of the mass about the z axis and is defined

as:
M= f(XCN —x)%.dm (5-5)

Where (XCN — x) is the distance of spread from the z axis passing through
the center of nZVI mass. The vertical mass parameters (i.e., the center of nZVI
mass in Z direction (ZCN) and mass spread in Z direction (ZNSP)) were calculated
in a similar manner.

The total attachment (St) (mol.kg™1) in the heterogeneous porous media

due to nZVI injection was also evaluated. Recalling Eq. 2-17:

Pp 0S
EE = KattC (5—-6)
Where, py, is the density of porous media (kg. m™2), 0 is the porosity (-), S
is the attached concentration (mol.kg™1), C is the aqueous nZVI concentration

(mol. m™3), k, is the attachment rate coefficient (s~1). Implementing this equation

into COMSOL, total attachment (St) (mol. kg™1), can be calculated as follows:

Sp = ]as = ef(k""“c )dt (5-7)

Pb

57



5.3 Selection of Factors for Sensitivity Analysis

The one-factor ANOVA was performed on three factors: porewater velocity,
injection flux, and viscosity of injected solution. These factors were chosen as they
have been seen by others to have possible effects on nZVI transport. For example,
Kocur et al. (2014) conducted a field scale test of nZVI injection in a contaminated
sandy subsurface and found that field nZVI travel distance and longevity can be
achieved with very high porewater velocities and highly stable nZVI suspensions.
In addition, according to Henn and Waddill (2006), high porewater velocity and
change in groundwater flow direction due to recirculation made it possible to
distribute nZVI solution over the treatment area.

Injection mass flux is proportional to injection concentration and injection
rate (Eq. (3-18)). Chowdhury et al. (2015) predicted through a CompSim
simulation that injecting a higher volume of nZVI| suspension (14 times greater)
resulted in a 1.3 time increase in nZVI travel distance. Krol et al. (2013) also
showed nZVI travel distance is affected by injection type (constant head or
constant flux), and thereby injection rate. In addition, lag phase during successive
injection of nZVI (i.e., the time when injection velocity is zero) can lead to
deposition of nZVI in porous media under low porewater velocity conditions
(Bennett et al. 2010, Kocur et al. 2014) and make nZVI immobile (Krol et al. 2013).

nZVI travel distance can also be influenced by the solution viscosity (Krol et

al. 2013, Chowdhury et al. 2015). Krol et al (2013) showed that increasing solution
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viscosity during constant flux injection affects nZVI travel distance by decreasing
nZVI| attachment in porous media and altering the hydraulics of the system (i.e.,
change in flow field due to injection of viscous fluid). These factors can be
independently controlled and do not depend on permeability or soil collector
diameter.

Table 5.1 presents six simulated cases. Each case had a different specified
porewater velocity, injection viscosity, or injection flux. The range of values was
based on previous field deployment of nZVI (He et al. 2010 , Bennett et al. 2010,
Kocur et al. 2013, Kocur et al. 2014, Krol et al. 2013, Chowdhury et al. 2015).

Case 1 is the base case. In case 2 and 3, the value of porewater velocity
was changed (shaded with light blue color, Table 5.1). Flux was changed for cases
4 and 5 (shaded with light orange color, Table 5.1) and viscosity was changed for

case 6 (shaded with light green, Table 5.1) while the other factors were kept

constant.
Table 5.1 Simulated cases for one-factor ANOVA
Case Porewater velocity Flux Viscosity

(m.day™ 1) (mol.m2s71) (Pa.s)
1 0.1 0.009 0.013
2 1.5 0.009 0.013
3 10 0.009 0.013
4 0.1 0.022 0.013
5 0.1 0.900 0.013
6 0.1 0.009 0.072
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The values of porewater velocities were chosen for cases 1 and 2 based on
data found from field injection studies. These porewater velocities were estimated
during field injection of nZVI in a shallow granulated aquifer by Bennett et al. (2010)
and used in a modeling study by Krol et al. (2013). Case 3 uses a porewater
velocity of 10 (m.day™!) which is 100 times greater than the porewater velocity
used in case 1. This value was used to provide an upper bound to the simulations
and corresponds to a very fast-moving gravel/sand aquifer (approximate
groundwater (Darcy) velocity of 3.6 (m.day™1)).

The nZVI injection flux values were also chosen from the field injection data.
Case 1 has a flux value of 0.009 (mol.m~%s~1) corresponding to an injection of
0.96 (g.L™1) nZVI (Krol et al. 2013, Chowdhury et al. 2015) and case 4 accounts
for an increased flux value of 0.022 (mol.m~2s~1) for an injection of 2.5 (g.L™1)
nZVI (Kocur et al. 2013). Case 5 uses a flux value of 0.900 (mol. m~2s™1) which is
100 times greater than the flux used in case 1. This represents an upper bound of
the flux, chosen to observe the sensitivity of injection flux on nZVI transport.

CMC-nzVI solutions are typically injected at two viscosity values: 0.013 and
0.072 (Pa.s), corresponding to the molecular weight of the polymer, 90,000
(g. mol™1) (CMC 90K) and 250,000 (g.mol™1) (CMC 250K), respectively. Both of
these viscosity values were used by Krol et al. (2013) in their modeling study, while
CMC 90K was used by He et al. (2009) and Raychoudhury et al. (2012) in their
experimental investigations. CMC 250K was used to stabilize nZVI suspension by
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others (He and Zhao 2007, Sakuchaicharoen et al. 2010). These two CMC values

were used in this study.

5.4 One-Factor ANOVA Results
The one-factor ANOVA was performed on both aquifers by changing the values of
porewater velocity, flux, and viscosity as outlined in Table 5.1. To examine the
effect of porewater velocity, cases 1, 2 and 3 were simulated for 15 permeability
realizations. Similarly, to find out the effect of flux, cases 1, 4, and 5 were used,
while cases 1 and 6 were used to examine the effect of viscosity.

The resulting P-values are presented in Table 5.2 while Figures 5.2, 5.3 and
5.4 show the box plots for each of the calculated parameters for both aquifers. The
median of the box plot is represented by a central mark, while the upper and lower
edges of the box plot represent the upper and lower quartiles, respectively. The

tails of the distribution are represented by whiskers of the box plot.

Table 5.2 P Values and trends for one-factor ANOVA (at 48 hours)

Porewater velocity Flux Viscosity

Borden Swiss Borden Swiss Borden Swiss

P T P T P T P T P T P T
XCN 0.002 | +0.2| 0.094 0.991 0.978 0.796 0.849
XNSP | 0.959 0.978 0.404 0.960 8E-09 | +0.8 | 0.012 | +0.5
ZCN 0.998 0.988 0.997 0.999 0.986 0.933
ZNSP | 0.898 0.805 0.219 0.584 6E-10 | +0.7 | 1E-05 | +0.7
St 0.303 0.199 8E-116 | +0.6| 5E-83 | +0.6| 2E-15 | -4E-4 | 2E-09 | -5E-4

Note: P = P values, T = trend of the median values where (+/-) indicate an increasing or decreasing trend
with increasing porewater velocity, flux or viscosity values; Shaded values indicate P values equal to or below
0.05; P values close to 0.05 are indicated by light green shade.
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5.4.1 Effect of Porewater Velocity

To find whether the effect of the porewater velocity is statistically significant, case
1, 2, and 3 were simulated for 15 random permeability distributions of both
aquifers. While case 1 uses a porewater velocity of 0.1 (m.day™1!), case 2 uses
1.5 (m.day™ 1) (Krol et al. 2013) and case 3 uses a porewater velocity of 10
(m.day~1) which is 100 times greater than the porewater velocity used in case 1.
Figure 5.2 shows the effect of the porewater velocity on XCN, XNSP, ZCN, ZNSP and
St

As seen in Figure 5.2, there is very little or no change in median irrespective
of the aquifer for shifting porewater velocity from 0.1 (m.day™?) to 1.5 (m.day™1).
However, changes were observed when the porewater velocity was increased by
100 to a porewater velocity of 10 (m.day™1), particularly in case of XCN, XNSP and
St. However, P value was less than the significant level of 0.05 for the centre of
mass of the Borden aquifer only (Table 5.2). Therefore, the null hypothesis can be
rejected for this case only. For all other distributions, the P value ranges between
(0.094 to 0.998), which is greater than the significant level of 0.05 and therefore
the null hypothesis cannot be rejected.

In other words, the change in mentioned values of porewater velocity does
not have a statistically significant effect on nZVI transport (in terms of movement,
spread, and nZVI attachment onto porous media) except for nZVI mass movement

in X direction for the Borden aquifer.
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Figure 5.2: Effect of porewater velocity on: (a) center of nZVI mass in X direction (XCN)
(b) mass spread in X direction (XNSP) (c) center of nZVI mass in Z direction (ZCN) (d)
mass spread in Z direction (ZNSP) (e) nZVI attachment (St); at 48 hours

It is likely that no significant impact is seen in the Swiss aquifer due to the
larger dispersion caused by increased heterogeneity which would overshadow the
result of the higher porewater velocity. This is confirmed by the relatively low P-

value for the Swiss XCN (P value is 0.094, very close to significance level 0.05)
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showing that heterogeneity may have had an impact on the distribution. To check
whether heterogeneity impacts pore water velocity a two factor ANOVA is
necessary which considers the interaction effect between these factors.

These results differ from others reported for several reasons. In some
laboratory column studies (Kanel et al. 2007, He et al. 2009, Phenrat et al. 2009),
porewater velocity ranged from 15 (m.day~!) to 100 (m.day~') which is higher
than the upper bound used in this study. For example, He et al. (2009) reported
0.16 m CMC-nZVI travel distance using 0.1 (m. day 1) porewater velocity and 146
m travel distance for porewater velocity of 61 (m.day 1) in their experimental and
modeling study. Similarly, Johnson et al. (2009) used three porewater velocities
(i.e., 8.6,25.9 and 86.4 (m.day™!)) during column experiment which don’t
represent field porewater velocity and are higher than the velocities used in this
study. Tiraferri and Sethi (2008) used a water-saturated sand-packed column for
transport experiments of guar gum coated nZVI and noted that transport increased
when porewater velocity increased from 2.38 (m.day™!) to 11.9 (m.day™?1).
However, these results are qualitative and do not represent a statistically
significant effect. Lastly, Kocur et al. (2014) reported a 1 m travel distance of CMC-
nZVI under a porewater velocity of 0.1 (m.day~1) which supports the result of this

study (Figure 5.2).
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5.4.2 Effect of Injection Flux

To find whether the effect of the nZVI injection flux has a statistically significant
effect on nZVI transport, cases 1, 4, and 5 were simulated for 15 random
permeability distributions of both aquifers. While case 1 uses an injection flux of
0.009 (mol.m™2s™1) corresponding to a nZVI injection of 0.96 (g.L™1) at a rate of
5.67 x 107>(m3.s71) (Krol et al. 2013, Chowdhury et al. 2015), case 4 uses an
increased flux value of 0.022 (mol. m~2s~1) for nZVI injection of 2.5 (g.L™1) (Kocur
et al. 2013) and case 5 uses a flux value of 0.900 (mol. m~2s~1) which is 100 times
greater than the flux used in case 1. Figure 5.3 shows the effect of these injection
flux values on XCN, XNSP, ZCN, ZNSP and Sr.

As seen in Figure 5.3, all the box plots have very little or no change in
median irrespective of the aquifer when the injection flux is raised from 0.009
(mol.m™2s71) to 0.022 (mol.m~2s~1). However, some change is observed when
the injection flux is increased to 0.9 (mol.m~2s~1), particularly for the XNSP in
Borden, and ZNSP and St for both aquifers. However, the ANOVA analysis shows
that the P value is less than the significant level of 0.05 only in case of nZVI
attachment for both aquifers (Table 5.2). Therefore, the null hypothesis can be
rejected only for this case. In other words, the change in nZVI injection flux does
not have a statistically significant effect on nZVI transport (in terms of movement
and spread of nZVI in porous media) but does have a statistically significant effect

on nZVI attachment.
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Figure 5.3: Effect of nZVI injection flux on: (a) center of nZVI mass in X direction (XCN)
(b) mass spread in X direction (XNSP) (c) center of nZVI mass in Z direction (ZCN) (d)
mass spread in Z direction (ZNSP) (e) nZVI attachment (St); at 48 hours

However, this statistically significant effect is likely due to the larger
hypothetical flux 0.9 (mol.m~2s~1) while small differences were observed due to
an increase in field flux from 0.009 (mol.m~%s71) to 0.022 (mol.m~2s~1) (Figure

5.3 (e)). It is interesting to note that the increased injection flux, increases the total

66



attached mass (St). This is contrary to what is typically shown. As injection flux is
increased, the porewater velocity near the well increases, which would lead to
decreased attachment rate (Krol et al, 2013). However, as flux is increased, the
amount of mass injected into the system increases, therefore, there is more mass

that can be attached.

5.4.3 Effect of Subsurface Viscosity

To find whether the effect of the subsurface viscosity is statistically significant,
cases 1 and 6 were simulated for 15 random permeability distributions of both
aquifers. While case 1 uses a solution viscosity of 0.013 (Pa.s), case 6 uses a
solution viscosity 0.072 (Pa.s) (He and Zhao 2007, He et al. 2009,
Sakulchaicharoen et al. 2010, Raychoudhury et al. 2012, Krol et al. 2013). Figure
5.4 shows the effect of increasing the viscosity on the XCN, XNSP, ZCN, ZNSP and
St.

As seen in Figure 5.4, a change in viscosity leads to a change in the median
in almost all the parameters, with the largest difference being observed for nZVI
mass spread in both directions (XNSP and ZNSP) and nZVI attachment (St). The P
values concur with this visual inspection, with P<0.05 being calculated for nZVI
mass spread in both directions (XNSP and ZNSP) and nZVI attachment for both
aquifers (Table 5.2). For all other distributions, the P values ranges from (0.796 to
0.986) which is greater than the significant level of 0.05 and therefore the null

hypothesis cannot be rejected. In other words, the change in mentioned field scale
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values of viscosity have a statistically significant effect on nZVI transport in terms
of spread of nZVI in porous media and nZVI attachment but have no statistically

significant effect on nZVI center of mass.
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Figure 5.4: Effect of subsurface viscosity on: (a) center of nZVI mass in X direction
(XCN) (b) mass spread in X direction (XNSP) (c) center of nZVI mass in Z direction
(ZCN) (d) mass spread in Z direction (ZNSP) (e) nZVI attachment
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Figures 5.5 (a) and (b) show two simulations for Borden aquifer at 48 hours
for case 1 (viscosity 0.013 (Pa.s)) and case 6 (viscosity 0.072 (Pa.s)) respectively.
It is clear from Figure 5.5 (b) that although the centre of mass is comparable, nZVI
spread has been increased due to change in viscosity from 0.013 (Pa.s) to 0.072
(Pa.s) which is supported by the change in attached mass distribution (i.e., Figure

5.6). As the spread of nZVI mass increases, attachment decreases (Figure 5.6).

(a) Case 1 (b) Case 6

20 20

15 15

™

E 10 E 10
N L " - N
5 5
0 ]
0 5 10 15 20 0 5 10 15 20
x({m) X(m)

C (mol.m™3) 0‘:::_

10 20 30 40 =0

Figure 5.5: nZVI distribution in the Borden aquifer for (a) Case 1, viscosity 0.013 (Pa.s)
(b) Case 6, viscosity to 0.072 (Pa.s); at 48 hours
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(a) Case 1 (b) Case 6
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Figure 5.6: nZVI attached concentration in the Borden aquifer for (a) Case 1 viscosity
0.013 (Pa.s) (b) Case 6, viscosity to 0.072 (Pa.s); at 48 hours

It can be concluded that, among the three factors considered for one-factor
ANOVA analysis, injection viscosity has a statistically significant effect on nZVI
spread and attachment in the subsurface porous media, while field scale porewater
velocity and injection flux do not change the nZVI distribution parameters
significantly (i.e., movement and spread) and have no statistically significant effect
on nZVI spread even with a large magnitude. The one exception is the horizontal
center of mass in the Borden aquifer that was affected by a hypothetical large
porewater velocity which likely due to the low degrees of heterogeneity in Borden

as compared to the Swiss aquifer.

70



5.4.4 Effect of Lag Period

A lag period is the interval between two successive nZVI injections. During this
period, nZVI flux is zero and injected nZVI mass from the previous injection may
be affected by reduced groundwater velocity caused by the stoppage. Lag phase
during successive injection of nZVI can lead to nZVI deposition onto the porous
media under low porewater velocity (Bennett et al. 2010, Kocur et al. 2014) and
make nZVI immobile (Krol et al. 2013).

To find out the effect of lag period on nZVI mass movement, spread and
attachment, the one-factor ANOVA was performed for three different cases where
case A (base case) considers 48 hours of constant flux nZVI injection, followed by
a 48 hours of zero flux (or lag phase) for a total of 96 hours; case B considers
intermittent nZVI injection of 24 hours and lag phase of 24 hours for a total of 96
hours; case C considers successive constant flux nZVI injection of 12 hours and
lag phase of 12 hours for a total of 96 hours (Table 5.3). Case A has the longest
continual injection phase (48 hours) and lag phase (48 hours) compared to case
B and C, however in total all cases have the same hours of injection and lag period
(48 hours of each). This results in the same amount of total nZVI injected. The
porewater velocity before and during lag period for all the cases was kept the same

(0.1 (m.day 1)) and the viscosity of injected solution was maintained at 0.013 Pa.s.
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Table 5.3 : Simulated case for ANOVA considering lag period

Case Time Porewater velocity Flux Viscosity

(h) (m.day™1) (mol.m™%s71) (Pa.s)

A 0-48 0.1 0.009 0.013
48-96 0.1 0.0 0.013

0-24 0.1 0.009 0.013

B 24-48 0.1 0.0 0.013
48-72 0.1 0.009 0.013

72-96 0.1 0.0 0.013

0-12 0.1 0.009 0.013

12-24 0.1 0.0 0.013

24-36 0.1 0.009 0.013

c 36-48 0.1 0.0 0.013
48-60 0.1 0.009 0.013

60-72 0.1 0.0 0.013

72-84 0.1 0.009 0.013

84-96 0.1 0.0 0.013

The P values for this analysis were obtained for all variations of the three
cases (A, B and C) and are shown in Table 5.4.

Table 5.4: P values and trends for one-factor ANOVA for lag period scenarios (at 96 hrs)

C-A:C-B:C-C C-A: C-B
Borden Swiss Borden Swiss
P T P T P T P T
XCN 0.674 0.831 0.609 0.733
XNSP | 0.317 0.789 0.567 0.824
ZCN 0.955 0.992 0.869 0.953
ZNSP | 0.920 0.874 0.744 0.658
St 6E-22 | +8E-4 | 1E-11 | +7E-4 | 4E-12 | +4E-4 | 3E-6 | +4E-4
C-A:C-C C-B: C-C
Borden Swiss Borden Swiss
P T P T P T P T
XCN 0.397 0.554 0.719 0.798
XNSP | 0.139 0.503 0.348 0.655
ZCN 0.766 0.901 0.891 0.946
ZNSP | 0.997 0.668 0.699 0.975
St 1E-18 | +8E-4 | 6E-11 | +7E-4 | 6E-9 | +4E-4 | 4E-4 | +3E-4

Note: P = P values, T = trend of the median values where (+/-) indicate an increasing or decreasing trend

due to lag effect of zero flux; Shaded values indicate P values equal to or below 0.05.
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Figure 5.7 shows the effect of lag period on XCN, XNSP, ZCN, ZNSP and S.
As seen in Figure 5.7, switching to lag period leads to a change in the median in
almost all the parameters, with the largest difference being observed for nZVI
attachment (St). P values are measured for a combination of cases (Table 5.4).
For all combinations, one-factor ANOVA results in P<0.05 for attachment only and
null hypothesis can be rejected. For all other distributions, the P value ranges
between (0.139 to 0.997) which is greater than the significant level of 0.05 and
therefore the null hypothesis cannot be rejected.

In other words, the lag period has a statistically significant effect on nZVI
attachment. Less attachment has been observed in case of longer continual
injection and lag periods (i.e., case A) compared to other cases (i.e., Case B and
C). Longer injection periods (case A) increased the horizontal spread of the nZVI
plume (XNSP) in both aquifers (Figure 5.7 (b)) and larger spread means smaller
attachment (Figure 5.7(e)). In addition, more lag phases in cases B and C
impacted the continuity of the injection period and hence nZVI travel distance.
Case B has 2 lag phases and case C has four lag phases. Each lag phase
increases nZVI attachment, resulting in the highest attachment rate for the case C
scenario. Although the number of injection periods increases in case B and case
C compared to case A, the duration of injection becomes shorter and the total
amount of time for injection is the same for all three cases. Nonetheless, these

results show that the total time of injection is not as important as the number of lag
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periods and successive injection and lag periods of shorter duration led to greater

nZVI| attachment.
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Figure 5.7: Effect of lag period on: (a) center of nZVI mass in X direction (XCN) (b)

mass spread in X direction (XNSP) (c) center of nZVI mass in Z direction (ZCN) (d)

mass spread in Z direction (ZNSP) (e) nZVI attachment (St); at 96 hours (C-A: Case A,
C-B: Case B, C-C: Case C)
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As less nZVI attachment is desired for optimum transport in porous media,
long injection periods followed by short lag phase is recommended for nZVI

deployment.

5.4.5 Effect of Heterogeneous Permeability Distribution

All simulations were run in two heterogeneous aquifers: Borden and Swiss.
Although the mean permeability, correlation length, and porosity are same for both
aquifers, the Swiss aquifer has a higher variance in permeability resulting in a
greater contrast in permeability fields. In this way, the Swiss aquifer is more
heterogeneous than the Borden aquifer. Overall, heterogeneity of both aquifers
impacted the distribution of parameters as seen from the box plot distributions (i.e.,
Figure 5.2, Figure 5.3, Figure 5.4, Figure 5.7). For all cases, it was observed that
the variance of the parameters (i.e., the center of mass, spread, and nZVI
attachment) are higher in Swiss aquifer than in the Borden aquifer (i.e., the
variance of XCN distribution in Borden aquifer due to 0.1 (m.day™!) porewater

velocity is 0.05 but in Swiss aquifer, it is 0.53).

5.5 Conclusions

In this chapter, the one-factor ANOVA analysis was performed on various
parameters while changing three factors: porewater velocity, injection flux, and
injection viscosity. Procedure for estimating center of mass, spread of mass and

nZV| attachment was explained and selection of factors was outlined.
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The factors chosen were porewater velocity, injection flux, and injection
viscosity and their effects on mass transport were analyzed and plotted using box
plot distributions. The one-factor ANOVA analysis showed that the field porewater
velocity did not have a statistically significant effect on nZVI movement and spread
even with increased magnitude (a porewater velocity 100 times larger than typical
field scale value), except on the horizontal center of mass in the Borden aquifer.
This result shows that the porewater velocity induced by intrinsic groundwater
velocity of the injection site is not an important factor for optimizing nZVI injection.

The injected nZVI flux also did not change the nZVI distribution parameters
(i.e., movement and spread) even with a large magnitude (a flux of 100 times larger
than a typical nZVI flux field scale value) but did have a statistically significant
effect on nZVI attachment in both aquifers. However, this statistically significant
effect is likely due to the largest flux (0.9 (mol. m2s71)) while a small difference
was observed due to an increase of field flux. This result shows that injection flux
is not an important factor for optimizing nZVI deployment in terms of travel distance
but could be important for the amount of nZVI that gets attached, especially near
the well head.

Injection solution viscosity had a statistically significant effect on nZVI mass
spread and attachment in both aquifers, but no statistically significant effect was
shown on the nZVI center of mass movement. This shows that viscosity is an

important factor for optimizing nZVI deployment at the field scale. Stable nZVI
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suspension using highly viscous polymer could increase nZV| spread and
decrease attachment leading to a possible reduction in remediation time and
overall cost.

The length of the injection and lag period change nZVI| attachment by a
large difference with fixed field scale porewater velocity (i.e., 0.1 (m.day™1)). The
result indicates that the length of the injection and lag period are important factors
for optimizing nZVI1 deployment at the field scale. Three types of lag periods (i.e.,
one 48 hours, two 24 hours and four 12 hours in a timeframe of 48 hours) have
been simulated in the current work. Less attachment has been observed in case
of longer continual injection and lag periods (48 hours) compared to shorter
periods (24 hours and 12 hours). As less nZVI attachment is desired for optimum
transport in porous media, long injection periods followed by short lag phase is
recommended for nZVI deployment.

Heterogeneity of both aquifers impacted the nZVI distribution parameters
as seen from the box plot distribution. For all cases, it has been observed that
parameter variance (i.e., the center of mass, spread and attachment of nZVI) is
higher in the Swiss aquifer than in the Borden aquifer as higher variance of
permeability in Swiss aquifer has enabled these parameters to vary more.

This work aimed to answer some key questions regarding nZVI deployment
in the field. During field-scale injection, maintaining nZVI injection flux, viscosity of

nZVI| solution, lag period, managing low to high porewater velocity condition
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become key challenges for the engineers and decision makers. This work was
aimed at finding the important factors for nZVI deployment to aid in field scale
injection. While a large body of work by others has focused on finding the optimum
injection flux or understanding how porewater velocity will affect treatment, this
study shows that neither of these factors has a large impact on nZVI travel distance
or spread. Therefore, maintaining a hydraulic gradient and associated porewater
velocity during field injection is not important as porewater velocity does not
change nZVI travel distance by a notable difference. These results are somewhat
contrary to other studies which may be a result of varying input parameters (i.e.
some studies used unrealistically high groundwater velocities) or due to the nature
of the analysis. Although some studies reported an “effect” of various parameters
on nZVI travel distance, the effects were never quantified and therefore are more
qualitative. The study presented here quantifies the results using a statistical
analysis. The important factors found are the injection viscosity, injection period

and aquifer heterogeneity for optimizing nZVI deployment.
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Chapter 6 Conclusions and Future Work

6.1

Conclusions

This thesis examined the impact of factors that may affect nZVI transport

parameters in heterogeneous groundwater aquifers by performing a statistical

analysis, the one factor ANOVA. This was done with the use of a developed 2D

COMSOL model and the following conclusions were reached:

1.

Field porewater velocity did not have a statistically significant effect on nZVI
movement and spread, except on the horizontal center of mass in the
Borden aquifer. This result shows that the porewater velocity is not an

important factor for optimizing nZVI injection.

. nZVl injection flux is not an important factor for optimizing nZVI deployment

as nZVI flux did not change the nZVI distribution parameters (i.e.,
movement and spread) even with a large flux magnitude. However, large
injection flux can cause accumulation of nZVI particles near the well head.
Injection solution viscosity had a statistically significant effect on nZVI mass
spread and attachment in both aquifers but not on the nZVI center of mass.
Higher subsurface viscosity was found to maximize nZVI spread and
minimize nZVI| attachment. This shows that viscosity is an important factor
for optimizing nZVI deployment at the field scale. Stable nZVI| suspension

in the presence of highly viscous polymer should be used during field scale
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injection to ensure optimum nZVI spread which could result in reducing
remediation time.

4. The length of injection and lag period are important factors for optimizing
nZVI| deployment at the field scale. In this work, three types of lag periods
were considered in a 48 hours timeframe. Less nZVI attachment occurred
during long injection phase followed by a long lag periods (48 hours)
compared to shorter lag periods (24 hours and 12 hours). It is
recommended that long injection and short lag phase be used during nZVI
deployment at the field scale which will result in less nZVI in the porous
media.

5. Aquifer heterogeneity impacted the nZVI distribution parameters as seen
from the box plot distribution. The variance of parameters (i.e., the center
of mass, spread and attachment of nZVI) was higher in the Swiss aquifer
than in the Borden aquifer for all cases. These parameters for Swiss aquifer
varied more due to higher variance of permeability. To quantify the effect of
soil heterogeneity on nZVI transport, a two-factor ANOVA analysis needs

to be performed (outside the scope of this work).

6.2 Recommendations for Future Work
Future studies and research can be done in the following areas:
1) Two factor analysis of variance can be performed to understand the effect

of soil permeability on nZVI transport.
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2) A 3D model with 3D heterogeneous permeability field can be developed.

3) The current model considers nZVI transport through the subsurface without
any reactivity. A reactive transport model would further add to nZVI
optimization.

4) The current model considers nZVI transport for contaminant remediation in
a saturated subsurface. Future studies could be performed in the

unsaturated zone.
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Appendix A

Table A. 1: Case 1: Simulated values at 48 hours for Borden aquifer

Realization | XCN | XNSP ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.94 1.68 9.50 1.92 5.91E-03
15 10.43 1.88 11.49 1.72 5.93E-03
20 10.24 1.82 11.27 1.84 5.95E-03
26 9.64 2.18 10.86 1.51 5.93E-03
33 10.27 2.16 10.75 1.61 5.93E-03
41 10.22 2.29 11.17 1.53 5.92E-03
49 9.77 1.80 10.58 1.70 5.94E-03
56 10.20 1.56 10.89 1.49 5.95E-03
65 10.00 2.36 11.01 1.22 5.95E-03
73 10.17 1.72 10.50 1.84 5.94E-03
77 10.10 2.08 10.78 1.48 5.94E-03
86 10.21 1.76 10.75 1.95 5.93E-03
89 10.43 2.31 11.03 1.21 5.95E-03
93 10.26 1.36 10.81 1.67 5.95E-03
99 10.26 2.01 11.72 1.40 5.95E-03
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Table A. 2: Case 2: Simulated values at 48 hours for Borden aquifer

Realization | XCN XNSP ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 10.00 1.67 9.51 1.92 5.91E-03
15 10.49 1.90 11.50 1.72 5.93E-03
20 10.30 1.83 11.27 1.83 5.94E-03
26 9.70 2.16 10.86 1.52 5.93E-03
33 10.33 217 10.76 1.61 5.93E-03
41 10.28 2.29 11.17 1.52 5.92E-03
49 9.81 1.81 10.57 1.70 5.94E-03
56 10.22 1.57 10.89 1.49 5.95E-03
65 10.05 2.36 11.01 1.22 5.95E-03
73 10.21 1.72 10.50 1.84 5.94E-03
77 10.15 2.08 10.77 1.48 5.94E-03
86 10.25 1.76 10.76 1.95 5.93E-03
89 10.47 2.33 11.03 1.20 5.95E-03
93 10.28 1.37 10.82 1.66 5.95E-03
99 10.31 2.02 11.72 1.40 5.95E-03
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Table A. 3: Case 3: Simulated values at 48 hours for Borden aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 10.27 1.65 9.64 1.78 5.90E-03
15 10.78 2.00 11.51 1.70 5.93E-03
20 10.62 1.87 11.24 1.79 5.93E-03
26 9.99 2.08 10.85 1.53 5.92E-03
33 10.63 2.23 10.79 1.55 5.93E-03
41 10.61 2.34 11.13 1.48 5.91E-03
49 10.03 1.83 10.58 1.68 5.93E-03
56 10.34 1.59 10.90 1.47 5.95E-03
65 10.31 2.36 11.01 1.22 5.94E-03
73 10.45 1.73 10.52 1.80 5.93E-03
77 10.39 2.11 10.77 1.45 5.93E-03
86 10.50 1.77 10.78 1.93 5.92E-03
89 10.69 2.40 11.02 1.17 5.94E-03
93 10.40 1.39 10.82 1.65 5.95E-03
99 10.53 2.07 11.70 1.38 5.95E-03
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Table A. 4: Case 4: Simulated values at 48 hours for Borden aquifer

Realization | XCN XNSP ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.94 1.68 9.50 1.92 1.53E-02
15 10.43 1.88 11.49 1.72 1.54E-02
20 10.24 1.82 11.27 1.84 1.54E-02
26 9.64 2.17 10.86 1.51 1.53E-02
33 10.27 2.15 10.76 1.61 1.54E-02
41 10.22 2.28 11.17 1.52 1.53E-02
49 9.76 1.80 10.58 1.70 1.54E-02
56 10.20 1.56 10.89 1.49 1.54E-02
65 10.00 2.36 11.01 1.22 1.54E-02
73 10.17 1.71 10.50 1.84 1.54E-02
77 10.10 2.07 10.78 1.47 1.54E-02
86 10.21 1.76 10.76 1.95 1.53E-02
89 10.43 2.31 11.03 1.20 1.54E-02
93 10.26 1.36 10.81 1.66 1.54E-02
99 10.26 2.01 11.72 1.40 1.54E-02
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Table A. 5: Case 5: Simulated values at 48 hours for Borden aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.93 1.56 9.44 1.80 6.21E-01
15 10.46 1.79 11.54 1.61 6.22E-01
20 10.27 1.70 11.30 1.74 6.22E-01
26 9.65 2.00 10.85 1.36 6.23E-01
33 10.28 2.00 10.81 1.44 6.23E-01
41 10.27 2.20 11.17 1.34 6.23E-01
49 9.76 1.67 10.63 1.56 6.23E-01
56 10.20 1.42 10.88 1.36 6.24E-01
65 9.97 2.23 11.00 1.10 6.24E-01
73 10.16 1.54 10.51 1.73 6.22E-01
77 10.09 1.93 10.80 1.31 6.23E-01
86 10.20 1.60 10.80 1.83 6.22E-01
89 10.50 2.25 11.03 1.02 6.24E-01
93 10.25 1.22 10.83 1.58 6.22E-01
99 10.28 1.91 11.71 1.28 6.23E-01
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Table A. 6: Case 6: Simulated values at 48 hours for Borden aquifer

Realization | XCN XNSP | ZCN ZNSP SS

number (m) (m) (m) (m) (mol/kg)
7.00 9.95 2.49 9.32 2.75 5.52E-03
15.00 10.54 2.70 11.54 242 5.60E-03
20.00 10.22 2.68 11.31 2.57 5.58E-03
26.00 9.61 2.98 10.93 2.22 5.55E-03
33.00 10.29 2.95 10.56 2.33 5.54E-03
41.00 10.11 3.01 11.30 2.34 5.49E-03
49.00 9.77 2.60 10.37 2.48 5.62E-03
56.00 10.22 243 10.94 2.34 5.75E-03
65.00 10.10 3.22 11.16 1.88 5.65E-03
73.00 10.16 2.62 10.37 2.60 5.57E-03
77.00 10.18 2.91 10.84 2.30 5.55E-03
86.00 10.25 2.60 10.55 2.58 5.55E-03
89.00 10.39 3.02 11.05 2.09 5.66E-03
93.00 10.37 2.26 10.81 2.50 5.77E-03
99.00 10.30 2.85 12.00 2.15 5.68E-03
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Table A. 7: Case A: Simulated values at 48 hours for Borden aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.82 1.76 9.04 2.00 2.53E-04
15 10.78 1.95 11.92 1.46 3.03E-04
20 10.40 2.03 11.73 1.74 2.79E-04
26 9.49 2.13 10.91 1.31 4.52E-04
33 10.43 2.28 10.72 1.57 3.60E-04
41 10.40 2.46 11.30 1.40 3.57E-04
49 9.65 1.82 10.43 1.71 2.91E-04
56 10.31 1.59 11.07 1.51 1.96E-04
65 9.99 2.51 11.08 1.00 3.56E-04
73 10.32 1.81 10.58 1.91 2.84E-04
77 10.20 2.14 10.82 1.33 3.68E-04
86 10.36 1.71 10.82 1.98 3.63E-04
89 10.7 23 11.1 9.7E-1 3.16E-04
93 10.4 1.5 11.1 1.81 1.46E-04
99 10.5 2.1 11.9 1.19 2.72E-04
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Table A. 8: Case B: Simulated values at 48 hours for Borden aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.90 1.69 9.29 1.95 6.57E-04
15 10.59 1.89 11.71 1.60 7.34E-04
20 10.32 1.88 11.50 1.81 6.94E-04
26 9.58 212 10.88 1.41 9.80E-04
33 10.33 217 10.75 1.58 8.37E-04
41 10.30 2.34 11.24 1.45 8.26E-04
49 9.70 1.80 10.52 1.70 7.18E-04
56 10.26 1.57 10.98 1.50 5.64E-04
65 9.99 2.41 11.05 1.10 8.02E-04
73 10.24 1.73 10.54 1.86 7.35E-04
77 10.14 2.07 10.79 1.40 8.65E-04
86 10.28 1.72 10.79 1.96 8.36E-04
89 10.57 2.33 11.05 1.09 7.55E-04
93 10.34 1.42 10.94 1.75 4.67E-04
99 10.37 2.05 11.85 1.29 6.70E-04
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Table A. 9: Case C: Simulated values at 48 hours for Borden aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.94 1.60 9.47 1.82 1.04E-03
15 10.46 1.79 11.56 1.62 1.13E-03
20 10.28 1.73 11.34 1.77 1.08E-03
26 9.64 2.05 10.86 1.41 1.37E-03
33 10.28 2.05 10.78 1.52 1.23E-03
41 10.26 2.20 11.17 1.41 1.23E-03
49 9.74 1.72 10.59 1.63 1.11E-03
56 10.22 1.51 10.92 1.45 9.48E-04
65 9.98 2.27 11.01 1.14 1.21E-03
73 10.19 1.62 10.53 1.78 1.13E-03
77 10.10 1.97 10.77 1.38 1.26E-03
86 10.23 1.65 10.79 1.89 1.23E-03
89 10.47 2.24 11.04 1.10 1.16E-03
93 10.29 1.33 10.87 1.65 8.31E-04
99 10.29 1.94 11.75 1.30 1.05E-03
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Table A. 10: Case 1: Simulated values at 48 hours for Swiss aquifer

Realization | XCN | XNSP | ZCN ZNSP SS

number (m) (m) (m) (m) (mol/kg)
7 9.65 2.32 8.28 2.05 | 5.82E-03

15 11.50 2.86 12.26 1.51 5.92E-03
20 10.49 2.76 11.97 1.75 | 5.95E-03
26 8.94 3.00 11.04 1.34 | 5.88E-03
33 10.86 3.13 10.95 1.38 | 5.90E-03
41 10.89 3.55 11.55 1.30 | 5.79E-03
49 9.38 2.23 10.68 1.56 | 5.95E-03
56 10.44 1.66 11.22 1.30 | 5.98E-03
65 9.82 3.63 11.20 1.00 | 5.94E-03
73 10.31 1.98 10.54 2.01 5.95E-03
77 10.35 2.92 10.99 1.27 | 5.92E-03
86 10.41 2.17 11.06 2.04 | 5.92E-03
89 11.62 3.50 11.10 0.84 | 5.81E-03
93 10.40 1.24 11.20 1.57 | 5.97E-03
99 10.80 2.85 12.24 1.22 | 5.99E-03
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Table A. 11: Case 2: Simulated values at 48 hours for Swiss aquifer

Realization | XCN XNSP ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.92 2.23 8.32 2.03 5.81E-03
15 11.63 2.88 12.27 1.51 5.91E-03
20 10.70 2.75 11.96 1.75 5.94E-03
26 9.05 2.96 11.04 1.35 5.88E-03
33 10.97 3.15 10.96 1.37 5.90E-03
41 11.04 3.53 11.54 1.30 5.77E-03
49 9.46 227 10.67 1.56 5.94E-03
56 10.46 1.66 11.22 1.30 5.98E-03
65 9.91 3.63 11.20 1.00 5.94E-03
73 10.39 1.97 10.55 2.00 5.95E-03
77 10.45 2.95 10.99 1.27 5.91E-03
86 10.48 2.16 11.06 2.04 5.92E-03
89 11.67 3.50 11.09 0.84 5.79E-03
93 10.43 1.24 11.20 1.57 5.97E-03
99 10.88 2.86 12.24 1.21 5.99E-03
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Table A. 12: Case 3: Simulated values at 48 hours for Swiss aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 10.63 2.02 9.01 1.59 5.82E-03
15 12.21 2.90 12.27 1.51 5.84E-03
20 11.68 2.64 11.82 1.66 5.85E-03
26 9.68 2.65 11.03 1.39 5.87E-03
33 11.47 3.21 11.06 1.21 5.85E-03
41 11.72 3.39 11.41 1.19 5.60E-03
49 9.71 2.30 10.74 1.47 5.91E-03
56 10.57 1.70 11.23 1.28 5.98E-03
65 10.39 3.54 11.21 1.00 5.92E-03
73 10.77 1.96 10.59 1.92 5.94E-03
77 10.89 297 10.97 1.24 5.89E-03
86 10.89 2.15 11.11 1.98 5.89E-03
89 11.94 3.48 11.08 0.82 5.65E-03
93 10.53 1.29 11.21 1.56 5.97E-03
99 11.25 2.88 12.21 1.18 5.96E-03
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Table A. 13:

Case 4: Simulated values at 48 hours for Swiss aquifer

Realization | XCN XNSP ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.65 2.32 8.28 2.05 1.51E-02
15 11.51 2.86 12.26 1.51 1.53E-02
20 10.49 2.76 11.97 1.75 1.54E-02
26 8.94 3.00 11.04 1.34 1.52E-02
33 10.86 3.12 10.95 1.37 1.53E-02
41 10.90 3.55 11.55 1.29 1.50E-02
49 9.38 2.23 10.68 1.55 1.54E-02
56 10.44 1.65 11.22 1.30 1.55E-02
65 9.82 3.63 11.20 0.99 1.54E-02
73 10.31 1.97 10.54 2.01 1.54E-02
77 10.35 2.92 10.99 1.27 1.53E-02
86 10.41 2.16 11.06 2.03 1.53E-02
89 11.62 3.50 11.10 0.84 1.50E-02
93 10.40 1.23 11.20 1.57 1.55E-02
99 10.80 2.85 12.24 1.22 1.55E-02
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Table A. 14: Case 5: Simulated values at 48 hours for Swiss aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.57 2.32 8.22 2.02 6.14E-01
15 11.73 2.91 12.28 1.39 6.22E-01
20 10.54 2.85 12.04 1.63 6.23E-01
26 8.94 2.85 11.02 1.19 6.20E-01
33 10.99 3.04 11.02 1.17 6.23E-01
41 11.12 3.55 11.47 1.12 6.13E-01
49 9.33 2.12 10.75 1.40 6.23E-01
56 10.43 1.55 11.17 1.19 6.26E-01
65 9.73 3.54 11.19 0.90 6.24E-01
73 10.31 1.83 10.58 1.91 6.22E-01
77 10.44 2.91 11.02 1.10 6.23E-01
86 10.40 2.05 11.17 1.91 6.22E-01
89 11.85 3.40 11.06 0.72 6.05E-01
93 10.37 1.15 11.24 1.52 6.23E-01
99 10.91 2.76 12.15 1.12 6.24E-01
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Table A. 15: Case 6: Simulated values at 48 hours for Swiss aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.81 3.1 8.03 2.49 5.26E-03
15 11.50 3.45 12.34 2.07 5.47E-03
20 10.42 3.36 11.93 2.38 5.45E-03
26 8.99 3.63 11.16 1.93 5.40E-03
33 10.78 3.68 10.68 2.02 5.40E-03
41 10.52 3.99 11.85 1.98 5.18E-03
49 9.43 2.93 10.31 2.28 5.58E-03
56 10.60 2.57 11.42 2.01 5.84E-03
65 10.03 4.31 11.36 1.42 5.56E-03
73 10.26 2.83 10.28 2.67 5.49E-03
77 10.47 3.57 11.10 2.01 5.43E-03
86 10.45 2,92 10.67 2.52 5.44E-03
89 10.45 2.92 10.67 2.52 5.44E-03
93 10.66 2.18 11.26 2.39 5.85E-03
99 10.80 3.68 12.76 1.76 5.59E-03
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Table A. 16: Case A: Simulated values at 48 hours for Swiss aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.41 2.37 7.66 1.82 3.20E-04
15 12.09 2.76 12.55 1.09 4.23E-04
20 10.77 3.08 12.47 1.33 3.36E-04
26 8.61 2.88 11.04 1.09 6.49E-04
33 11.33 3.26 10.91 1.28 5.07E-04
41 11.42 3.75 11.56 1.15 5.37E-04
49 9.27 2.22 10.49 1.60 3.23E-04
56 10.66 1.70 11.53 1.29 1.65E-04
65 9.8 3.7 11.2 8E-01 5.21E-04
73 10.61 2.13 10.73 2.10 3.25E-04
77 10.71 3.07 11.04 1.07 4 95E-04
86 10.64 1.99 11.16 2.04 4.79E-04
89 12.23 3.27 11.04 6E-01 4.53E-04
93 10.77 1.58 11.93 1.65 6.89E-05
99 11.23 2.80 12.25 1.04 3.91E-04
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Table A. 17: Case B: Simulated values at 48 hours for Swiss aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.55 2.25 7.96 1.93 7.13E-04
15 11.83 2.80 12.47 1.27 8.26E-04
20 10.66 2.86 12.28 1.56 7.14E-04
26 8.81 2.90 11.04 1.21 1.20E-03
33 11.06 3.15 10.95 1.31 9.83E-04
41 11.17 3.61 11.56 1.20 1.03E-03
49 9.28 2.20 10.61 1.57 7.24E-04
56 10.56 1.68 11.40 1.29 4.73E-04
65 9.80 3.64 11.20 | 9E-01 1.02E-03
73 10.45 2.01 10.65 2.05 7.62E-04
77 10.49 2.94 11.00 1.15 9.85E-04
86 10.52 2.05 11.13 2.03 9.51E-04
89 11.97 3.40 11.07 | 7E-01 8.85E-04
93 10.59 1.42 11.62 1.67 2.53E-04
99 11.02 2.82 12.26 1.12 8.07E-04
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Table A. 18: Case C: Simulated values at 48 hours for Swiss aquifer

Realization XCN XNSP | ZCN ZNSP SS
number (m) (m) (m) (m) (mol/kg)
7 9.64 213 8.25 1.92 1.06E-03
15 11.59 2.72 12.34 1.37 1.17E-03
20 10.60 2.65 12.10 1.64 1.06E-03
26 8.94 2.82 11.03 1.24 1.56E-03
33 10.89 3.01 10.99 1.28 1.36E-03
41 11.05 3.45 11.51 1.18 1.43E-03
49 9.32 213 10.71 1.49 1.11E-03
56 10.48 1.61 11.29 1.26 8.23E-04
65 9.78 3.50 11.20 | 9E-01 1.39E-03
73 10.37 1.87 10.62 1.94 1.16E-03
77 10.35 2.79 10.97 1.17 1.40E-03
86 10.45 2.01 11.13 1.98 1.31E-03
89 11.77 3.39 11.08 | 8E-01 1.27E-03
93 10.47 1.27 11.40 1.61 5.27E-04
99 10.88 2.72 12.22 1.13 1.16E-03
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