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Abstract 

The objective of this study was to develop an understanding of the potential effects of hydrogen 

gas (H2) exsolution during nanoscale zero-valent iron (nZVI) groundwater remediation 

applications. An improved understanding of gas exsolution and its effects can be applied to 

remediation technologies that produce gas in excess of solubility limits, including bioremediation 

and nZVI. Experiments were performed in thin flow cells packed with water-saturated silica sands. 

Differential pressure measurements were taken under saturated conditions, after H2 gas exsolution 

and during gas dissolution. Images were processed with a quantitative light transmission technique 

to visualize and quantify gas production and transport, and to investigate flow diversion around the 

injection zone. In a larger-scale experiment, images were processed qualitatively to visualize gas 

production and transport, and to investigate flow diversion around the injection zone. Water 

samples were collected and analyzed for contaminant mobilization and redistribution to upper 

portions of the flow cell. The exsolution of H2 gas caused reductions in hydraulic conductivity with 

lower values associated with higher gas saturations. Images obtained from dye tests in all 

experiments demonstrated significant reduction in hydraulic conductivity due to H2 gas produced, 

with flow diversion of dye solution around the injection zone. The study demonstrated that the 

dissolution of exsolved gas can be used to investigate relative permeability at small saturation 

increments and at lower trapped gas saturations than can be obtained using external displacement 

experiments. H2 gas exsolved due to the reaction of nZVI with water was greater than the H2 gas 

produced by the self-hydrolysis of NaBH4 solution injected into saturated sands, despite using 

similar NaBH4 concentration as excess for nZVI synthesis. In the large-scale experiment, the 

exsolved H2 gas volume was sufficient to produce trapped gas in the injection area, and gas that 

travelled upwards and away from the injection area as gas channels. Vertical gas transport occurred 

above a high-concentration trichloroethene (TCE) plume, resulting in its redistribution of TCE, as 

well as ethene and ethane transport along the gas channel fronts. 
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Chapter 1 

Introduction 

1.1 Background 

Groundwater is an important source of water that supports communities and economies worldwide. 

More than two-thirds of the world’s freshwater resource is groundwater (Freeze and Cherry, 1979) 

and 30% of Canadians depend on it as a drinking water source (Bruce, 2009). Growing global 

economic challenges and constant population growth around the world continue to add more 

pressure on water resources leading to insufficiency of water, and adding additional stress on 

groundwater utilization. Despite that, groundwater legislation is not advanced compared to that for 

surface water, which protects downstream rights (Kocur, 2015), so that groundwater is more 

vulnerable to over-consumption and to contamination.  

 

Neglectful industrial practices have also caused groundwater contamination. To address this issue, 

decades of research and development has been conducted aiming to provide alternatives to 

remediate recalcitrant industrial wastes and contaminants. However, recent technologies are unable 

to completely clean over 400,000 contaminated brownfields in North America to acceptable 

regulatory limits (Kocur, 2015).  

 

Hydrocarbons and chlorinated solvents are some of the most common, persistent, and difficult to 

remediate contaminants present at brownfield sites. At many sites, there are sufficient quantities of 

these substances that they can be present as a separate liquid phase, referred to as non-aqueous 

phase liquids (NAPLs). A number of remediation technologies have been developed to restore soil 

and groundwater contaminant concentrations to acceptable levels. However, these technologies 

rarely achieve clean-up goals at contaminated sites within acceptable timeframes and costs (Ochs 
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and Duffy, 2001). This suggests that more focus on research is required to develop current 

innovative technologies and practices to address deficiencies and improve performance. Therefore, 

there is a recent growing research interest in a number of processes that occur within groundwater, 

including biochemical reactions and geochemistry, the exsolution and dissolution of gases and their 

associated effects during the application of remediation technologies (Marinas et al., 2013). 

 

Among the most promising NAPL remediation technologies is chemical reduction by nanoscale 

zero-valent iron (nZVI). Zero-valent iron (ZVI) is a strong reductant for chlorinated solvents, and 

can transform chlorinated solvents into benign end products. The original applications of micron 

scale ZVI for groundwater remediation were in permeable reactive barriers (PRBs) for prevention 

of off-site migration of groundwater contaminated with chlorinated solvents and metals (Gillham 

and O’Hannesin, 1994). nZVI was then developed, and has shown improved reactivity (Kocur et 

al., 2014; Wang and Zhang, 1997).  Consequently, the potential for injection of nZVI particles for 

in situ remediation of groundwater has been recognized. With particle diameters typically less than 

100 nm, all nZVI particles react with water and oxygen to form an outer iron oxide/hydroxide layer 

giving nZVI a core-shell structure (Figure 1.1). This thin layer allows electron transfer from the 

metal directly through contaminants (e.g., through pits or pinholes), indirectly via the oxide 

conduction, and from sorbed or structural Fe2+. The iron oxide/hydroxide layer can also act as an 

efficient adsorbent for various contaminants, specifically metals (O’Carroll et al., 2013). Therefore, 

a number of priority source zone pollutants, including chlorinated ethanes and ethenes (O’Carroll 

et al., 2013), polychlorinated biphenyls (Liu et al., 2007), chlorinated methanes (Lien and Zhang, 

1999), heavy metals (Hoch et al., 2008), arsenic (Kanel et al., 2007), and perchlorate (Cao et al., 

2005) have all been successfully treated in laboratory studies using nZVI. 
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Figure 1.1: Core–shell structure of nZVI depicting various mechanisms for the removal of metals 

and chlorinated compounds (after O’Carroll et al., 2013). 

 

With the ability to accurately design and synthesize highly reactive iron nanoparticles, nZVI 

technology is becoming a favorable choice for the remediation of free-phase chlorinated solvents 

in the subsurface. In general, the application of nZVI as a remediation technology occurs in three 

steps: the initial transport of the nanoparticles with the bulk aqueous phase (or delivery fluid) to the 

NAPL contaminated zone, followed by nanoparticle partitioning at the NAPL/aqueous phase 

interface or attachment to soils in the contaminated zone, and finally the reaction of the 

nanoparticles with the target contaminant to form less toxic and/or less mobile products (O’Carroll 

et al., 2013). The small size of nZVI allows it to be injected deeper in the subsurface where the 

installation of PRBs is impractical. In addition, nZVI is able to treat a source zone and plume, rather 

than only a plume, as is the case when using PRBs. Therefore, field application of nZVI has the 

potential to be highly effective for the treatment of groundwater contaminated by chlorinated 

compounds. The high reaction rate associated with the large nZVI surface area gives the technology 

the advantage of rapidly reducing a number of priority source zone contaminants. However, in 

order to effectively utilize it and deliver it to the source zone, the nZVI particles must be stable 

(Kocur et al., 2013). 
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The  application  of  nZVI  for  subsurface  remediation  is negatively affected by the  limited  

mobility of nZVI under typical subsurface conditions (He et al., 2009). Several studies have shown 

that nZVI rapidly aggregates, driven by van der Waals interparticle and magnetic forces, and 

agglomerates to a critical size where gravitational forces result in the settling of particles (He and 

Zhao, 2005; Phenrat et al., 2008; Schrick et al., 2004).  This agglomeration notably reduces the 

nZVI surface area, consequently inhibiting the reactivity and effectiveness of the nZVI 

nanoparticles.  The agglomeration also results in reducing the mobility of the nZVI solution as 

larger particles aggregated during the agglomeration process settle by gravity or cannot be 

transported through the porous media, thereby blocking the soil pores and considerably reducing 

the hydraulic conductivity (McPherson, 2012).  

 

The goal of nZVI stabilization is to improve reactivity and the transport characteristics of the nZVI 

particles. Applying surface modification to nZVI particles has proven to inhibit aggregation by 

eliminating interparticle magnetic interaction and attraction forces, reducing particle agglomeration 

and settlement, and maintaining the nanoparticles’ high surface area, to ultimately improve nZVI 

mobility and reactivity  (McPherson, 2012; Petosa et al., 2010). Phenrat et al. (2007) investigated 

diffusion-limited aggregation of nZVI and found that particles with an average radius of 20 nm 

aggregate to micrometer-size aggregates in only 10 min. This aggregation limits the transport of 

nZVI particles to distances of 0.3  0.45 m as reported in studies performed at relatively 

heterogeneous and more controlled conditions than real subsurface conditions (Johnson et al., 

2013). These rapidly-settling solutions are referred to as being unstable. A variety of polymers have 

been used to stabilize nZVI and have produced significantly enhanced mobility in small-scale 

laboratory studies employing high levels of sonication and high water velocities in coarse and fine 

glass beads, clean sand, and sandy soil (He et al., 2009).  



 

5 

 

 

The reactivity of nZVI is highest when it is applied as freshly synthesized particles. This high 

reactivity diminishes as the particles age with time, and gets oxidized from the zero-valent state to 

iron hydroxides (i.e., Fe2+ and Fe3+).  Therefore, nZVI can be injected as a freshly synthesized and 

stabilized solution by covering the surface of the nZVI particles with a polyelectrolyte coating 

(Khalil et al., 2017).  

 

nZVI can be applied as a stand-alone technology or in combination with simultaneous or sequential 

stimulation of biodegradation, where hydrogen produced during nZVI reaction with water can 

stimulate biodegradation under anaerobic conditions (Nurmi et al., 2005). Laboratory experiments 

by Chen et al. (2011) demonstrated that the reaction of water with nZVI at room temperature is a 

feasible process for hydrogen gas production. The reported results showed that the iron-normalized 

hydrogen production rates varied from 15.2 to 58.3 mg H2/kg Fe/h for nZVI, which are about two 

orders-of-magnitude higher than those of micro-sized iron particles (Chen et al., 2011). The 

feasibility of enhanced in situ anaerobic biodegradation of trichloroethene (TCE) by hydrogen gas 

produced during nZVI reaction with water at a TCE contaminated site was evaluated by Chen et 

al. (2012). Native microorganisms were capable of degrading TCE under anaerobic conditions 

using hydrogen as an electron donor. Chen et al. (2012) showed that in the long-term (i.e., post-

injection) the dissolution of the trapped hydrogen gas in the treatment zone will provide additional 

reducing equivalents (electron donor) for dechlorinating bacteria that can act as a secondary 

treatment step to further reduce source zone concentrations. 

 

Recently, hydrogen gas (H2) formed during nZVI application has been linked to changes in 

groundwater flow during injection. Figure 1.2 is a simplified, conceptual sketch of an nZVI field 

injection application, in which H2 gas is produced during the reaction of the solution with 
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groundwater near the injection zone. At the target zone, the nZVI reacts with water and the NAPL 

source producing H2 gas and volatile organic compounds (VOCs) that can travel upwards, 

potentially causing contaminant redistribution to the region above the injection zone. Johnson et al. 

(2013) reported results from field-scale and laboratory column experiments that showed unoxidized 

nZVI that was transported only about 1 m, with less than 2% of the injected nZVI concentration 

reaching that distance.  An increased distance of 2.5 m was achieved with very aggressive 

pressurized flow.  In these studies, the nZVI used was stabilized using carboxymethylcellulose 

(CMC), therefore the limited mobility may possibly not have been due to agglomeration. The study 

also concluded that a change in groundwater flow that occurred during injection was due to 

hydrogen bubble formation, which diverted the nZVI away from the targeted flow path (Johnson 

et al., 2013). Other published field trials conducted to date have encountered difficulties with nZVI 

transport, even when using nZVI stabilized with polymers (Kocur et al., 2014, 2013). This indicates 

that problems with solution transport may be related to factors other than stability of the nZVI 

particles. The production of large amounts of gaseous phase (H2) from the reaction of freshly 

synthesized nZVI with water (Chen et al., 2011) may contribute further to the limited mobility, a 

dilemma that was addressed throughout this research study. However, H2 gas plays other beneficial 

roles during nZVI implementation. It reacts with oxygen (O2) to form hydrogen peroxide (H2O2) 

which further reacts with ferrous iron (Fe2+) to produce highly reactive hydroxyl radicals that play 

an important role in degrading chlorinated solvents such as TCE (Chen et al., 2001). Further, H2 

gas is also beneficial as it provides electrons that can be used by dechlorinating bacteria to enhance 

bioremediation as a secondary treatment.  Therefore, H2 production must be optimized to take 

advantages of the benefits while reducing the negative effects associated with permeability 

reduction and VOC redistribution.   
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Figure 1.2: Simplified schematic of a nZVI field injection 

 

1.2 Research Objectives 

The goals of this research were to investigate H2 gas generation rates and composition through 

laboratory experiments under different operating conditions, and conceptualize the effect generated 

gas has on the porous media aqueous phase relative permeability and the transport of VOCs and 

H2. Light transmission imaging was used to quantify gas distributions during bench-scale injection 

experiments of NaBH4 and nZVI solutions into clean homogenous sands, and a lab-scale nZVI 

solution injection experiment into TCE contaminated homogenous sand. Specific research 

objectives were to:  

(i) Measure changes in hydraulic conductivity and H2 gas saturations during sodium 

borohydride (NaBH4) solution injection and compare them to those caused by trapped 

air. 

(ii) Measure changes in hydraulic conductivity caused by H2 gas generation during NaBH4 

and nZVI solutions injections. 
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(iii) Quantify H2 gas saturations exsolving from nZVI solutions synthesized with different 

NaBH4 concentrations, and compare those to H2 gas saturations exsolving from the 

self-hydrolysis of similar NaBH4 concentrations used during nZVI synthesis, injected 

in clean saturated sand. 

(iv) Quantify changes in the concentration of dissolved VOCs due to gas generation and 

mobilization following application of nZVI into TCE contaminated sand. 

 

This research will help nZVI remediation practitioners understand the expected amounts of H2 gas 

exsolution, as it relates to NaBH4 concentrations used during solution synthesis, its effect on nZVI 

mobility and its effect on VOCs transport.  Understanding the effect of H2 gas produced during 

nZVI injection on the physical, chemical and hydrogeological nature of the subsurface can lead to 

effective implementation of an nZVI injection application, particularly in combination with 

reductive dechlorination as a secondary treatment step. It is expected that the results of this study 

will help understand gas generation rates and composition, and their effect on aqueous permeability 

and mass transfer, leading to the optimization of nZVI solution concentrations and volumes 

required for injection in field applications, and the effective delivery of nZVI to contaminated 

zones. 

 

1.3 Organization of Thesis 

This thesis is organized in a manuscript format and includes a total of 6 chapters. Chapter 2 provides 

a literature review summary of nZVI technology and related application challenges; a brief on 

essential nZVI chemistry, gas production and transport mechanisms in porous media; and summary 

of the light transmission imaging method. Chapter 3 presents quantification results of H2 gas 

exsolving from the self-hydrolysis reaction of NaBH4 solution with deionized water in sand packs 

during bench-scale experiments, comparing the effect of exsolved gas on hydraulic conductivity to 
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the reduction in hydraulic conductivity caused by trapped air. The results were coupled with 

changes in hydraulic conductivity data as H2 gas dissolves and were used to generate relative 

permeability curves for various sand sizes. Chapter 4 presents quantitative visualization of H2 gas 

production from nZVI and NaBH4 solution injected in homogenous clean sands during bench-scale 

experiments, comparing gas volumes produced and investigating the implications on flow 

properties and hydraulic conductivity. Chapter 5 presents results obtained from lab-scale 

experiments, during which nZVI solution was injected into TCE contaminated sand, to visualize 

and quantify the gas phase and investigate the potential for the upwards mobilization of TCE and 

other VOCs reaction products as a results of gas production. Chapter 6 includes a concluding 

summary, as well as recommendations for future work. The appendices contain supporting data, 

figures, and images. The reader should expect duplication between the literature review of Chapter 

2 and the background sections of Chapter 3, Chapter 4, and Chapter 5 as a consequence of the 

manuscript format.  
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Chapter 2 

Literature Review 

2.1 nZVI Groundwater Remediation Technology 

Groundwater remediation using nano-scale zero-valent iron (nZVI) is based upon earlier success 

using zero-valent iron (ZVI) as a remediation method to clean groundwater, where micro- and 

granular-sized ZVI was incorporated in permeable reactive barriers (PRBs). These PRBs are often 

constructed to intercept groundwater plumes, and the ZVI within the PRBs consequently reacts 

with dissolved chlorinated hydrocarbons such as trichloroethene (TCE) to produce benign by-

products (Gu et al., 1999; Reynolds et al., 1990). The increased surface area of nZVI compared to 

the micro-scale or macro-scale ZVI in PRBs, and the potential to inject nZVI deeper than PRBs 

can be installed, can lead to its wider applicability and greater effectiveness for a wider spectrum 

of groundwater remediation, including source zones and dissolved plumes (Cook, 2009). Despite 

these promising facts however, there are still potential concerns that face nZVI application, related 

to the effectiveness and successful application of this new technology, and arising from subsurface 

mobility and stability challenges (Nurmi et al., 2005).  

 

2.1.1 nZVI Synthesis 

Numerous methods have been developed for manufacturing and synthesizing nZVI metallic 

nanoparticles. The methods can be categorized as either bottom-up or top-down approaches. The 

bottom-up methods construct nZVI from the basic elements, such as atoms or from chemical 

compounds. The top-down methods breakdown or restructure a bulk material. The need for 

producing cheap multi-kilogram quantities of nZVI while maintaining functionality has resulted in 

the development of conventional top-down methods such as thermal reduction of ferrous iron, 

electrolysis and polyphenolic plant extracts (Crane and Scott, 2012). Using simple chemical 
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reagents and basic lab equipment, the borohydride reduction of ferrous salts, developed by Wang 

and Zhang  (1997) is the most widely used method within academia. This method produces highly 

reactive nZVI particles in large enough amounts for laboratory experiments. The nanoparticles 

produced by this method are often highly poly-dispersed, ranging over tens to hundreds of 

nanometres in size and therefore considerably prone to agglomeration (Crane and Scott, 2012). 

nZVI particles were produced in the laboratory by Wang and Zhang (1997) by adding 1.6 M of 

sodium borohydride (NaBH4) aqueous solution to 1.0 M of ferric chloride hexahydrate 

(FeCl3.6H2O) solution at ambient room temperature and the nZVI was produced according to the 

following chemical reaction: 

 

4Fe3+ + 3BH4− + 9H2O → 4Fe0 ↓ +3H2BO3− + 12H+ + 6H2 ↑   (2.1)  

 

To understand the effects that the choice of synthesis method have on nZVI particle morphology 

(e.g. shape, size and surface area), which in turn impact reactions and effectiveness, Liu et al. 

(2005b) prepared fresh nZVI using the borohydride reduction method and exposed a portion of the 

nZVI particles to air for approximately three days to get partially oxidized nZVI, while a second 

portion were annealed at 400 C for three hours to facilitate the formation of a crystal structure. 

The particle characterization study showed that the freshly synthesized nZVI particles were 

amorphous with poor order and had a specific surface area of 33.7 m2/g. The partially oxidized 

particles were also amorphous with a surface area of 19.7 m2/g. In contrast, the annealed particles 

showed a high degree of crystallization. Liu et al. (2005b) also investigated the capability of these 

different nZVI particles, with different surface properties, to activate and use H2 for TCE 

dechlorination. The freshly made amorphous nZVI produced H2 which was easily consumed during 

the reaction, resulting in a high amount of saturated reaction products. The partially oxidized nZVI 

particles showed similar reaction product distribution and H2 utilization pattern compared to the 
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freshly made particles. For annealed nZVI particles, however, a similar pattern of H2 production 

and utilization was not observed, TCE was degraded at a lower rate, and the final products of TCE 

reduction were predominantly unsaturated. The study concluded that the large degree of 

crystallinity of the annealed nZVI might have lower reactivity with H2O because of its highly 

ordered surface nature. The differences in TCE degradation rate and reaction products by different 

nZVI particles demonstrated the importance of nanoparticle morphology in degradation of 

chlorinated organic compounds.  Because of its favourable properties, freshly synthesized nZVI 

has used been used in field-scale applications (Chowdhury et al., 2015; Johnson et al., 2013; Kocur 

et al., 2014). 

 

2.1.2 nZVI Reaction in the Subsurface 

When injected in the subsurface, nZVI reacts with dissolved oxygen (DO) in groundwater and/or 

with the groundwater itself. Therefore, nZVI is highly susceptible to corrosion in aqueous media. 

The corrosion is considered to occur primarily through an electrochemical process with anodic and 

cathodic components (Crane and Scott, 2012). The reaction involves the dissolution of Fe0 (forming 

soluble ionic products or insoluble oxide/hydroxide) as shown in the following reaction equations 

(Crane and Scott, 2012): 

 

(aerobic) 2Fe0 (s) + 4H+ (aq) + O2 (aq)                      2Fe2+ + 2H2O (l)   (2.2) 

(aerobic) 2Fe2+ (s) + 2H+ (aq) + ½ O2 (aq)                     2Fe3+ + H2O (l)   (2.3) 

(anaerobic) 2Fe0 (s) + 4H2O (l)                       2Fe2+ + 2H2 (g) + 4OH- (aq)   (2.4) 

(anaerobic) 2Fe2+ (s) + 2H2O (l)                      2Fe3+ + H2 (g) + 2OH- (aq)   (2.5) 

 

Under aerobic conditions, nZVI is oxidized to ferrous iron and protons are consumed in the process 

(Equation 2.2). The primary product from this reaction is ferrous iron (Fe2+) which in turn 



 

15 

 

undergoes further oxidative transformation in the presence of oxygen (Equation 2.3). Under 

anaerobic conditions, nZVI reacts with water to produce Fe2+, hydrogen gas (H2) and hydroxide 

ions (OH-) (Equation 2.4). Fe2+ ions are further oxidized to ferric ions (Fe3+) (Equation 2.5) (Zhang 

and Elliott, 2006). H2 gas is produced under anaerobic conditions. Equations 2.2 to 2.5 show 

increasing solution pH as either protons are consumed or hydroxyl ions are produced. As either of 

the two nZVI reactions progresses, increasing quantities of corrosion byproducts and a 

corresponding lowering of nZVI material porosity (corrosion byproducts accumulate on the surface 

of nZVI particles) can significantly limit direct iron-dissolved oxygen/water and iron-contaminant 

interactions (Zhang and Elliott, 2006). While these effects of corrosion have been investigated, the 

effects of H2 gas produced during the application of nZVI remediation are less understood and 

require further investigation, which is the main purpose of this research study. 

 

2.1.3 Agglomeration, Mobility and Stability Challenges 

Agglomeration can be defined as the process in which the nZVI particles tend to attach and cluster 

together (agglomerate) and consequently settle due to gravity. Many factors can lead to nZVI 

particle agglomeration, including: nZVI solution concentration, magnetic attraction between nZVI 

particles, particle size distribution, and zeta-potential (Phenrat et al., 2007).  Unlike nZVI particles 

at lower concentration, application of the nZVI particles at too high concentration may increase the 

chances of particle agglomeration (Phenrat et al., 2007). Recent research shows that particles are 

mobile at low concentrations (e.g., 30 mg/L or less) regardless of the size distribution and magnetic 

forces (Phenrat et al., 2009). The size of the nZVI particles after synthesis however, plays an 

important role in the agglomeration process, where larger particles that have higher ZVI content 

are more magnetically active and attracted to each other and to subsurface soil grains, which further 

increase nZVI delivery difficulties (Mukherjee et al., 2016). On the other hand, smaller nZVI 

particles with lower ZVI content can potentially travel past those nZVI particles with higher ZVI 
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because they are less likely to agglomerate (Phenrat et al., 2009). However, ZVI content is essential 

for contaminant reduction, removal, and/or immobilization; therefore, a balance between all of 

these variables is required in order to maximize the effectiveness of the technology. 

 

Another important factor that can cause agglomeration is the zeta-potential of the particles. Each 

of the different processes available for generating nZVI will create particles with different zeta-

potentials. The zeta-potential, or the zone of electric potential, of a particle determines how 

attracted it will be to other particles, and therefore, how likely they are to agglomerate. As the zeta-

potential approaches zero, particles tend to agglomerate, making them less mobile and less reactive. 

Particles with zeta-potential values greater than +30 mV and less than -30 mV are considered stable, 

with maximum instability or agglomeration taking place at zero (Zhang and Elliott, 2006). Surface 

modification using charged polymers (polyelectrolytes) or surfactants also changes the zeta-

potential by increasing surface charge and repulsion between particles to reduce agglomeration 

(Saleh et al., 2008). The pH of a solution also influences the zeta-potential. As the pH of a solution 

increases, particles tend to acquire negative charge, which results in a negative zeta-potential 

(Zhang and Elliott, 2006). This suggests that the pH of the groundwater at any contaminated site 

will have potentially a direct effect on the effectiveness of an nZVI remediation injection. A zeta-

potential of zero is expected for pH values between approximately 8.0 and 8.2, which could 

negatively impact the usefulness of field-scale nZVI remediation applications (Keane and Giulio, 

2009). Zeta-potential is also affected by the ionic strength of the groundwater (Keane and Giulio, 

2009). Most of the studies on transport and mobility of nZVI used either deionized water or water 

at low ionic strength to test the dispersion stability, which is not representative of actual 

groundwater (Saleh et al., 2008). According to Saleh et al. (2008) the concentration of monovalent 

cations in groundwater (e.g., Na+, K+) is typically 1-10 mM and the concentration of divalent 

cations (e.g., Ca2+, Mg2+) is typically 0.1-2 mM. As the concentration of positively charged ions 
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increase in the water, the zeta-potential approaches zero, which leads to greater agglomeration of 

the nZVI particles. Recent research results indicate that the zeta-potential of bare nZVI particles is 

approximately -30 ± 3 mV and is virtually immobile (Saleh et al., 2008; Zhang and Elliott, 2006). 

The addition of polymers to nZVI resulted in a higher zeta-potential (-50 ± 1.2 mV), which 

facilitated further transport in water-saturated sand column experiments (Saleh et al., 2008). The 

high mobility is thought to be an effect of the electrosteric stabilization provided by the copolymer 

(Saleh et al., 2008). The electrosteric stabilization provided the best resistance to changing 

electrolyte (e.g., Na+ and Ca2+) concentrations that occur in real groundwater and provided transport 

distances of tens to hundreds of meters in sandy aquifers (Saleh et al., 2008). 

 

There is clear evidence and a broad consensus regarding the limited mobility of nZVI in porous 

media under almost all conditions (Lin et al., 2010; Phenrat et al., 2007; Saleh et al., 2007; Schrick 

et al., 2004). The natural subsurface heterogeneity results in significant variations in hydraulic 

conductivity creating low permeability zones where groundwater velocity will be less than 0.1 

m/day, which also limits nZVI mobility (O’Carroll et al., 2013). Together with the decrease in 

surface area caused by agglomeration, the low mobility limits the effectiveness of nZVI 

applications (He et al., 2007). Several studies have concluded that unstabilized nZVI rapidly 

aggregates and grows to sizes that settle due to gravitational forces (He and Zhao, 2005; Phenrat et 

al., 2007; Schrick et al., 2004). The transport of nZVI particles in the soil and groundwater is also 

influenced by other geochemistry factors in an aquifer, such as oxidation-reduction potential 

(ORP), DO, and pH, and vice versa (i.e., addition of nZVI can also alter the geochemistry of a 

system). Changes in inorganic indictors, such as ORP, pH, chloride, and alkalinity, can be measured 

to determine if the application of nZVI is affecting the contamination plume (Gavaskar et al., 2005). 

By comparing the reaction rate when using nZVI to the reaction rate when using granular ZVI, it 
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is noted that the pH and ORP values changed considerably more when using nZVI (Chang and 

Kang, 2009; Keane and Giulio, 2009).  

 

nZVI slurry, made by mixing nZVI powder and water, is usually introduced to the groundwater 

system through injection (Gavaskar et al., 2005). Inappropriate handling of the nZVI slurry before 

or at the time of the injection process can also contribute to the limited reactivity and mobility of 

the nZVI particles (Keane and Giulio, 2009). Exposure to the air during application can cause the 

water to become oxygenated, leading to oxidation and passivation of the nZVI prior to reaching 

and reacting with the contamination plume. Generally, to prevent passivation from occurring, 

injection methods should limit the amount of aerated water used in the slurry and during injection 

to limit the particles’ exposure to oxygen and other oxidants (Gavaskar et al., 2005). 

 

There is a general agreement that the surface of nZVI particles must be modified for particles to 

remain dispersed to avoid aggregation (Cirtiu et al., 2011; Kocur et al., 2013; Krajangpan et al., 

2009; Saleh et al., 2007; Sun et al., 2007). Without the application of surface coatings and other 

stabilizers, aggregation and pore clogging are considered the fundamental mechanisms limiting the 

maximum practical transport distances of nZVI in saturated laboratory columns to less than 40 cm 

(Crane and Scott, 2012; Schrick et al., 2004). These coatings enhance reactivity by reducing 

agglomeration, sedimentation, and corrosion by increasing the surface charge to provide 

electrostatic stabilization or by steric repulsion. Surface coatings also have been shown to reduce 

the interaction between the highly reactive surface of the bare nZVI particles and the geochemical 

conditions of the surrounding media (He et al., 2007).  nZVI particle coatings are typically made 

from biodegradable material (e.g., carboxymethylcellulose, polyvinyl alcohol-co-vinyl acetate-co-

itaconic acid, and guar gum) to avoid potential contamination associated with the coating (Crane 

and Scott, 2012; He et al., 2007; Keane and Giulio, 2009; Krajangpan et al., 2009).  Natural organic 
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matter can also coat nZVI particles after they have been injected, and this has also been shown to 

increase nZVI mobility (Johnson et al., 2009; Phenrat et al., 2009).  Several column experiments 

have been conducted with unstabilized (i.e., uncoated) nZVI; however mobility was limited 

(Johnson et al., 2009; Schrick et al., 2004; Tiraferri and Sethi, 2009). In contrast, high mobility 

(effluent iron concentration rapidly reached a plateau at about 2 pore volumes) has been reported 

in column experiments performed with stabilized nZVI prepared using a pre-synthesis stabilization 

technique with carboxymethylcellulose (CMC) polymer (He et al., 2009).  

 

The effects of specific discharge and CMC on nZVI transport were addressed in a study by Mondal 

et al. (2017) through laboratory-scale experiments and numerical model simulations performed in 

a two-dimensional glass sandbox wet-packed with uniform layers of silica sands. Viscous fingering 

was observed and was attributed to the heterogeneity and viscosity contrast between the flowing 

water and either the injected CMC solution alone or CMC-stabilized nZVI, and caused slower nZVI 

transport. The higher the concentration of the CMC used for nZVI stabilization, the greater the 

pressure drop during injection, which required increased specific water discharge for a greater nZVI 

mobility. All experiments were conducted in a de-aired environment to sustain anaerobic condition.  

Nevertheless, bubble formation was observed, and was assumed to be the result of the reaction 

between excess NaBH4 used for nZVI synthesis and water. Mondal et al. (2017) noted that the 

produced gas bubbles could have resulted in a reduction of the relative permeability during the 

experiments which may have impacted the nZVI transport in the sandbox. 

 

2.1.4 Dechlorination of TCE by nZVI 

Trichloroethene (TCE) is among the worst and most abundant contaminants released into the 

natural environment with over 1500 hazardous waste sites recognized as TCE contaminated, 

according to the Superfund or the Resource Conservation and Recovery Act (2009). This has 
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motivated researchers to investigate new and innovative ways to remediate this contaminant, one 

of which is dechlorination by means of nZVI reduction (Pupeza et al., 2007). The abiotic 

dehalogenation of TCE to ethene and chloride occurs by the transfer of electrons resulting from the 

oxidation of iron, according to the following reaction (Pupeza et al., 2007; Snyder, 2011): 

 

3Fe0 + C2HCl3 + 3H+                       3Fe2+ + C2H4 + 3Cl-    (2.6) 

 

A higher TCE dechlorination rate in H2 gas headspace was reported in batch experiments of several 

studies, demonstrating that nZVI synthesised with sodium borohydride solution can catalyze the 

aqueous phase hydrodechlorination of TCE using H2 as a reductant (Liu et al., 2005a, 2005b; 

O’Carroll et al., 2013). The TCE and nZVI reaction pathways are: (i) beta-elimination, in which 

TCE is reduced directly to ethane via the production of short-lived intermediates, such as 

chloroacetylene and acetylene, while the formation of partially dechlorinated products such as 

dichloroethene (DCE) and vinyl chloride (VC) is avoided; or (ii) sequential degradation, which 

occurs when one chlorine atom is removed in each dechlorination step, so that TCE degrades to 

cis-1,2 DCE, then to VC, and finally to ethene and ethane. Chlorinated solvents however, degrade 

mainly through the beta-elimination pathway when exposed to iron (Tratnyek et al., 2008). Beta-

elimination is the preferred pathway because it occurs under abiotic-reducing conditions and 

degrades TCE without producing the environmentally persistent intermediate products (i.e. cis-1,2 

DCE and VC) (Cook, 2009).  When reacting with chlorinated hydrocarbons, the pH of the media 

plays an important role in the degradation process.  The degradation rate is faster under acidic 

conditions (pH ≤ 4), and the rate of degradation decreases gradually as the pH increases until 

reaching a plateau (McDowall et al., 2005). During the application of nZVI remediation, H2 gas 

produced (Equations 2.4 and 2.5) reacts with oxygen (O2) to form hydrogen peroxide (H2O2) which 
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further reacts with Fe2+ producing Fe3+ and highly reactive hydroxyl oxidants known as Fenton’s 

reagent: 

 

Fe2+ (s) + H2O2 (l)                      FeOH2+ + OH•      (2.7) 

 

Chen et al. (2001)  performed laboratory column experiments with dissolved TCE in sandy soils 

and reported that the produced Fenton’s reagent is capable of degrading 90 to 100 percent of the 

aqueous phase TCE at a pH value of 3. In real field applications however, maintaining the acidic 

condition to 3 or below is not cost effective (Chen et al., 2001). 

 

2.2 Gas Production During nZVI Application 

Gaseous phase can exist or can be formed in the subsurface due to a variety of natural mechanisms. 

Gases can also be generated from chemical and physical processes during the application of 

groundwater remediation (Marinas, 2009; Sequeira, 2014). In particular nZVI applications have 

been reported in several studies to produce H2 gas (Chen et al., 2011, 2012; Chowdhury et al., 2015; 

Crane and Scott, 2012; Huang et al., 2016; Johnson et al., 2013; Kocur, 2015). Like most other 

gaseous phases in porous media, H2 gas produced during nZVI application can be trapped, 

mobilized, dissolved or consumed through chemical or microbiological reactions. The current 

conceptual model for nZVI delivery does not consider the potential effect of hydrogen gas 

formation on limiting the mobility of nZVI particles and affecting the delivery of nZVI to target 

locations.  The current conceptual model also does not consider partitioning of volatile chlorinated 

hydrocarbons to the gaseous phase, potentially enhancing the transport of those volatile 

contaminants. A schematic diagram for nZVI injection that includes gas generation is shown in 

Figure 1.2. When nZVI is injected, H2 gas can be generated in the immediate vicinity of the 

injection, where it can remain trapped. This trapped gas can be both beneficial and detrimental to 
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the treatment goals of an nZVI remediation application. In the short-term (i.e. during injection) the 

presence of trapped gas will reduce the aqueous phase permeability of the injection zone, which 

will potentially impede the delivery of nZVI by increasing the required injection pressure. If 

sufficient amounts of H2 gas are generated, the gas can become mobile and flow upwards away 

from the treatment zone. The effect of entrapped and mobilized gas (often air) on quasi-saturated 

hydraulic conductivity of porous media has been addressed in previous studies (Faybishenko, 1995; 

Fry et al., 1997; Marinas et al., 2013). Marinas et al. (2013) for example, examined the effect of 

increased hydrostatic pressure on entrapped air and quasi-saturated hydraulic conductivity. 

However, Marinas et al. (2013) did not consider the expansion or re-expansion (after compression) 

of the gas and its effect on the gas saturation and quasi-saturated hydraulic conductivity. Similarly, 

Faybishenko (1995) examined decreases in gas saturation (due to a discharge of mobilized air or 

dissolution of trapped air) and its effect on hydraulic conductivity in a loam soil. There is no study 

in the literature that has addressed compression followed by expansion and vice versa of trapped 

gas phase and its effects on quasi-saturated hydraulic conductivity, which would be relevant to the 

production and subsequent dissolution of trapped hydrogen gas in nZVI applications.  Although 

reduced aqueous phase permeability is detrimental to nZVI applications, the long-term dissolution 

of hydrogen gas may be beneficial.  For example, when injecting nZVI to target the most 

contaminated sub-regions of a source zone, mobilized H2 gas will be transported to non-targeted 

sub-regions, and facilitate biological dechlorination. H2 gas production during nZVI application 

enhances anaerobic dechlorination through electron donation for dechlorinating bacteria (Chen et 

al., 2012).  

 

2.3 Gas Flow in the Subsurface  

Gases can be transported upwards in porous media by discontinuous flow as bubbles or clusters, or 

by continuous flow as connected channels (Geistlinger et al., 2006; Hegele and Mumford, 2014). 
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Internal drainage (Figure 2.1a) is a process in which gas bubbles exsolve out of the water phase in 

situ due to supersaturation caused by a decrease in pressure, an increase in temperature or an 

increase in dissolved gas concentrations (Marinas et al., 2013). Gas bubbles can also exsolve as a 

result of byproducts from chemical reactions associated with nZVI injection (Huang et al., 2016), 

in situ chemical oxidation (ISCO) (Seol et al., 2003) or biological activity associated with 

bioremediation (Ye et al., 2009). This is different than external drainage (Figure 2.1b), in which gas 

invades the largest interconnected pores from one boundary through the porous medium towards 

the other boundary (Hegele and Mumford, 2014). During internal drainage, as the disconnected gas 

bubbles form following gas nucleation, the isolated bubbles grow and coalescence to form multi-

pore gas clusters. Continued growth and local connections between gas clusters can result in gas 

cluster mobilization as buoyancy forces overcome capillary trapping forces (Mumford et al., 2009). 

Macroscopic connection of continuous gas channels can then develop with further nucleation, 

growth and coalescence (Hegele and Mumford, 2015). The applicability of expressions commonly 

used to describe unsaturated soil behavior, including for relative permeability-saturation (krw(Sw)) 

and capillary pressure-saturation (Pc(Sw)), are typically derived from external drainage 

experiments (Corey, 1994), and may not be applicable to internal drainage. Internal drainage, for 

example, creates different gas distributions due to nucleation and entrapment in pores that are not 

part of the most connected gas channel network (Egermann and Vizika, 2001; Zuo et al., 2012; 

Hegele and Mumford, 2014; Jang and Santamarina, 2014). 
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Figure 2.1: Conceptual diagram for (a) internal drainage and (b) external drainage, where 

nucleation or invasion of gas phase (white) drains water (blue) in porous media (brown) 

 

In discontinuous gas transport, discrete gas cluster flow is driven by buoyancy forces and resisted 

by capillary forces (Geistlinger et al., 2006; Mumford et al., 2009; Tsimpanogiannis and Yortsos, 

2004; Zhao and Ioannidis, 2011). As gas clusters develop vertically, the hydrostatic pressure 

difference over the height of the cluster increases, resulting in local capillary pressure differences 

(Geistlinger et al., 2006).  As the vertical growth continues, a critical height is reached where the 

capillary pressure difference between the top and the bottom of the gas cluster allows local 

imbibition near its bottom. At that critical height, discontinuous gas flow takes place in the form of 

mobilization (causing upwards distribution) or fragmentation (causing snap-off into two clusters) 

(Geistlinger et al., 2006; Hegele and Mumford, 2015; Mumford et al., 2009; Wagner et al., 1997). 

Experimental studies focused on discontinuous gas transport have reported the formation of 

disconnected pipelines that repetitively connect and disconnect following gas coalescence or 

fragmentation (e.g. Glass et al., 2000; Stöhr and Khalili, 2006; Mumford et al., 2009), and this 

behavior has been incorporated into invasion percolation models (Krol et al., 2011; Wagner et al., 

1997). Following mobilization, these disconnected gas pipelines can possibly expand in a vertical 

direction or spread horizontally due to branching events as the gas supply continues (Geistlinger et 

al., 2006; Glass et al., 2000; Mumford et al., 2009; Stöhr and Khalili, 2006).  Unlike discontinuous 

gas transport, continuous gas transport is driven by buoyancy forces and pressure gradients that can 
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be determined using modified Darcy’s law expressions for fluid flux (Corey, 1994). Assuming both 

fluids (e.g., water and gas) are connected, the expressions for krw(Sw) and Pc(Sw) can be coupled 

in a continuum approach. In the case of internal drainage, as is the case with H2 gas exsolution from 

nZVI reaction with water (Chen et al., 2011; Huang et al., 2016), nucleation and growth of gas 

bubbles and local connection of clusters can initiate discontinuous gas transport before the invading 

fluid (i.e., gas) forms a connected phase. The relative magnitudes of the capillary, gravity and 

viscous forces play an important role in the dynamic switch from discontinuous to continuous gas 

flow. The discontinuous flow happens at slower gas flow rates in coarser media where lower 

viscous forces are not sufficient to equalize the hydrostatic pressure difference that initiates 

fragmentation and mobilization (Geistlinger et al., 2006; Hegele and Mumford, 2015, 2014; 

Mumford et al., 2009; Schöftner et al., 2015).  

 

Hegele and Mumford (2014) performed bench-scale electrical resistance heating (ERH) 

experiments and observed discrete gas bubble formation throughout the target heated zone at water 

boiling temperatures which in turn formed a stable network of continuous gas channels at critical 

gas saturations of 0.233 ± 0.017.  Zuo et al. (2012) conducted an experimental study for CO2 

exsolution to monitor the behavior of exsolved gas under pore-pressure depressurization. A 

significant amount of CO2 exsolution was produced by lowering the pore pressure rapidly followed 

by slow depressurization for up to 45% CO2 gas saturation as the pressure dropped from 12.41 to 

2.76 MPa. Exsolved CO2 was distributed uniformly in the homogenous porous media. The water 

relative permeability dropped significantly once CO2 gas exsolved, with a very low water relative 

permeability that remained less than 0.1 after critical gas saturation was achieved (11.7-15.5%). 

This was attributed to the presence of disconnected gas bubbles. 
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Abstract  

Relative permeability reductions due to hydrogen gas (H2) exsolution due to the reaction of excess 

sodium borohydride (NaBH4) with water can limit injections of nanoscale zero-valent iron (nZVI) 

used for groundwater remediation. Bench-scale exsolution experiments were performed using 

NaBH4 solutions injected into water-saturated sand packs. Relative permeabilities during 

exsolution and dissolution were compared to results from air trapping tests performed in the same 

sand packs. Local gas saturations were measured using light transmission to quantify H2 gas 

production and dissolution, as well as air entrapped during drainage and imbibition.  Relative 

wetting phase permeability after H2 exsolution exhibited greater variation in different experiments, 

than after air entrapment due to gas saturations associated with different NaBH4 solution 

concentrations. Relative permeability – saturation (krw − Sw) measurements showed that data 

from exsolution, dissolution and air entrapment fell on the same curve for each sand. The results 

of this study demonstrate that chemical gas exsolution can be used to investigate internal drainage 

processes with a high level of control, using different NaBH4 solution concentrations to produce 

different H2 gas volumes. 
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3.1 Introduction 

Gases can be formed in the subsurface due to a variety of natural mechanisms, or generated as a 

result of chemical and physical processes during groundwater remediation. For example, water 

table fluctuations can result naturally from evaporation, precipitation and interactions with surface 

water bodies, as well as groundwater resource utilization or groundwater remediation (e.g., pump 

and treat) (Marinas, 2009; Sequeira, 2014) and introduce air into the capillary fringe, trapping gas 

as the water table rises. Gases can also be introduced to the subsurface by exsolution from 

supersaturation conditions (Nelson et al., 2009; Sequeira, 2014), or exsolution of gaseous 

byproducts from chemical reactions associated with nano-scale zero-valent iron (nZVI) injection 

(Huang et al., 2015), in situ chemical oxidation (ISCO) (Seol et al., 2003), or biological activity 

associated with bioremediation (Ye et al., 2009). Unlike water table fluctuations, gas exsolution is 

an internal drainage process, where gas bubbles exsolve out of the water phase in situ due to 

supersaturation caused by a decrease in pressure, an increase in temperature or an increase in 

dissolved gas concentrations. During external drainage, gas invades the largest interconnected 

pores from an external (boundary) source. In contrast, during internal drainage, gas is produced 

within individual pores resulting in separate disconnected gas bubbles that can coalesce to first 

form isolated gas clusters and then, potentially, a macroscopically connected gas phase.  

 

Previous studies (e.g. Faybishenko, 1995; Sakaguchi et al., 2005; Marinas et al., 2013) have 

provided evidence of reduced hydraulic conductivity caused by the presence of trapped gas in 

porous media.  However, most of these studies have focused on gas trapped by external drainage 

and imbibition, rather than by exsolution, despite exsolution being the most likely mechanism for 

gases produced by the application of remediation technologies.  In addition, changes in hydraulic 

conductivity during the dissolution of a previously exsolved gas, as would occur for a return to 

initial conditions following remediation-based gas production, have not been investigated. 
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Understanding the dissolution of exsolved gas is important for the assessment of the potential for 

making dissolved gases accessible to microbial communities for bioremediation. A return to the 

initial (pre-exsolution) hydraulic conductivity as the gas dissolves can also facilitate subsequent 

injections of remediation fluids, such as during nZVI injection. 

 

The purpose of this research was to improve the understanding of the effect of gas exsolution and 

gas dissolution on relative permeability, and to develop a method to use chemical exsolution of gas 

to obtain relative permeability curves from an internal drainage process.  The term chemical 

exsolution is used here to differentiate exsolution caused by the formation of a gaseous reaction 

product rather than from decreases in pressure or increases in temperature, namely hydrogen gas 

produced by the self-hydrolysis of sodium borohydride (NaBH4) solutions. The exsolution of 

hydrogen gas is specifically of interest as it relates to the remediation of chlorinated organics by 

the injection of nZVI (Fan et al., 2016b; O’Carroll et al., 2013), where hydrogen can be produced 

by reactions associated with nZVI as well as NaBH4 used during synthesis. The specific objectives 

of this study were to: (i) quantify the hydrogen gas produced from the self-hydrolysis reaction of 

NaBH4 solution with deionized water in a sand pack, (ii) measure the change in relative 

permeability caused by the reduction of water saturation during the exsolution of hydrogen gas, 

(iii) compare this reduction in relative permeability to the reduction in relative permeability caused 

by trapped air, and (iii) measure changes in relative permeability as hydrogen gas dissolved and 

gas saturations decreased. 

 

3.2 Background 

3.2.1 Internal and External Drainage  

Several studies have suggested that critical gas saturations (i.e., the gas saturation at which a 

connected gas pathway is first formed) during internal drainage can be larger than those during 
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external drainage. For example, Kamath and Boyer (1995) reported a critical gas saturation of 0.10 

during internal drainage of a well-sorted Colton sandstone core by depressurization, which was 

higher than the critical gas saturation of 0.01 during external drainage for their sample. Sheng et al. 

(1999) suggested that the higher critical gas saturations during internal gas drive are attributed to 

the disconnected gas phase following exsolution, growth and coalescence within a depressurized 

or heated domain, as opposed to invasion along the most conductive channels during external 

drainage. 

 

Many researchers have shown increased interest in the reduction of relative permeability in soils 

as a result of increasing gas saturation (Faybishenko, 1995; Fry et al., 1997; Marinas et al., 2013; 

Sakaguchi et al., 2005). To examine the effects of both mobile and immobile air on the temporal 

behavior of the relative permeability of a loam, Faybishenko (1995) entrapped air saturation of 5% 

to 10%. The presence of both mobile and immobile gas decreased the relative permeability. The 

subsequent release of mobile gas and the dissolution of immobile gas resulted in an increase in 

relative permeability by approximately one to two orders of magnitude, approaching the value of 

the saturated hydraulic conductivity (Faybishenko, 1995). The term “quasi-saturated hydraulic 

conductivity” (Kquasi) was used to describe the effective hydraulic conductivity in the presence of 

trapped gas, and is more specific than “unsaturated hydraulic conductivity”, which is used to 

describe water flow in unsaturated soils at any gas saturation, typically within the vadose zone 

(Faybishenko, 1995). Marinas et al. (2013) used water table fluctuations to trap air bubbles in sand-

packed columns to investigate the relationship between quasi-saturated hydraulic conductivity and 

trapped gas saturations. Initial trapped gas saturations between 6.3% and 16.5% resulted in Kquasi 

values approximately two to six times lower than the saturated hydraulic conductivity (KS) value. 

The application of 250 cm of water pressure caused an 18% to 26% reduction in the trapped gas 
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saturations, which increased Kquasi by 1.16 to 1.57 times compared to the initial value (Marinas et 

al., 2013). 

 

Fry et al. (1997) performed column experiments to emplace gas into saturated porous media and 

analyzed results for possible effects related to aerobic in situ bioremediation. Fry et al. (1997) 

applied three emplacement methods in their experiments: direct gas injection, injection of water 

supersaturated with gas, and injection of a hydrogen peroxide solution. Supersaturated water and 

hydrogen peroxide solution injection (internal drainage) generated the largest volume of trapped 

gas (23% to 55% of the pore space) in both medium and coarse sands used for their experiments, 

compared to 14% to 17% using direct gas injection (external drainage). The fine sand trapped 

approximately the same volume of gas for all three emplacement methods tested (16% to 21% of 

the pore space). The emplacement of trapped gas resulted in a hydraulic conductivity reduction, 

with relative permeability (Kquasi/KS) values of 0.62 to 0.05 for trapped gas volumes of 14% to 55% 

of the pore space, respectively. 

 

Zuo et al. (2012) conducted an experimental study of CO2 exsolution to monitor the behavior of 

gas exsolution by depressurization in high permeability and low permeability sandstone cores. The 

measured CO2 gas saturation increased to 45% as the pressure dropped from 12.41 to 2.76 MPa. 

The water relative permeability dropped significantly once CO2 gas exsolved, measuring less than 

0.1 after critical gas saturation was achieved and the gas became mobile (at 11.7% to 15.5% gas 

saturation). This was attributed to the formation of disconnected gas bubbles that blocked the water 

flow (Zuo et al., 2013; 2012). This dramatic drop in relative permeability as CO2 exsolved, reported 

compared to external drainage, indicated that the influence of exsolved gas on the water mobility 

is larger than for the gas introduced into the pore space by external drainage. A low mobility of 

exsolved CO2 was also reported even at high gas saturations (40%). Jang and Santamarina (2014) 
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conducted micromodel experiments and complementary numerical simulations using a tube-

network model to explore the implications of internal and external drainage processes. The 

micromodel results demonstrated that external drainage forms a continuous percolating gas path 

and gas exsolution forms isolated gas clusters that eventually coalesce into a continuous phase, yet, 

the effect of gas exsolution on relative permeability was not investigated. 

 

Differences in gas relative permeability during internal and external drainage have also been 

investigated in previous studies. Physical experiments (Egermann and Vizika, 2001; Zuo et al., 

2012) and pore network models (Poulsen et al., 2001; Yortsos and Parlar, 1989) have shown that 

the gas phase relative permeability can be several orders of magnitude lower for an internal 

drainage process than for an external drainage process. Poulsen et al. (2001) used pore network 

simulations for internal and external solution gas drive to explain that lower gas relative 

permeabilities during internal drainage were caused by the formation of more isolated gas clusters. 

Poulsen et al. (2001) therefore recommended against using external drainage produced relative 

permeability relationships for internal drainage applications.  

 

3.2.2 Sodium Borohydride (NaBH4) Reactions 

The injection of nZVI is a promising remediation technology to remove persistent chlorinated 

organic compounds, for example tetrachloroethene (PCE), trichloroethene (TCE) and 

polychlorinated biphenyls (PCBs), and heavy metals from the subsurface (O’Carroll et al., 2013). 

Several approaches for synthesizing iron nanoparticles are being used today. Among those 

methods, the borohydride reduction of ferrous salts (Wang and Zhang, 1997) is the most widely 

used method for laboratory and field research studies because of its relatively low cost and easy 

preparation. The method is based on the chemical reaction between ferric chloride (FeCl3) and 

sodium borohydride (NaBH4), in which FeCl3 is added slowly to a reaction vessel containing solid 
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NaBH4 (Li et al., 2003), or a NaBH4 solution is added to a FeCl3 solution in a nitrogen atmosphere. 

Ferric iron (Fe3+) is reduced to zero-valent-iron (Fe0) by borohydride according to (Boparai et al., 

2011): 

 

4Fe
3+

 + 3BH
4

-
 + 9H

2
O → 4Fe

0
 + 3H

2
BO

3

-

 + 12H
+
 + 6H

2
    (3.1) 

 

Several studies reported using excess NaBH4 in their nZVI applications to promote complete 

reaction and to ensure uniform nZVI particle growth (Lee et al., 2008; Nguyen et al., 2009; Wei-

xian Zhang, 2003; Yaacob et al., 2012; Yuvakkumar et al., 2011; Zin et al., 2013). The excess 

borohydride used for nZVI synthesis can result in a large volume of hydrogen gas being produced 

by the self-hydrolysis reaction of NaBH4 with water (Liu and Li, 2009).  

 

Gonçalves et al. (2007) developed a five-step dynamic reactions model for NaBH4 self-hydrolysis 

as: 

 

Global reaction: NaBH4 (s) + 4H2O (l)  NaB(OH)4 (aq) + 4H2 (g)    (3.2) 

 

Step 1 Sodium borohydride dissolution   NaBH4 (s)  Na+ (aq) + BH4
−

 (aq) 

Step 2 Borane formation                           BH-
4 (aq) + H+ (aq)  BH3 (aq) + H2 (g) 

Step 3 Boric acid formation                      BH3 (aq) + 3H2O (l)   B(OH)3 (aq) + 3H2 (g) 

Step 4 Boric acid hydrolysis                     B(OH)3 (aq) + H2O (l)   B(OH)4
−

 (aq) + H+ (aq) 

Step 5 Byproduct reaction                        4B(OH)4
−

 (aq) + 2H+
(aq)  B4O7

−2
 (aq) + 9H2O (l)   

 

Step 1 of the model represents NaBH4 dissociation, while H2 production is represented by Steps 2 

and 3. Step 4 corresponds to the formation of tetrahydroxyborate (B(OH)4
−

 (aq)), and Step 5 to the 
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formation of tetraborate ions (B4O7
−2) (Gonçalves et al., 2007).  The consumption of two protons 

in Step 5 increases the solution pH.  Although Equation 3.2 indicates that 4 moles of H2 will be 

produced per mole of NaBH4 (2.4 L of gas per 1 g of water at room temperature), it is widely 

accepted (Gonçalves et al., 2007; Liu and Li, 2009; Schlesinger et al., 1953) that less hydrogen will 

be produced due to the increase in solution pH, which decreases the reaction rate. 

 

3.3 Materials and Methods 

3.3.1 Experimental Apparatus  

Experiments were performed in a thin (22 cm × 34 cm × 1 cm) acrylic flow cell (Figure 3.1). The 

cell had a top seal to maintain confined conditions and was equipped with two clear wells to 

promote uniform horizontal flow conditions. Four drainage ports on the bottom were fitted with 

water-wet hydrophilic nylon membranes (10 μm pore size, EMD Millipore Corporation), which 

allowed drainage of the packed sands to a residual water saturation. A differential pressure 

transducer (Model TJE low range wet-wet, Honeywell International Inc.) was connected to the 

clear wells to measure the differential pressure during flow for the calculation of hydraulic 

conductivity. The differential pressure data were recorded (HOBO UX120-006M Analog data 

logger equipped with LCD display, Onset Computer Corporation) throughout each experiment.  
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Figure 3.1: Schematic of flow cell used in the batch and flowing experiments.  

 

3.3.2 Light Transmission Method  

Local gas saturations during exsolution, entrapment and dissolution were monitored and quantified 

using a light transmission technique (Mumford et al., 2015; Niemet and Selker, 2001; Tidwell and 

Glass, 1994) based on quantifying the difference between the transmitted light intensity during each 

experiment and the transmitted light intensities under saturated and residual conditions. The light 

transmission setup consisted of a light emitting diode (LED) panel (Led Go, CN-1200H) behind 

the cell and a digital single-lens reflex camera (Canon, EOS Rebel T3i) in front of the cell. The 

light, camera and cell were covered to reduce changes in ambient light intensity throughout the 

experiments. Camera settings and lighting conditions were constant during each test. This method 

has been used in several previous studies to quantify gas saturations in thin flow cells (Hegele and 

Mumford, 2014; Mumford et al., 2015; Niemet and Selker, 2001; Norton, 1995; Tidwell and Glass, 

1994; Ye et al., 2009). The light intensity in the captured images is related to the effective 

saturations using (Niemet and Selker (2001): 
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Se =  
ln(I)−ln(Ir)

ln(Is)−ln(Ir)
= 1 −  

ln(I
Is

⁄ )

ln(
Ir

Is
⁄ )

       (3.3) 

 

where I is the local light intensity through a sand pack, Is is the light intensity transmitted through 

a completely water-saturated sand pack, Ir is the intensity transmitted through a residual saturated 

sand pack, and Se is the effective wetting saturation. Se is defined as: 

 

𝑆𝑒 =  
𝑆𝑤 − 𝑆𝑤𝑟

1 − 𝑆𝑤𝑟
         (3.4) 

 

where 𝑆𝑤𝑟 is the irreducible (residual) water saturation and 𝑆𝑤 is the water saturation. The water 

saturation can then be calculated using Equation 3.4 and independent measurements of the residual 

water saturation, and the gas saturation can be calculated as Sg = 1 – Sw. The light transmission 

algorithm was implemented using MATLAB®, in which a 15 pixel × 15 pixel (2.1 mm × 2.1 

mm) median filter was applied to the gas saturation fields to reduce image noise, providing a 

resolution of 2.1 mm. Rather than measuring Ir values using images of sand packs drained to 

residual water saturation, the Ir/Is term in Equation 3.3 was used as a fitting parameter (Mumford 

et al., 2015), obtained by matching displaced water volume (see section 3.3.3) to image-based gas 

volumes. The best-fit Ir/Is values for each sand were then used to process images from all 

experiments conducted in that sand, by keeping camera and lighting conditions constant between 

experiments. Each value of Ir/Is represents an average over the entire image rather than a local value 

(Niemet et al., 2002), which is a reasonable assumption for the uniform sands used in this study. 

 

3.3.3 NaBH4 Injection and Air Entrapment Experiments  

Bench-scale experiments were performed using NaBH4 solution injected into homogeneous 

medium sand packed in the thin flow cell (Figure 3.1). The porous medium used was silica 
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Accusand in 12/20 and 20/30 grades, as well as a mix of these sands with 30/40 grade. The median 

particle diameters (d50) for these sands were 1.105 mm, 0.713 mm, and 0.532 mm, respectively 

(Schroth et al., 1996). The mixed sand was composed of equal parts 20/30, 12/20 and 30/40 (by 

weight). All sands were initially rinsed with deionized water to remove fines and were packed as a 

slurry by pouring the sand into the cell partially-filled with deionized water to establish an initially 

water-saturated pack. Differential pressure was measured under saturated conditions (prior to gas 

production), immediately following gas production and during gas dissolution for the calculation 

of hydraulic conductivity. For comparison, quasi-saturated hydraulic conductivity was also 

measured in each pack following air entrapment by sequential drainage and imbibition of water 

through the bottom ports. Two sets of experiments were performed: (i) batch experiments, to 

calibrate the light transmission measurements of local gas saturations, and (ii) flowing experiments, 

to measure quasi-saturated hydraulic conductivity during exsolution, dissolution and entrapment.   

 

Nine experiments were performed using either 20.5 mg/L, 41.0 mg/L or 82.0 mg/L NaBH4 

solutions injected into each of the 20/30, 12/20 or mixed sand packs (Table 3.1). These 

concentrations represent 1.9, 2.8 and 4.7 times the required stoichiometric amount of NaBH4 for 

the synthesis of 1 g/L solutions of nZVI (Equation 3.1) diluted as 10 mL of NaBH4 solution in 610 

mL of DI water prior to injection. These concentrations were chosen to be similar to the 

concentrations produced by synthesis using 2:1 to 4:1 excess NaBH4 used in field studies (Boparai 

et al., 2011; Kocur et al., 2013; Phenrat, 2008), and were diluted to produce H2 volumes that would 

remain trapped as a non-wetting residual.  The production of these lower gas volumes prevented 

the creation of a connected, mobile gas phase by macroscopic coalescence, and promoted spatially-

uniform gas production that allowed a quasi-saturated hydraulic conductivity measurement across 

the entire cell. This measurement was later used along with the saturated hydraulic conductivity 

measurement to calculate the relative permeability. A tenth flowing experiment was performed 
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using a 163.9 mg/L NaBH4 solution (9.4 times the stoichiometric amount) injected into a packing 

of the mixed sand. This higher concentration was used to investigate the potential for H2 

mobilization due to the exsolution of a large gas volume.  The ability to control the volume of gas 

produced through careful selection of the NaBH4 concentration is an advantage of using this 

chemical exsolution method over decreases in pressure or increases in temperature to produce 

exsolution.  

 

Each experiment consisted of three steps. The first step (exsolution) was conducted as a batch 

experiment, with no continuous water flow through the cell (B-1 to B-10 in Table 3.1).  

Approximately two pore volumes (610 mL) of NaBH4 solution, chilled to 4 °C, were pumped 

through the saturated sand in the flow cell to emplace the solution throughout the sand pack. 

Cooling the solution to 4 °C decreased the reaction rate such that no exsolution occurred during 

this emplacement.  The pump was then stopped, and the solution warmed up to room temperature 

(21 °C), producing a uniform distribution of exsolved H2 gas by self-hydrolysis (Equation 3.2). 

Water displaced out of the cell through one open outflow port (Figure 3.1) due to gas production 

was recorded using a laboratory balance (Mettler Toledo MS6002S with Mettler Toledo LabX 

Direct software) and images were captured using the camera throughout exsolution.  This 

exsolution step continued until less than 0.1 g of water was displaced from the cell over 5 minutes, 

and lasted between 2 and 10 hours across experiments B-1 to B-10, with less time required for 

experiments that used lower NaBH4 concentrations. Gas volumes calculated using light 

transmission (Equation 3.3) were compared to measured displacement volumes to obtain a best-fit 

value of Ir/Is (section 3.3.2).  In the second step (water flow) deionized water was pumped through 

the flow cell at 36.8 mL/min (pore water velocity of 4.4 to 4.9 cm/min, depending on the porosity 

of the pack) and the pressure difference between the inflow and outflow clear wells was measured 

to determine the quasi-saturated hydraulic conductivity. The higher pore water velocity was used 
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to produce high pressure drops with measureable difference between saturated, exsolved gas, and 

trapped gas conditions.  At this velocity Reynolds numbers were 0.5 to 0.8, to maintain flow in the 

Darcy regime, and Capillary numbers were 1 × 10-5 to limit mobilization of trapped gas by viscous 

forces.  Water flow continued for 18 to 100 pore volumes for experiments F-1 to F-6, but was done 

for 99 to 530 pore volumes for experiment F-7 to F-10 (Table 3.1) to investigate changes in quasi-

saturated hydraulic conductivity during dissolution of the exsolved gas. In the third step 

(entrapment), the flow cell was drained (air invaded through the upper-most side ports) and imbibed 

(water invaded through the bottom ports) to trap air at a non-wetting residual saturation (Snwr). 

Horizontal water flow was then initiated and quasi-saturated hydraulic conductivity was measured 

under these conditions, representative of an external displacement process, for comparison to the 

exsolution-based measurements made in the second step. Images were captured throughout all three 

steps for the quantification of local gas saturations. 

 

Table 3.1 NaBH4 injection experiments. 

 

Batch Mode Flowing Mode Sand NaBH4 (mg/L) Porosity Pore-volumes Flushed 

B-1 F-1 20/30 20.5 0.384 100 

B-2 F-2 20/30 41 0.384 20 

B-3 F-3 20/30 82 0.382 18 

B-4 F-4 12/20 20.5 0.379 18 

B-5 F-5 12/20 41 0.38 18 

B-6 F-6 12/20 82 0.377 19 

B-7 F-7 Mixed 20.5 0.360 99 

B-8 F-8 Mixed 41 0.360 356 

B-9 F-9 Mixed 82 0.359 516 

B-10 F-10 Mixed 163.9 0.360 235 
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3.4 Results and Discussion 

3.4.1 Sand Pack Characterization  

The porosity of each sand pack used in the NaBH4 injection experiments was calculated based on 

a measured bulk density.  The average porosity of each of the 20/30 and 12/20 sands was 0.38 

(Table 3.1), which agrees well with the range of reported values (Hegele and Mumford, 2014; 

Niemet and Selker, 2001; Sakaki and Illangasekare, 2007; Schroth et al., 1996; Smits et al., 2010; 

Zhuang et al., 2009), and the average porosity of the mixed sand was 0.36.  Residual wetting 

saturations were measured in a separate set of nine experiments (three per sand type) and were 

0.026 ± 0.001 (mean ± one standard deviation) and 0.025 ± 0.0003 for the 20/30 and 12/20 sands, 

respectively, which agree well with the range of reported values (Schroth et al., 1996; Smits et al., 

2010; Zhuang et al., 2009), and was 0.023 ± 0.0015 for the mixed sand. 

 

3.4.2 Hydrogen Gas Production  

Selected processed images obtained from experiments B-2, B-4 and B-9 (Table 3.1) are shown in 

Figure 3.2, which shows thickness-averaged gas saturations at different times following injection 

of NaBH4 solutions into the 20/30, 12/20 and mixed sand. At t = 0 min, plain white images (Figure 

3.2a, 3.2e and 3.2i) demonstrate water saturated conditions. Each row of images shows an increased 

grey level as time increases, distributed uniformly over each image, demonstrating uniform gas 

production by exsolution. The grey level also increased with increasing NaBH4 solution 

concentration (Figure 3.2d, 3.2h and 3.2l).  Gas saturation measurements within 0.5 cm of the 

bottom of each image were affected by light reflecting through the clear base of the cell, and gas 

saturation measurements within 0.5 cm of the top of each image were affected by shadows from 

the cell lid.  Gas saturations in these regions were set to be equal to values immediately above or 

below, respectively, during the calculation of the gas volumes (Figure 3.3) or average gas 
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saturations (Figure 3.4). The error bars on Figure 3.4 are based on the propagation of uncertainty 

in the Ir/Is term. 

 

 

 

Figure 3.2: Selected processed images showing gas saturations from (a)–(d) Experiment B-4 

after 10–100 min of gas exsolution, (e)–(h) Experiment B-2 after 20–300 min of gas exsolution, 

and (i)–(l) Experiment B-9 after 100–400 min of gas exsolution.  

 

Gas volumes produced in experiments B-2, B-4 and B-9 are presented in Figure 3.3. These 

experiments included all three sands and all three NaBH4 concentrations used in experiments B-1 

to B-9.  The best-fit values of Ir/Is used to match the gas volume based on the displaced water 

volume to the gas volume based on images for the 12/20, 20/30 and mixed sands were 0.69, 0.56 

and 0.56, respectively.  These values are consistent with the values of 0.71 ± 0.08 and 0.63 ± 0.07 

for the 12/20 and 20/30 sands, respectively, reported previously using this technique (Mumford et 

al., 2015). The rate of H2 gas formation decreased with increasing time, with gas volumes reaching 

a plateau after 50 to 300 min, depending on the injected NaBH4 concentration (Figure 3.3). The 

declining rate of H2 gas formation with time is consistent with previous studies that reported a 

similar trend during NaBH4 self-hydrolysis (Gonçalves et al., 2007; Pinto et al., 2006).  
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As expected, the actual produced volumes of H2 gas were less than the stoichiometric volumes 

calculated as 63 cm3, 32 cm3, and 127 cm3 for B-2, B-4 and B-9, respectively, which is consistent 

with literature findings (Gonçalves et al., 2007; Liu and Li, 2009; Schlesinger et al., 1953). 

 
 

Figure 3.3: Volume of hydrogen gas produced with time in experiments B-2, B-4 and B-9. 

 

For all of the sands used, and as expected, the H2 gas saturation increased with increases in the 

initial NaBH4 concentration (Figure 3.4). The lowest solution concentration of 20.5 mg/L produced 

H2 gas saturations of 0.046 ± 0.002, 0.025 ± 0.006, and 0.056 ± 0.009 (Table 3.2). These H2 gas 

saturations were close to the non-wetting residual (trapped air) saturations at the end of imbibition 

of 0.044, 0.041, and 0.051 for the 20/30, 12/20 and the mixed sand, respectively (Table 3.2), and 

only the saturation of 0.025 ± 0.006 in the 12/20 sand was statistically different.  These gas 

saturations represent average saturations over the entire sand pack volume. The highest gas 
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saturation (0.370) was generated using the 163.9 mg/L NaBH4 solution (experiment B-10), and was 

one order of magnitude greater than the trapped air saturations. Despite gas saturations higher than 

non-wetting residual saturation (Figure 3.4), no H2 gas mobilization as buoyant gas fingers was 

observed in any of the experiments, including experiment B-10. While individual trapped gas 

clusters were not observed directly, the immobility of the exsolved H2 gas demonstrates that the 

exsolved gas remained disconnected and trapped in the pores. These gas saturations produced by 

internal drainage are different than those produced by external displacement, during which gas at 

saturations greater than the non-wetting residual saturation is always continuous and gas relative 

permeability is greater than zero. This is consistent with the findings of Zuo et al. (2012) where 

exsolved gas (CO2) exhibited no mobility even at high gas saturations. 

 

Figure 3.4: Hydrogen gas saturation produced in experiments B-1 to B-10. 
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3.4.3 Relative Permeability  

Values of saturated hydraulic conductivity, quasi-saturated hydraulic conductivity following 

exsolution of H2 and quasi-saturated hydraulic conductivity following air entrapment are presented 

in Table 3.2. The saturated hydraulic conductivity was 28.3 ± 4.2 cm/min, 73.8 ± 4.6 cm/min, and 

20.0 ± 1.8 cm/min for the 20/30, 12/20 and mixed sands, respectively. The lower saturated 

hydraulic conductivity of the mixed sand was expected given its poorly sorted nature. Entrapped 

air (external displacement) significantly reduced the hydraulic conductivity to 17.3 ± 3.2 cm/min, 

49.2 ± 2.4 cm/min, and 11.3 ± 0.6 cm/min, corresponding to relative permeability values of 0.61 ± 

0.02, 0.67 ± 0.02, and 0.58 ± 0.03 in the 20/30, 12/20 and mixed sands, respectively (i.e., quasi-

saturated hydraulic conductivities were 58-67% of the saturated hydraulic conductivities).  A 

comparison of these values to the quasi-saturated hydraulic conductivity following H2 exsolution 

(internal drainage) at different NaBH4 concentrations is shown in Figure 3.5, and shows that the 

relative wetting permeability (Kquasi/KS) for all sands decreased with increased NaBH4 solution 

concentration due to higher H2 gas saturations produced by exsolution (Figures 3.2 and 3.4). For 

all three sands, the quasi-saturated hydraulic conductivity following air entrapment was between 

the quasi-saturated hydraulic conductivities following exsolution from the 20.5 mg/L and 82 mg/L 

NaBH4 solutions (Figure 3.5).  As expected, relative wetting permeability due to H2 exsolution 

exhibited greater variation due to different gas saturations produced at the different NaBH4 solution 

concentrations.  The highest NaBH4 concentrations (82 mg/L) produced significantly lower quasi-

saturated hydraulic conductivity values, which were 18-45% of the saturated hydraulic 

conductivities, but similar gas saturations by entrapment or exsolution produced similar relative 

wetting permeability. 
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Table 3.2: Hydraulic conductivity values associated with different sands and different H2 gas 

saturations. 

 

Flowing  

Mode 
Sand 

NaBH4  

(mg/L) 

Average gas saturation Hydraulic conductivity (cm/min) 

Trapped air1 H2 
Saturated 

Trapped  

Air 
H2 

F-1 20/30 20.5 

0.044±0.008 

0.046 31.52 19.96 24.38 

F-2 20/30 41 0.098 29.86 18.10 15.45 

F-3 20/30 82 0.203 23.51 13.78 5.30 

F-4 12/20 20.5 

0.041±0.015 

0.025 70.58 48.99 56.35 

F-5 12/20 41 0.054 79.01 51.71 52.31 

F-6 12/20 82 0.148 71.81 47.00 32.02 

F-7 Mixed 20.5 

0.051±0.013 

0.056 19.21 10.98 14.73 

F-8 Mixed 41 0.116 17.97 11.08 10.15 

F-9 Mixed 82 0.241 21.51 11.98 6.02 

F-10 Mixed 163.9 0.370 21.50 - 4.0 
1Trapped air saturations were measured in separate experiments, presented as mean ± stdev. 

 

The relationship between relative permeability and water saturation is further illustrated in Figure 

3.6, which shows the relative permeability curves (krw − Sw) for each of the three sands, using 

measurements during both exsolution and dissolution in experiments F-1 to F-10. Results from all 

experiments performed in the same sand but at different NaBH4 concentrations are combined in the 

same plot to span a wider range of water saturations.  Measurements at the highest gas saturations 

for any NaBH4 concentration represent the conditions immediately following exsolution, and 

additional measurements at lower gas saturations were obtained during dissolution. In all three 

sands, but particularly evident in the data from the mixed sand (Figure 3.6c), relative permeability 

measured during dissolution aligned with relative permeability measured during exsolution, with 

all data from one sand following the same internal drainage krw − Sw curve. For these uniform 

sands, the relative permeabilities measured for entrapped air lie on the same krw − Sw  curves 

produced by internal drainage, suggesting that the relative permeability behaviour was similar 

despite the different gas introduction mechanism in these sands. Further investigation of external 

drainage over a larger range of saturations is required to determine if the similar decrease in relative 
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permeability regardless of gas introduction mechanism can be extended across a wider saturation 

range. 

 

 

 

 
 

Figure 3.5: Hydraulic conductivity values obtained from experiments F-1 to F-9. 
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Figure 3.6: Relative permeability curves plotted using every 10th data point for a) 20/30 silica 

Accusand (F-1 to F-3), b) 12/20 silica Accusand (F-4 to F-6) and c) Mixed sand (F-7 to F-10). 
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3.5 Summary and Conclusions 

Bench-scale experiments were performed to quantify H2 gas exsolving from the self-hydrolysis of 

NaBH4 solution with deionized water in sand packs, and to measure the reduction in hydraulic 

conductivity caused by that exsolution. This reduction in hydraulic conductivity was then compared 

to the reduction in hydraulic conductivity caused by trapped air. This is the first study to compare 

reductions in hydraulic conductivity caused by gas exsolution to that of entrapped air measured in 

the same pack for each test. Changes in hydraulic conductivity as gas dissolved were also 

investigated for the first time. The hydraulic conductivity data were used to generate relative 

permeability curves for medium and coarse sands. The results showed that the self-hydrolysis 

reaction of NaBH4 solution with water created H2 gas, with more gas produced as the solution 

concentration increased. An NaBH4 solution concentration of 20.5 mg/L produced average H2 gas 

saturations of 0.046, 0.025 and 0.056, which were relatively close to the trapped air saturations of 

0.044, 0.041 and 0.051 for the 20/30, 12/20 and the mixed sand, respectively. The maximum H2 

gas saturations exsolved from a 163.9 mg/L NaBH4 solution were one order of magnitude greater 

than the trapped air saturations in all three sands. Despite these higher gas saturations, the gas 

produced by exsolution remained discontinuous, as evidenced by no H2 gas mobilization in any of 

the exsolution experiments. 

 

The exsolution of H2 gas caused reductions in hydraulic conductivity, with lower values of 

hydraulic conductivity associated with higher gas saturations as solution concentrations increased. 

Relative permeability curves measured during dissolution followed the curves produced by 

exsolution. The relative permeability following air entrapment by external displacement also fell 

on the same curve, suggesting that the relative permeability behavior was similar despite the 

different gas introduction mechanism in these sands. While these results show that trapped gases 

created by external drainage and exsolution produce the same decrease in relative permeability, 
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investigation of external drainage over a larger range of saturations is required to determine if this 

similarity can be extended across a wider saturation range. In addition, this study demonstrated that 

chemical gas exsolution can be used to investigate internal drainage processes with a high level of 

control by using different NaBH4 solution concentrations to produce different volumes of gas by 

exsolution. It also demonstrated that the dissolution of exsolved gas can be used to investigate 

relative permeability at small increments in saturation and at lower trapped gas saturations than can 

be obtained using external displacement experiments.  An improved understanding of gas 

exsolution and its effect of relative permeability can be applied to remediation technologies that 

produce gas in excess of solubility limits, including bioremediation as well as the production of H2 

gas by reactions associated with NaBH4 and nZVI during nZVI injections. 
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Abstract 

The production of hydrogen gas (H2) from the reaction of nano-scale zero-valent iron (nZVI) and 

excess sodium borohydride (NaBH4) with water can negatively affect nZVI mobility and delivery, 

by reducing the hydraulic conductivity of porous media during injection and diverting water flow 

away from the target zone. Further, H2 gas produced in larger amounts can be mobilized and 

potentially redistribute volatile organic compounds (VOCs). Bench-scale experiments were 

performed in a thin acrylic flow cell using NaBH4 and nZVI solutions injected into water-saturated 

silica sand packs, and local gas saturations were measured using a light transmission technique to 

quantify H2 gas production during well injection and point injection experiments. Hydraulic 

conductivity, including saturated and quasi-saturated hydraulic conductivity following gas 

exsolution and during gas dissolution, was measured and dye injection was used investigate water 

flow diversion. The results demonstrated that the volume of H2 gas exsolved due to the reaction of 

nZVI with water is greater than the volume of H2 gas produced by the self-hydrolysis of NaBH4 

solution despite similar concentration of NaBH4 used as excess following nZVI synthesis. More H2 

gas was produced with increasing NaBH4 solution concentration (1.25 to 5 g/L) injected as either 

NaBH4 solution or in combination with nZVI. In point injection experiments, discontinuous gas 

transport occurred above the injection zone following nucleation and local connection, implying 

that even low NaBH4 concentrations used in excess for nZVI synthesis can create mobile H2 gas. 
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In well injection experiments, where injection was performed in a coarse sand pack adjacent to a 

finer sand, H2 gas was mainly produced in the coarse sand and travelled upwards by buoyancy. For 

the higher concentration of NaBH4 solution, gas was produced outside of the coarse sand and 

created upwards mobilized gas channels. H2 gas pools formed in both the point injection and well 

injection experiments when injecting nZVI prepared with excess 5 g/L NaBH4 or when injecting 5 

g/L NaBH4 solution alone, due to the greater volume of gas produced. Gas production reduced the 

effective hydraulic conductivity in all experiments, with lower values of hydraulic conductivity 

associated with higher gas saturations as solution concentrations increased and further reductions 

caused by gas pool formation at the top of the cell. Dissolution of exsolved gas resulted in an 

increase in hydraulic conductivity that returned to the initial water-saturated value after flushing 

189 pore volumes of water in the absence of a gas pool, but returned to only 82% of the saturated 

hydraulic conductivity value after flushing 225 pore volumes of water when a gas pool was present. 

Diversion of the water flow was observed in both the injection zone, with a reduction in hydraulic 

conductivity by a factor of approximately 2, and beneath gas pools with local gas saturations as 

high as 97%.  

 

4.1 Introduction 

The continuing development of innovative remediation technologies is important to achieve clean 

up goals at contaminated sites. The implementation of nano-scale zero-valent iron (nZVI) for the 

remediation of chlorinated compounds and heavy metals in groundwater at contaminated sites has 

received significant attention recently, due to the rapid transformation of contaminants 

demonstrated in laboratory studies (Liu et al., 2005a; O’Carroll et al., 2013; Wang and Zhang, 1997; 

Zhang, 2003). Bench-scale studies have shown that a large surface area and high surface reactivity 

contribute to the effectiveness of nZVI in reducing a wide variety of common environmental 

contaminants (Zhang, 2003). Yet, scale up from bench-scale experiments to field studies could be 



 

61 

 

challenging (Kanel et al., 2008; Kocur et al., 2014; Phenrat et al., 2010). Part of the challenge is 

the limited mobility evidenced by field-scale trials indicating poor nZVI subsurface migration, with 

maximum nZVI transport distances of only a few metres in saturated media (Chowdhury et al., 

2015; Kocur et al., 2014; O’Carroll et al., 2013; Schrick et al., 2004).  

 

Another practical challenge facing nZVI applications is the selectivity and longevity of the nZVI 

solution following subsurface injection. The high reactivity of nZVI primarily favours reactions 

with natural reducible species, referred to as natural reductant demand (NRD), due to abundancy 

of NRD species.  The reaction of nZVI with NRD (i.e., poor selectivity) results in limited 

persistence of nZVI in the environment (i.e., poor longevity). Hence, NRD, due mainly to dissolved 

oxygen and water, at the field-scale is the main cause of diminishing nZVI electron efficiency, 

resulting in a short lifespan and poor contaminant reduction (Fan et al., 2016b). Several bench-

scale (Fan et al., 2016a; Liu et al., 2005b; Schöftner et al., 2015) and field-scale studies (Elliott and 

Zhang, 2001; He et al., 2010) have indicated rapid nZVI exhaustion due to reaction with NRD (Fan 

et al., 2016b). In addition to diminishing nZVI, the reaction of nZVI with NRD results in the 

production of hydrogen gas (H2) (Chen et al., 2011; Huang et al., 2016; Reardon, 2014). Several 

studies have also reported using excess sodium borohydride (NaBH4) in their nZVI applications to 

promote complete reaction and to ensure uniform nZVI particle growth during nZVI synthesis (Lee 

et al., 2008; Wei-xian Zhang, 2003; Yaacob et al., 2012; Yuvakkumar et al., 2011; Zhang et al., 

2009; Zin et al., 2013), and unreacted NaBH4 can also produce H2 by self-hydrolysis (Liu and Li, 

2009; Chapter 3). This production of H2 gas from the reaction of nZVI and excess NaBH4 with 

NRD, particularly water, can affect nZVI delivery by reducing the hydraulic conductivity of porous 

media during injection (Chapter 3), potentially limiting nZVI mobility even when stabilized with 

surfactants (Johnson et al., 2013). 
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Strategies employed to improve the selectivity and longevity of nZVI include methods to modify 

nZVI by different additives and supports, among which emulsified zero-valent iron (eZVI), 

activated-carbon supported nZVI (ac-nZVI), and sulfidation are recognized as promising 

approaches. However, the reduction of water still happens, although at a reduced magnitude, with 

applications of eZVI and ac-nZVI. Sulfidation, on the other hand, has shown, on proof-of-concept 

bench-scale studies (Fan et al., 2016a, 2013; Nunez Garcia et al., 2016), that it can largely inhibit 

water reduction by nZVI, the main source of NRD, while maintaining reactivity with the 

contaminants. However, field-scale application of sulfidation will be more difficult and challenging 

in comparison to bench-scale studies because of the uncertainties associated with quantification of 

the total contaminant mass destruction and the difficulties in distinguishing the loss of nZVI 

reducing capacity resulting from contaminant reduction or NRD under complex subsurface 

conditions (Fan et al., 2016b). The purpose of this study was to understand the differences between 

H2 gas production from the self-hydrolysis of sodium borohydride (NaBH4) and the H2 gas 

production from the reaction of nZVI with water. The implications of both scenarios are important 

to recognize, and will provide insight for remediation practitioners. For example, H2 gas produced 

in larger amounts can potentially become mobilized, causing redistribution of volatile organic 

compounds (VOCs) in the subsurface. However, less gas production from using lower NaBH4 

concentrations during nZVI synthesis, can potentially create gas that remains trapped, which can 

enhance biodegradation of contaminants as a secondary treatment. The specific objectives of this 

study were to: (i) quantify H2 gas produced from the reaction of nZVI with water compared to the 

reaction of NaBH4 with water, (ii) investigate the potential for subsequent H2 gas mobilization 

during nZVI injection, (iii) investigate the effect of H2 gas exsolution on water flow including 

changes in effective hydraulic conductivity and flow diversion, and (iv) measure changes in 

hydraulic conductivity as H2 gas dissolved from a vertical high-permeability layer, representative 

of the sand pack around an injection well. 
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4.2 Background 

4.2.1 nZVI Synthesis and Reaction With Water     

Different methods can be used for nZVI synthesis, yet, the borohydride reduction of ferrous salts 

(Wang and Zhang, 1997) is the most widely used method for laboratory and field research studies 

(Boparai et al., 2011; Chen et al., 2011, 2012; Huang et al., 2016; Chapter 3). The method is based 

on slowly adding ferric chloride (FeCl3) to sodium borohydride (NaBH4) in a reaction vessel 

containing solid NaBH4 (Li et al., 2003) or adding NaBH4 solution to a FeCl3 solution in a nitrogen 

atmosphere. Ferric iron (Fe3+) is reduced to zero-valent iron (Fe0) by borohydride according to 

(Boparai et al., 2011): 

 

4Fe
3+

 + 3BH
4

-
 + 9H

2
O → 4Fe

0
 + 3H

2
BO

3

-

 + 12H
+
 + 6H

2
    (4.1) 

 

O’Carroll et al. (2013) noted that amorphous nZVI produced with the borohydride reduction 

method is capable of reducing chlorinated solvents through catalyzing the reaction of H2 with the 

contaminants. On the other hand, crystalline forms of nZVI produced with other synthesis methods, 

such as reactive nano iron particles (RNIP) (Liu et al., 2005b) do not have this catalytic effect. The 

crystallized morphology of these particles is the main cause of the reduced H2 activation resulting 

in slower contaminant dechlorination (O’Carroll et al., 2013). Once injected within the subsurface, 

the reaction between nZVI and water produces H2 according to (Chen et al., 2011; Huang et al., 

2016; O’Carroll et al., 2013):  

 

Fe0 +2H2O → Fe2+ + 2OH− + H2       (4.2)  

 

This H2 production can increase H2 concentrations in groundwater during nZVI injection, leading 

to a potential increase in anaerobic microbial activity utilizing H2 as an electron donor for 
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biodegradation (O’Carroll et al., 2013; Shi et al., 2015).  Also, H2 gas can be formed if H2 is 

produced in excess of its aqueous solubility. nZVI reacts steadily once in contact with water under 

ambient temperature, pressure and moderate solution pH conditions (Chen et al., 2011).  This 

reaction is rapid because of the small size and large surface area of nZVI, and more than 90% of 

the total H2 gas volume is usually produced in the first hour regardless of the initial nZVI 

concentration. The complete process reported in the literature for H2 evolution is about two hours 

(Huang et al., 2016). 

 

The excess borohydride used for nZVI synthesis (Lee et al., 2008; Nguyen et al., 2009; Yaacob et 

al., 2012; Yuvakkumar et al., 2011; Zhang, 2003) can also result in a large volume of H2 gas 

produced by the self-hydrolysis reaction of NaBH4 with water (Liu and Li, 2009; Chapter 3) 

according to the following reaction (Gonçalves et al., 2007; Chapter 3):  

 

NaBH4 + 4H2O   NaB(OH)4  + 4H2      (4.3) 

 

In a field study, Johnson et al. (2013) sparged nZVI solution with argon immediately before 

injection in an effort to remove H2 formed during synthesis and minimize bubble formation in the 

subsurface near the injection well. However, despite this procedure they reported diversion of nZVI 

away from the targeted flow path due to H2 bubble formation as a result of the reaction of nZVI 

and excess borohydride with water (Johnson et al., 2013). 

 

Bench-scale experiments were performed, as described in Chapter 3, to quantify and examine the 

effect of H2 gas uniformly exsolving from the self-hydrolysis reaction of NaBH4 solution with 

deionized water in sand packs. The results demonstrated more reductions in hydraulic conductivity 

associated with higher gas saturations as NaBH4 solution concentrations increased. Chapter 3 
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concluded that H2 gas production can reduce the hydraulic conductivity if high NaBH4 solution 

concentrations are used for nZVI synthesis during nZVI field implementation, further complicating 

the application of nZVI technology by limiting the movement of nZVI solution (Chapter 3). 

 

4.2.2 Gas Dynamics 

In unsaturated porous media (i.e., pore space filled with water and gas), gases can be transported 

upwards by discontinuous flow as bubbles or clusters, or by continuous flow as connected channels 

(Geistlinger et al., 2006; Hegele and Mumford, 2014). In a process referred to as internal drainage, 

gas bubbles exsolve out of the water phase in situ due to supersaturation caused by a decrease in 

pressure, an increase in temperature or an increase in dissolved gas concentrations (Marinas et al., 

2013; Chapter 3). Gas bubbles can also exsolve as a result of byproducts from chemical reactions 

associated with nZVI injection (Huang et al., 2016), in situ chemical oxidation (ISCO) (Seol et al., 

2003) or biological activity associated with bioremediation (Ye et al., 2009). This is different than 

an external drainage process, where gas invades the largest interconnected pores from one boundary 

through the porous medium towards the other boundary (Hegele and Mumford, 2014; Chapter 3).  

 

During internal drainage, as the disconnected gas bubbles form following gas nucleation, the 

isolated bubbles grow and coalescence to form multi-pore gas clusters. Continued growth and local 

connections between gas clusters can result in gas cluster mobilization as buoyancy forces 

overcome capillary trapping forces (Mumford et al., 2009). Further nucleation, growth and 

coalescence can lead to the macroscopic connection of continuous gas channels (Hegele and 

Mumford, 2015). Parameters for constitutive relative permeability-saturation, krw(Sw), and 

capillary pressure-saturation, Pc(Sw), relationships commonly used to describe unsaturated soil 

behavior are typically derived from external drainage experiments (Corey, 1994). However, the 

applicability of these relationships might depend on the evolution mechanism of the unsaturated 
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condition. Specifically, internal drainage creates different distributions of gas due to nucleation and 

entrapment in pores that are not part of the most connected gas channel network (Egermann and 

Vizika, 2001; Zuo et al., 2012; Hegele and Mumford, 2014; Jang and Santamarina, 2014; Chapter 

3). 

 

In discontinuous gas transport, the flow of discrete gas clusters (bubbles) is driven by buoyancy 

forces and resisted by capillary forces (Geistlinger et al., 2006; Mumford et al., 2009; 

Tsimpanogiannis and Yortsos, 2004; Zhao and Ioannidis, 2011). As a gas cluster develops 

vertically, the hydrostatic pressure difference over the height of the cluster increases causing local 

capillary pressure differences (Geistlinger et al., 2006).  Vertical growth continues up to a critical 

height at which the capillary pressure difference between the top and the bottom of the gas cluster 

allows local imbibition near its bottom. At that critical height, discontinuous gas flow takes place 

in the form of mobilization (causing upwards distribution) or fragmentation (causing snap-off into 

two clusters) (Geistlinger et al., 2006; Mumford et al., 2009; Wagner et al., 1997). Formation of 

disconnected pipelines which repeatedly connect and disconnect following gas coalescence or 

fragmentation has been observed in discontinuous gas transport experimental studies (e.g. Glass et 

al., 2000; Stöhr and Khalili, 2006; Mumford et al., 2009) as well as invasion percolation studies 

(Krol et al., 2011; Wagner et al., 1997). Following mobilization, these pipelines can potentially 

expand vertically upwards or spread laterally due to branching events as the gas supply continues 

(Geistlinger et al., 2006; Glass et al., 2000; Mumford et al., 2009; Stöhr and Khalili, 2006). 

 

On the other hand, continuous gas transport, driven by buoyancy forces and pressure gradients, can 

be described using modified Darcy’s law expressions for fluid flux (Corey, 1994). Assuming both 

fluids (e.g., water and gas) are connected, a continuum approach can be used, in which the 

expressions for krw(Sw) and Pc(Sw) are coupled. It is important to note that in the case of internal 
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drainage, as is the case with H2 gas exsolution from nZVI reaction with water (Chen et al., 2011; 

Huang et al., 2016), nucleation and growth of gas bubbles and local connection of clusters can 

initiate discontinuous gas transport before the invading fluid (i.e., gas) forms a connected phase. 

The dynamic switch from discontinuous to continuous gas flow depends on the relative magnitudes 

of the capillary, gravity and viscous forces, where discontinuous flow happens at slower gas flow 

rates in coarser media with lower viscous forces not sufficient to equalize the hydrostatic pressure 

difference that initiates fragmentation and mobilization (Geistlinger et al., 2006; Hegele and 

Mumford, 2015, 2014; Mumford et al., 2009; Schöftner et al., 2015).  

 

4.3 Materials and Methods 

To address the objectives of this study, bench-scale experiments were performed using NaBH4 and 

nZVI solutions injected into homogeneous medium sand packed in a thin flow cell. The porous 

medium used was silica Accusand 20/30 and 12/20 grades. The median particle diameters (d50) for 

these sands are 0.713 mm, and 1.105 mm, respectively (Schroth et al., 1996). The porosity values 

reported in Chapter 3 were 0.382 to 0.384 for the 20/30 sand, and 0.377 to 0.380 for the 12/20 sand, 

for experiments conducted in the same flow cell and packed in the same manner. Two sets of 

injection experiments for NaBH4 and nZVI solutions were performed: (i) well injection 

experiments, and (ii) point injection experiments (Table 4.1).  The experiments were conducted at 

room temperature (21 C), producing exsolved H2 gas by the self-hydrolysis of NaBH4 (Equation 

4.3), and by nZVI reaction with water (Equation 4.2). Hydraulic conductivity was measured under 

saturated conditions (i.e., prior to gas production) and immediately following gas production in all 

experiments, and during H2 gas dissolution in the well injection experiments. A light transmission 

method was used to quantify gas saturations during exsolution.  
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4.3.1 Experimental Apparatus 

Experiments were performed in a 22 cm × 34 cm × 1 cm acrylic flow cell (Figure 4.1). The cell 

had a top seal to maintain confined conditions and was equipped with two clear-wells to promote 

horizontal water flow. Four drainage ports on the bottom were fitted with water-wet hydrophilic 

nylon membranes (10 μm pore size, EMD Millipore Corporation) to allow drainage of the packed 

sands to a residual water saturation. A differential pressure transducer (Model TJE low range wet-

wet, Honeywell International Inc.) was connected to the clear-wells to measure the differential 

pressure during water flow for the calculation of hydraulic conductivity, and the differential 

pressure data were recorded throughout each experiment using a data logger (HOBO UX120-006M 

Analog data logger equipped with LCD display, Onset Computer Corporation). The cell was packed 

with 20/30 silica Accusand for the well injection experiments (Figure 4.1a) or partially packed with 

12/20 silica Accusand in the first 6 cm measured from the left inflow clear-well boundary and the 

rest packed with 20/30 silica Accusand for the point injection experiments (Figure 4.1b). The well 

injection experiments were used to investigate a configuration similar to a coarse sand pack 

surrounding an injection well. All sands were rinsed with deionized water prior to packing to 

remove fines and were packed as a slurry by pouring into the cell while it was partially filled with 

deionized water to establish an initially water-saturated pack. 

 

 

Figure 4.1: Schematic of the flow cell for a) Well injection experiments and b) Point injection 

experiments. 
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4.3.2 Light Transmission Method 

H2 gas saturations were visualized and quantified using a light transmission technique (Tidwell and 

Glass, 1994; Niemet and Selker, 2001; Mumford et al., 2015; Chapter 3), in which gas saturations 

(Sg) are computed from transmitted light intensities (I) that are scaled between saturated (Is) and 

residual conditions (Ir). Assuming water-wet pores of a uniform diameter filled with water or with 

gas and a residual film of water, water and gas saturations were calculated using (Niemet and 

Selker, 2001): 

 

Se =  
ln(I)−ln(Ir)

ln(Is)−ln(Ir)
= 1 −  

ln(I
Is

⁄ )

ln(
Ir

Is
⁄ )

       (4.4) 

 

where I is the light intensity transmitted through a sand pack, Is is the light intensity transmitted 

through a completely water-saturated sand pack, Ir  is the light intensity transmitted through a 

residual saturated sand pack, and Se is the effective wetting saturation corresponding to the image 

I. The gas saturation can then be calculated as: 

 

Sg = 1 − (Se(1 −  Swr) + Swr)      (4.5)  

 

where Swr is the residual wetting saturation.  The light transmission setup consisted of a light 

emitting diode (LED) panel (Led Go, CN-1200H) and a digital single-lens reflex camera (Canon, 

EOS Rebel T3i). To avoid changes in ambient light intensity throughout the experiments, the light 

transmission setup was covered with black fabric (Chapter 3). Camera settings and lighting 

conditions were constant during each test.  Images for I and Is were collected during the 

experiments, and Equation 4.4 was calibrated to each experiment by fitting Ir/Is to match total gas 
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volumes calculated from displaced water mass, as described below (Mumford et al., 2015; Chapter 

3). 

 

4.3.3 Solution Injection Experiments 

During the well injection experiments, 10 mL of NaBH4 or nZVI solution was injected in the flow 

cell’s left-hand clear-well (adjacent to the coarse sand pack). During the point injection 

experiments, 10 mL of NaBH4 or nZVI solution was injected through a stainless steel needle to a 

location 2 cm above the base of the pack and midway between the clear-wells. NaBH4 solution 

concentrations of 1.25 g/L and 5 g/L were selected because they represent typical concentrations 

produced by synthesis of 1 g/L nZVI using the 2:1 to 4:1 excess NaBH4 ratio reported in recent 

field and laboratory studies (Boparai et al., 2011; Kocur et al., 2013; Phenrat, 2008). The nZVI 

concentration of 1 g/L used in this study has also been used in field- and bench-scale studies 

(Boparai et al., 2011; Chowdhury et al., 2015; He et al., 2010; Johnson et al., 2013; Kocur et al., 

2014, 2013; Phenrat et al., 2009; Stefaniuk et al., 2016). The experiments were tailored such that 

concentrations in the NaBH4 experiments (WB-1, WB-2, PB-1 and PB-2) were matched to the 

excess NaBH4 concentrations used during nZVI synthesis in the nZVI experiments (WB-3, WB-4, 

PB-3 and PB-4) to set the basis for direct comparison (Table 4.1). Each experiment consisted of 

two steps. The first step (exsolution) was conducted as a batch experiment, with no water flowing 

through the cell (WB-1 to WB-4 and PB-1 to PB-4 in Table 1). Water was displaced out of the cell 

during exsolution through one open outflow port, and was recorded using a laboratory balance 

(Mettler Toledo MS6002S with Mettler Toledo LabX Direct software).  Images were captured every 

5 minutes for the NaBH4 solution injection experiments and every 2 minutes for the nZVI solution 

injection experiments throughout exsolution. Gas volumes calculated using light transmission were 

compared to measured displacement volumes to obtain a best-fit value of Ir/Is (Equation 4.4). In the 

second step (water flow), deionized water was pumped through the flow cell at 36.8 mL/min (pore 
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water velocity of 4.4 cm/min) and the pressure difference between the inflow and outflow clear-

wells was measured to determine the effective hydraulic conductivity across the entire cell. This 

higher pore water velocity was used to produce high pressure drops with measureable difference 

between saturated and exsolved gas conditions. All experiments, however, were conducted within 

the Darcy flow regime (Reynolds number of 0.5 in 20/30 Accusand). Water flow continued for 12.5 

to 19 pore volumes for experiments WF-3, WF-4, PF-1, PF-2, PF-3 and PF-4, but continued for 

189 to 225 pore volumes for experiments WF-1 and WF-2, respectively (Table 1), to compare pore 

volumes required to dissolve the H2 gas trapped in the coarser medium (12/20 Accusand). To 

investigate the potential for flow diversion following gas exsolution, dye solution was injected both 

under saturated conditions and following H2 exsolution from nZVI solution injection in 

experiments PF-3 and PF-4. In each injection, 500 mL of dye at a concentration of 40 mg/L 

(LissamineTM Green Dye content 60% Sigma-Aldrich Corporation) was pumped at 36.8 mL/min 

and images of the dye flow were captured at 30 s intervals.  Dye injection started immediately after 

the injection of nZVI was completed, and was followed by water flow. 

 

Table 4.1: Solution injection experiments 

 

 

Batch 

Mode

Flowing 

Mode
Sand

NaBH4 solution 

(mg/mL)

Excess NaBH4 (mg/mL) 

for nZVI synthesis
Pore-volumes Flushed

WB-1 WF-1 12/20 & 20/30 1.25 - 189.0

WB-2 WF-2 12/20 & 20/30 5.00 - 225.0

WB-3 WF-3 12/20 & 20/30 - 1.25 14.0

WB-4 WF-4 12/20 & 20/30 - 5.00 18.0

PB-1 PF-1 20/30 1.25 - 18.0

PB-2 PF-2 20/30 5.00 - 19.0

PB-3 PF-3 20/30 - 1.25 14.5 (2 dye and 12.5 water)

PB-4 PF-4 20/30 - 5.00 12.5 (2 dye and 12.5 water)
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4.4 Results and Discussion 

4.4.1 Gas Production 

Gas volumes produced in all experiments are presented in Figure 4.2, including the four well 

injection experiments (Figure 4.2a) and the four point injection experiments (Figure 4.2b).  NaBH4 

solution was used in experiments WB-1, WB-2, PB-1 and PB-2, and nZVI solution was used in 

experiments WB-3, WB-4, PB-3 and PB-4. The gas volumes for the well injection experiments 

were processed for the 12/20 and 20/30 sand packed areas separately, and summed to obtain the 

total volume of gas. Since the NaBH4 solution is transparent, gas volumes were calculated in 

experiments PB-1 and PB-2 by processing images cropped to include the entire sand packed area. 

For the nZVI solution experiments, however, gas volumes were calculated from images cropped to 

exclude the nZVI solution at the bottom middle of the cell. While some gas existed in this region, 

it was substantially less than the gas at higher elevations.  By matching the volumes of gas based 

on images to the volumes of the displaced water collected over time in all experiments, the best-fit 

values of Ir/Is in the 12/20 and the 20/30 sand packed areas in the well injection experiments (WB-

1 to WB-4) were found to be 0.79 ± 0.03 and 0.58 ± 0.06, respectively. The best-fit value of Ir/Is 

used to process the images in the point injection experiments (PB-1 to PB-4) was found to be 0.59 

± 0.05 and consistent with experiments WB-1 to WB-4. These values are also consistent with the 

values of 0.63 ± 0.07 for the 20/30 sand, reported previously using this light transmission technique 

(Mumford et al., 2015; Chapter 3). 

 

The lower concentration NaBH4 solutions or nZVI solutions synthesized with lower NaBH4 

concentrations injected as either well or point injections (experiments WB-1, WB-3, PB-1 and PB-

3) produced less H2 gas compared to injecting higher concentration NaBH4 solutions or nZVI 

solutions synthesized with higher concentrations of NaBH4 (experiments WB-2, WB-4, PB-2 and 

PB-4) (Figure 4.2). This is consistent with the findings reported in Chapter 3. Importantly, similar 
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NaBH4 solution concentrations produced more H2 gas when paired with nZVI (Figure 4.2) due to 

the catalytic effect of the nano-metal particles. The H2 gas exsolution rate decreased with increasing 

time in all experiments. Gas volumes reached a plateau after 250 min in experiments WB-1 and 

PB-1, but did not reach a plateau after greater than 600 min in experiments WB-2 and PB-2, which 

used a higher NaBH4 concentration. On the other hand, gas volumes reached a plateau after 100 

min in experiments WB-3 and PB-3, and 200 min in experiments WB-4 and PB-4, which also used 

a higher NaBH4 concentration in excess for nZVI synthesis (Figure 4.2).  This shorter time to reach 

the plateau in the nZVI injection experiments (WB-3, WB-4, PB-3 and PB-4) was expected due to 

the catalysis effect of nZVI on NaBH4 hydrolysis, as the metallic catalyst transfers electrons to 

water to generate H2 gas at a higher rate (Liu and Li, 2009). Huang et al. (2016) reported a relatively 

similar reaction time for H2 exsolution from nZVI of about two hours. 

 

 

Figure 4.2: Volume of H2 gas produced with time: a) well injection experiments and b) point 

injection experiments. Open symbols are hydrogen gas volumes obtained from image processing 

and closed symbols are the volumes of gas obtained from displaced water collected as the 

hydrogen gas was produced during exsolution.   
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4.4.2 Visualization of Gas Exsolution and Flow – Well Injection Experiments 

Images of gas saturation fields presented in Figure 4.3 demonstrate similar behavior in all of the 

well injection experiments. Initially, H2 gas is generated mostly in the 12/20 Accusand adjacent to 

the injection clear-well, with higher H2 gas saturations at the top (due to gas mobilization), 

intermediate gas saturations at the bottom (due to density-dependent flow of the injected solution), 

and lowest gas saturations in the middle of this coarser sand pack (due to exsolution and trapping). 

At later time, H2 gas advanced into the 20/30 Accusand pack due to gas invasion along the top and 

the migration and exsolution of dense solution along the bottom. For higher NaBH4 solution 

concentrations (experiments WB-2 and WB-4) higher gas saturations created by mobilized gas led 

to pooling at the top of the coarse pack, which led to the formation of a gas pool in the finer sand.  

In experiment WB-2, this gas pool in the finer sand was also supplied by discontinuous gas flow 

from the bottom of the finer sand pack as the gas saturations increased due to the self-hydrolysis of 

NaBH4 (gas fingers in Figure 4.3g,h). However, there was no observed gas mobilization in the finer 

sand pack in experiment WB-4 due to gas exsolution from nZVI synthesized with a higher NaBH4 

solution concentration. This is due to the catalyzed NaBH4 hydrolysis reaction by the metal nano-

particles through which almost all of the gas was produced within the first hour, and before the 

dense nZVI solution entered the finer sand.  This is faster than for the NaBH4 solution injection, 

when the hydrolysis reaction continued for more than 2 hours.   
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Figure 4.3: Selected gas saturation fields showing exsolution and mobilization of H2 gas from 

(a)–(d) Experiment WB-1 after 120–255 min of gas exsolution, (e)–(h) Experiment WB-2 after 

175–500 min of gas exsolution, (i)–(l) Experiment WB-3 after 15–200 min of gas exsolution, and 

(m)–(p) Experiment WB-4 after 15–160 min of gas exsolution. 

 

4.4.3 Visualization of Gas Exsolution and Flow – Point Injection Experiments 

Gas saturation fields for selected processed images obtained from the point injection experiments 

are shown in Figure 4.4. Similar behavior was observed across these experiments. A collection of 

H2 gas bubbles exsolving from the NaBH4 solution reaction with water (Figure 4.4a-h) nucleated 

in the middle of the injection zone and were trapped predominantly within the bottom middle of 

the cell, with gas saturations up to 42%. As the reaction continued, gas channels formed at the top 

edge of the injection zone, and traveled upwards as disconnected gas clusters through the saturated 
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zone above the injection zone driven by buoyancy, with local gas saturations (i.e., within a 3 pixels 

 3 pixels region that represents 2 mm  2 mm area) up to 10%. With higher NaBH4 solution 

concentration injection (experiment PB-2), the discontinuous flow of H2 gas formed a pool of gas 

at the top of the cell (Figure 4.4g, h), in which local gas saturations were up to 97%.  

 

Nucleation and bubble formation of H2 gas following nZVI solution injection (Figure 4.4i-p) 

resulted in the formation of similar gas channels. As expected, a larger pool of gas was formed in 

experiment PB-4 (Figure 4.4o, p) compared to the pool formed in experiment PB-2 (Figure 4.4g, 

h). Note that the black areas formed around the injection point represents the nZVI solution, which 

settled with time due to gravity (Figure 4.4i-p). Gas saturation fields presented in Figure 4.4 show 

discontinuous gas transport above the injection zone in all experiments (PB-1 to PB-4) with only 

local connected portions in the gas channels. This discontinuous gas transport above the injection 

zone was confirmed by processing differences between sequential images (one image captured 

every 5 minutes) using the method of Hegele and Mumford (2014) to identify local regions of 

increasing and decreasing gas saturation, indicative of gas fragmentation and mobilization. This 

discontinuous gas transport occurred as soon as H2 gas exsolved, which demonstrates that even low 

NaBH4 concentrations used in excess for nZVI synthesis can create volumes of H2 gas that may be 

mobilized as bubbles and could promote bubble-facilitated vertical transport of VOCs (Soucy and 

Mumford, 2017)from nZVI target injection zones if those VOCs are not rapidly reduced. 
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Figure 4.4: Selected gas saturation fields showing exsolution and migration of H2 gas from (a)–

(d) Experiment PB-1 after 15–100 min of gas exsolution, (e)–(h) Experiment PB-2 after 15–400 

min of gas exsolution, (i)–(l) Experiment PB-3 after 5–90 min of gas exsolution, and (m)–(p) 

Experiment PB-4 after 10–130 min of gas exsolution. 

 

4.4.4 Hydraulic Conductivity and Flow Properties  

The differential water pressure between the influent and effluent clear-wells of the flow cell were 

measured under saturated conditions, as well as following H2 gas exsolution in the well injection 

and point injection experiments.  These data are presented as effective hydraulic conductivity 

values in Table 4.2, and represent a value at the scale of the entire flow cell.  Substantial variation 

in local water relative permeability existed during these experiments (between water-saturated, gas 

channel and gas pool regions) but the up-scaled effective value is used here to convey the relative 
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effect of gas exsolution in each of the experiments. The saturated hydraulic conductivity for the 

well injection experiments (WF-1 to WF-4) was 29.8 ± 2.0 cm/min (mean ± one standard 

deviation). The well injection values represent macroscopic effective hydraulic conductivities for 

flow perpendicular to the 12/20 and 20/30 sands. Following H2 gas exsolution in well injection 

experiments WF-1 and WF-3, the hydraulic conductivity was reduced to 26.9 ± 0.3 cm/min and 

27.5 ± 0.2 cm/min, associated with H2 gas volumes of 7.7 ± 1.2 and 11.5 ± 1.4 cm3, respectively 

(Table 4.2). Standard deviation values are based on replicate experiments for saturated hydraulic 

conductivity, and assume a constant coefficient of variation based on previous experiments using 

trapped air (Chapter 3) for effective hydraulic conductivity following exsolution.  Increasing 

NaBH4 solution concentrations resulted in further hydraulic conductivity reductions in experiments 

WF-2 and WF-4, with measured values of 17.0 ± 3.1 cm/min and 24.1 ± 2.1 cm/min, associated 

with higher H2 exsolved gas volumes of 62.2 ± 2 and 74.9 ± 1.2 cm3, respectively. These reductions 

represent up-scaled aqueous relative permeability values of 0.62-0.94.  

 

During the dissolution of H2 gas in experiment WF-1, the hydraulic conductivity increased 

gradually until it reached the initial saturated value after flushing 189 pore volumes of water (Figure 

4.5). In comparison, dissolution of H2 gas in experiment WF-2 increased the hydraulic conductivity 

to 22.9 ± 0.1 cm/min which is 82% of the saturated hydraulic conductivity value, despite flushing 

225 pore volumes of water. This difference is attributed to the slow dissolution of the gas pool at 

the top of the cell (Figure 4.3h), which still contained local gas saturations up to 67% after flushing 

with 225 pore volumes. 
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Figure 4.5: Effective hydraulic conductivity over the entire cell as H2 gas dissolved in 

experiments WF-1 and WF-2 

 

 

The saturated hydraulic conductivity for the point injection experiments (PF-1 to PF-4) was 24.9 ± 

1.2 cm/min.  This was reduced to 22.3 ± 0.2 cm/min and 21.6 ± 0.2 cm/min, associated with H2 gas 

volumes of 6.2 ± 1.3 and 14.5 ± 237 cm3, respectively (Table 4.2). Increasing NaBH4 solution 

concentrations caused further hydraulic conductivity reductions in experiments PF-2 and PF-4, 

with measured values of 13.6 ± 2.1 cm/min and 13.7 ± 2.7 cm/min, associated with higher H2 gas 

volumes of 53.0 ± 2.4 and 77.4 ± 3 cm3, respectively. These reductions represent up-scaled relative 

permeability values of 0.55-0.87. The experiments in which a gas pool was formed on the top (i.e. 

WF-2, WF-4, PF-2 and PF-4) exhibited larger hydraulic conductivity reductions, due to cross-

sectional area blocked with gas across the entire cell thickness within the height of the gas pool. 
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Table 4.2: Hydraulic conductivities and reductions with H2 gas volumes 

 

 
 

Dye test injection images from the beginning of experiments PF-3 and PF-4 are shown in Figure 

4.6. Under water-saturated conditions, the flow field shows a reasonably uniform flow of water 

with slightly slower flow near the top, caused by additional compression of the sand by the top lid 

seal (Figure 4.6a-d). Disruption of this uniform flow was observed in experiments PF-3 (Figure 

4.6e-i) and PF-4 (Figure 4.6j-m), with dye solution travelling around the nZVI injection zone. Flow 

through this zone was delayed, and dye solution had only reached the middle of the flow cell when 

the dye above it had reached the effluent clear-well (Figure 4.6i and 6m), indicating a reduction in 

hydraulic conductivity by a factor of approximately 2. As expected, no flow of dye was observed 

through the gas pool at the top of the flow cell in experiment PF-4, where local gas saturations were 

97%.  

Batch 

Mode

Flowing 

Mode
Sand Saturated K (cm/min) K with H2 (cm/min)

WB-1 WF-1 12/20 and 20/30 28.6 26.9

WB-2 WF-2 12/20 and 20/30 27.6 17.0

WB-3 WF-3 12/20 and 20/30 31.5 27.5

WB-4 WF-4 12/20 and 20/30 31.3 24.1

PB-1 PF-1 20/30 26.6 22.3

PB-2 PF-2 20/30 24.8 13.6

PB-3 PF-3 20/30 24.7 21.6

PB-4 PF-4 20/30 23.7 13.7P
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Figure 4.6: Dye test images showing the flow field (a)-(d) under water-saturated conditions, (e)-

(i) following H2 gas exsolution in experiment PF-3, and (j)-(m) following H2 gas exsolution in 

experiment PF-4. 

 

4.5 Implications for nZVI Injection 

The results of these experiments demonstrate a number of potential implications for field-scale 

applications of nZVI.  H2 gas produced by the reaction of nZVI and excess NaBH4 with water up-

gradient of a target treatment zone would limit nZVI delivery to that zone by reducing the effective 

hydraulic conductivity. The magnitude of this reduction is greater when higher concentrations of 

NaBH4 are used during nZVI synthesis, resulting in excess NaBH4 being included in the injections 

and additional H2 gas production.  Where lower-permeability layers are present, gas mobilization 

can create gas pools (Figure 4.3), resulting in further decreases in the effective hydraulic 

conductivity. Limitations to nZVI delivery caused by gas exsolution are also created if a filter pack 

is used around injection well screens, as H2 gas is transported upwards in the coarse sand, forming 

a gas pool at the top of the filter pack that potentially blocks portions of the well screen depending 

on the displacement pressure of the surrounding porous medium. The amount of time required to 

dissolve the H2 gas produced in experiments WF-1 and WF-2 was important to assess persistence. 
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The long time taken (> 120 pore volumes) for H2 gas to dissolve away indicated that the flow 

reduction and diversion can persist for longer time periods, including between successive nZVI 

injections. As described for the reaction of nZVI up-gradient of a target zone, gas production in the 

target zone could also affect delivery by redirecting groundwater flow (Figure 4.6). This would be 

disadvantageous if further nZVI solution delivery to the target zone is required, and could also 

affect the interpretation of groundwater sampling data collected from downgradient wells by 

altering the flow paths from pre-injection conditions.  

 

In the target treatment zone, H2 gas exsolution and migration can happen during nZVI application 

even if lower NaBH4 concentrations are used for nZVI synthesis (Figure 4.4). In this study, the rate 

of gas production produced discontinuous gas flow, which could transport H2 gas vertically away 

from the target zone but could also facilitate the upwards transport of VOCs from that zone to other, 

clean areas. The H2 gas, acting as an electron donor, could be used by microorganisms to support 

anaerobic dechlorination, but that would likely occur more slowly than the redistribution of VOCs.  

 

4.6 Conclusions  

Bench-scale experiments performed in this study demonstrated that H2 gas exsolved due to the 

reaction of nZVI reaction with water is greater than the H2 gas produced by the self-hydrolysis of 

NaBH4 solution by itself when injected into saturated sand packs, despite similar concentration of 

NaBH4. As expected, more H2 gas was produced with increasing NaBH4 solution concentration 

(1.25 to 5 g/L) injected as either NaBH4 solution or in combination with nZVI. Discontinuous gas 

transport occurred above the injection zone in all of the point injection experiments (B-5 to B-8) 

following nucleation and local connection, which demonstrated that even low NaBH4 

concentrations used in excess for nZVI synthesis can create mobile H2 gas.  This could potentially 

transport H2 away from the injection zone, but could also initiate bubble-facilitated transport of 
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VOCs away from the treatment zone. During the well injection experiments (B-1 to B-4), H2 gas 

was mainly produced in the coarse sand layer (representative of a filter pack) and travelled upwards 

by buoyancy, but was also produced lower in the pack due to the density of the injected solution. 

For the higher concentration NaBH4 solution, gas was produced outside of the coarse sand and 

created upwards mobilized gas channels.  This additional source of gas was not created by the 

injection of nZVI synthesized with a similar NaBH4 concentration because the faster reaction with 

water generated almost all of the gas within the coarse sand before the nZVI solution entered the 

surrounding finer sand. Therefore, not only was more gas formed in the presence of nZVI, that gas 

has the potential to have a greater effect on injection by being formed in close proximity to the 

injection well.  H2 gas pools formed in both the well injection experiments and point injection 

experiments when injecting nZVI prepared with excess 5 g/L NaBH4 concentration and when 

injecting 5 g/L NaBH4 solution alone, due to the greater volume of gas produced. 

 

Gas production reduced the effective hydraulic conductivity in all experiments, using both NaBH4 

solution and nZVI solution synthesized with excess NaBH4. Lower values of hydraulic conductivity 

were associated with higher gas saturations as solution concentrations increased, with further 

reductions caused by gas pool formation at the top of the cell. In experiments with a coarse sand 

layer adjacent to the injection edge, dissolution of exsolved gas resulted in an increase in hydraulic 

conductivity that returned to the initial water-saturated value after flushing 189 pore volumes of 

water in the absence of a gas pool, but returned to only 82% of the saturated hydraulic conductivity 

value after flushing 225 pore volumes of water when a gas pool was present. This indicates that 

even after gas dissolution over longer time periods, the persistence of H2 gas can still result in flow 

reduction and diversion. 
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Abstract 

Nanoscale zero-valent iron (nZVI) is a promising technology for the in situ remediation of 

chlorinated solvent source areas and dissolved plumes, including trichloroethene (TCE). However, 

the physical and chemical processes controlling nZVI delivery and reactivity are not yet fully 

understood. Here, the effect of hydrogen gas (H2) produced during the injection of nZVI into water-

saturated sand contaminated with a dissolved TCE plume was investigated to determine the 

potential for TCE and other volatile organic compounds (VOCs) to redistribute due to vertical gas 

mobilization. An intermediate-scale laboratory experiment was performed in a 2 cm-thick glass-

walled flow cell and images were captured to visualize gas production and mobilization. Water 

samples were collected from the ouflow boundary ports and analyzed for dissolved TCE, ethene 

(C2H4) and ethane (C2H6) concentrations. The results demonstrated that H2 gas exsolved due to the 

reaction of nZVI with water and dissolved TCE, which mobilized gas phase TCE, ethene and ethane 

upwards to previously clean areas of the sand pack. Dye tracer tests performed to investigate 

changes in the water flow field showed substantial bypassing of the nZVI injection region due to a 

reduction in aqueous phase relative permeability. This reduction is mainly due to H2 gas production 

and trapping. The H2 gas that can be produced in a field application, associated with higher sodium 

borohydride (NaBH4) concentration used during nZVI synthesis, may result in a similar reduction 
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in aqueous phase relative permeability and flow diversion around the injection area, limiting the 

possibility of subsequent nZVI injections to reach the contaminant target zone. It can also create 

gaseous phase mobilization and redistribution of dissolved contaminants or other volatile organic 

compounds (VOCs) to clean areas in the upper portions of an aquifer. 

 

5.1 Introduction 

A great deal of research effort has recently been devoted to improve the nano-scale zero-valent iron 

(nZVI) remediation technology for groundwater contaminants. O’Carroll et al. (2013) have 

provided a comprehensive review of the current developments of nZVI bimetallic technology for 

the remediation of chlorinated solvents and heavy metals. They noted the limited colloidal stability 

and mobility of nZVI due to nanoparticle agglomeration in porous media. Various polymers and 

coatings, such as carboxymethyl cellulose (CMC), have been used to stabilize nZVI particles to 

overcome this problem, with varying degrees of success (O’Carroll et al., 2013; Ramamurthy and 

Eglal, 2014). Another practical challenge for field-scale nZVI applications is the selectivity and 

longevity of the nZVI following subsurface injection. The high reactivity of nZVI leads to reactions 

with natural reducible species (i.e., dissolved oxygen and water) over contaminants such as 

trichloroethene (TCE) (i.e., selectivity) due to abundancy of dissolved oxygen and water, resulting 

in short persistence of nZVI in the environment (i.e., longevity). Therefore, high natural reductant 

demand (NRD), due mainly to dissolved oxygen and water, at the field-scale is the main cause of 

diminishing nZVI electron efficiency, resulting in a short duration and reduced reduction of the 

target contaminant (Fan et al., 2016b).  

 

The favoured reaction of nZVI with the NRD over TCE, due to abundancy of NRD, results in the 

production of H2 gas (Chapter 4; Chen et al., 2011; Huang et al., 2016; Reardon, 2014). Further, 

studies have reported using excess sodium borohydride (NaBH4) in their nZVI applications to 
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promote complete reaction and to ensure uniform nZVI particle growth during nZVI synthesis 

(Chapter 4; Lee et al., 2008; Liu and Li, 2009; Wei-xian Zhang, 2003; Yaacob et al., 2012; 

Yuvakkumar et al., 2011; Zin et al., 2013). The unreacted NaBH4 can also produce H2 through the 

self-hydrolysis of the solution (Liu and Li, 2009; Chapter 3) according to the following reaction 

(Gonçalves et al., 2007); Chapter 3):  

 

NaBH4 + 4H2O  NaB(OH)4 + 4H2      (5.1) 

 

Following injection in the subsurface, the reaction between nZVI and water produces H2 according 

to (Chen et al., 2011; Huang et al., 2016; O’Carroll et al., 2013):  

 

Fe0 +2H2O → Fe2+ + 2OH− + H2       (5.2)  

 

This production of H2 gas from the reaction of nZVI and excess NaBH4 with NRD reduces the 

effective hydraulic conductivity of the porous medium during injection (Chapter 3; Chapter 4), 

potentially limiting nZVI mobility or diverting flow from subsequent injections around the target 

treatment zone, even when stabilized with surfactants (Chapter 4; Johnson et al., 2013).  Bench-

scale experiments were performed, as described in Chapter 3, to quantify and examine the effect of 

H2 gas uniformly exsolving from the self-hydrolysis reaction of NaBH4 solution with deionized 

water in sand packs. The results demonstrated more reductions in hydraulic conductivity associated 

with higher gas saturations as NaBH4 solution concentrations increased. 

 

Bench-scale experiments were performed, as described in Chapter 4, using both nZVI and NaBH4 

solution alone and demonstrated that at the same room temperature and pressure, the volume of H2 

gas produced from the reaction of nZVI with H2O is greater than the volume produced by the self-
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hydrolysis of NaBH4 solution, despite using similar concentration of NaBH4 during nZVI synthesis. 

Their results showed that this H2 gas volume was sufficient to initiate gas migration above the 

injection zone.  While permeability reductions due to gas production have been identified 

previously, this suggests a new concern: that even low NaBH4 concentrations used in excess for 

nZVI synthesis can stimulate mobile H2 gas, potentially transporting volatile organic compounds 

(VOCs) away from a target treatment zone. This potential spreading mechanism is a potential 

drawback to the application, in which redistribution of the contaminant to clean areas is possible. 

However, H2 gas can also remain trapped and enhance the long-term biodegradation of 

contaminants as a secondary treatment  (Liu et al., 2007; Shi et al., 2015). 

 

nZVI has been used to treat chlorinated solvent plumes (Liu et al., 2007) in which dissolved VOC 

concentrations are typically low (i.e., micromolar or less).  However, it is more effective to use 

nZVI for the treatment of dense nonaqueous-phase liquid (DNAPL) source zones (Henn and 

Waddill, 2006), where dissolved VOCs concentrations are high (i.e., millimolar) and may be near 

solubility limits (e.g., 8.4 mM for TCE). The TCE reduction rate for example, increases with 

increased TCE concentration which results in rapid source zone reduction. In addition, less-reduced 

reaction by-products are formed in the presence of DNAPL or higher TCE concentration; therefore, 

more TCE can be dechlorinated in a source zone area per mass of nZVI injection when compared 

to plume treatment (Liu et al., 2007). 

 

During the reaction between TCE and nZVI, the reduction of TCE releases chloride ions while the 

iron is oxidized and supplies electrons to form ethene (C2H4) and ethane (C2H6) as the main 

products (Arnold and Roberts, 2000; Liu et al., 2005b; Orth and Gillham, 1995; Su and Puls, 1999). 

The abiotic degradation of TCE to ethene and chloride occurs by the transfer of electrons resulting 

from the oxidation of iron according to the following reaction (Pupeza et al., 2007; Snyder, 2011):  
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3Fe0 + C2HCl3 + 3H+ → 3Fe2
+ + C2H4 + 3Cl-      (5.3) 

 

Liu et al., (2005b) studied TCE reaction rates, pathways, and efficiency of nZVI particles 

synthesized from sodium borohydride reduction of ferrous iron in batch reactors. They confirmed 

the appearance of H2 as a reactive intermediate during TCE dechlorination indicating that it can be 

utilized after it is generated. Higher TCE dechlorination rate in a H2 gas headspace was reported, 

demonstrating that nZVI synthesised with sodium borohydride solution can catalyze the aqueous 

phase hydrodechlorination of TCE using H2 as the reductant (Liu et al., 2005a, 2005b; O’Carroll et 

al., 2013). The TCE and nZVI reaction pathways are: (i) Beta-elimination pathways, in which TCE 

is reduced directly to ethane via the production of short-lived intermediates, such as 

chloroacetylene and acetylene, while the formation of partially dechlorinated products such as 

dichloroethene (DCE) and vinyl chloride (VC) is avoided; or (ii) sequential degradation pathway, 

which occurs when one chlorine atom is removed in each dechlorination step, so that TCE degrades 

to cis-1,2 DCE, then to VC, and finally to ethene and ethane. Chlorinated solvents however, 

degrade mainly through the beta-elimination pathway when exposed to iron (Tratnyek et al., 2008). 

Beta-elimination is the preferred pathway because it occurs under abiotic reducing conditions and 

degrades TCE without producing the environmentally persistent intermediate products such as 

DCE and VC (Cook, 2009).  The production of ethene and ethane also contributes to gas 

production, along with H2.  The purpose of this research was to visualize and quantify gas 

production, including H2, TCE, ethene and ethane, caused by the reaction of nZVI with water and 

TCE in a high-concentration plume, and to investigate the possibility of upward TCE redistribution 

due to gas migration. The potential consequences of this redistribution are expected to be important 

for remediation design, and risk assessment during and following nZVI applications. 
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5.2 Materials and Methods 

5.2.1 Experimental Apparatus and Packing Method 

The laboratory experiment was performed in a 150 cm × 150 cm × 2 cm flow cell, built of tempered 

glass walls with a steel frame (Figure 1). The cell had a top seal to maintain confined conditions 

and was equipped with influent and effluent clear wells to promote uniform horizontal flow 

conditions. Several drainage ports on the bottom were fitted with water-wet hydrophilic nylon 

membranes (10 μm pore size, EMD Millipore Corporation) to allow drainage of the sand pack in 

the cell to a residual water saturation. The homogeneous porous medium used was silica Accusand 

20/30, which has a median particle diameter (d50) of 0.713 mm (Schroth et al. 1996). Packing was 

done in a manner similar to the packing procedure described in Chapter3 and Chapter 4, which 

produced a porosity of 0.38. Sand was rinsed with deionized (DI) water to remove fines and packed 

by continuously pouring into the cell, which was initially partially filled with DI water, while 

tapping the glass wall with a rubber mallet. The flow cell contained four sampling ports, installed 

through the effluent clear well and spaced equally at 20 cm distances for the collection of water 

samples (Figure 1). These sampling ports did not act as outflow ports, and were only used to collect 

samples, which allowed horizontal flow conditions to be maintained between the influent and 

effluent clear wells.  Samples were collected at a rate of 7 mL/min compared to the overall flow 

rate of 12 mL/min.  The naming convention of the four sampling ports was: A, B, C and D, with A 

being the top-most and D the bottom-most sampling port (Figure 1).  Each sampling port was 

equipped with a stainless steel needle which was inserted 10 cm into the sand pack.  
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Figure 5.1: Schematic of the flow cell showing a) a front view, including the dissolved TCE and 

nZVI injection needle and top four sampling needles, and b) a side view. 

 

Digital images of the flow cell, tracer test, nZVI injection and gas production were captured using 

a light emitting diode (LED) panel (Custom Effects LED Solutions) mounted behind the flow cell, 

and a digital single-lens reflex camera (Canon, EOS 6D) in front of the flow cell. To avoid changes 

in ambient light intensity and reduce light reflections throughout the experiment, the flow cell, LED 

panel and camera were placed in an enclosure with black inside surfaces. Camera settings and 

lighting conditions were constant during the test.  Images were collected during the experiment, 

and processed to show gas production and migration using the light transmission technique 

described in Chapters 2, 3, and 4. 

 

5.2.2 Solutions preparation and injection methods 

The experiment was completed in two parts. The first part was a batch mode (no water flow) in 

which a 50 mL dissolved TCE plume was placed in the centre-bottom of the cell (Figure 5.1a) by 

injection through a 61 cm stainless steel needle connected to a 50 mL gas-tight syringe.  The TCE 

solution was prepared by slowly mixing 160 mL of DI water with 20 mL of TCE DNAPL in a 200 
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mL PTFE-capped glass jar for a period of 4 weeks.  This solution was considered to be in 

equilibrium with the headspace, which consisted initially of atmospheric air, and have a TCE 

concentration near the solubility limit of 1100 mg/L at 25C (CCME, 2006).  Following dissolved 

TCE injection, 120 mL of 1 g/L nZVI was injected through the same stainless steel needle into the 

TCE plume. The TCE and nZVI were injected at a location 53 cm from the inflow boundary, and 

the resulting nZVI region was 18 cm in diameter.  Both injections were performed manually at a 

rate of approximately 20 mL/min, and the entire experiment was conducted at room temperature 

(21 °C).  The nZVI was prepared using borohydride reduction of ferrous salts (Wang and Zhang, 

1997) which is the most widely used method for laboratory and field research studies (Boparai et 

al., 2011; Chen et al., 2011, 2012; Huang et al., 2016; Chapter 4). The method is based on slowly 

adding ferric chloride (FeCl3) solution to sodium borohydride (NaBH4) solution in a nitrogen 

atmosphere  (Boparai et al., 2011; Chapter 4): 

 

4Fe
3+

 + 3BH
4

-
 + 9H

2
O → 4Fe

0
 + 3H

2
BO

3

-

 + 12H
+
 + 6H

2
    (5.4) 

 

In the second part of the experiment (water flow), DI water in equilibrium with atmospheric air 

was pumped through the flow cell continuously for 4 days at 12 mL/min (pore-water velocity of 

0.1 cm/min).  During flow, water samples were collected at effluent ports A-D for chemical 

analysis. The experiment was conducted within the Darcy flow regime (Reynolds number of 0.15). 

Water flow through the cell was initiated 14 hours after injecting the dissolved TCE and nZVI 

(batch mode). To investigate the potential for flow diversion following gas exsolution, a dye 

solution was injected as a visual tracer both under water-saturated conditions before injecting the 

solutions, and following TCE and nZVI injection. In each dye tracer injection, 100 mL of green 

dye (Loretta Foods) was added to 19 liters of DI water and pumped at 15 mL/min, and images of 

the tracer were captured at 30 second intervals.  The post-injection tracer was conducted after all 
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water samples had been collected, between 0 and 3 days of flowing water. The image analysis for 

the tracer images used the hue values (a measurement of colour, here measured on a scale of 0 to 

1) of the transmitted light as a surrogate for the dye concentration.  Hue has been used in previous 

studies to determine fluid saturations (e.g. Darnault et al., 1998; O’Carroll et al., 2004)  and aqueous 

concentrations (Van De Ven and Mumford, 2018).  

 

5.2.3 Water Samples Collection and Analysis 

Water samples were collected from each sampling port at the outflow boundary (see Figure 5.1a), 

in 4 mL and 20 mL glass vials every 2 hours in the first 8 hours following flow initiation, and then 

every 4 hours afterwards, with the last three samples taken at 7-hour, 10-hour, and 5-hour intervals. 

Aqueous samples were analyzed by the headspace method to determine dissolved TCE, ethene, and 

ethane concentrations. The samples were analyzed by gas chromatography (GC) (Agilent 

Technologies type 7890B with Agilent 80 PAL autosampler) with a flame ionization detector 

(FID). The laboratory method detection limit (MDL) was 5.0 µg/L for the analysis of dissolved 

TCE, 0.04 µg/L for ethene and 0.04 µg/L for ethane. The water samples were also analyzed for the 

following intermediate reaction by-products: vinyl chloride (MDL of 0.5 µg/L), chloroethane 

(MDL of 10 µg/L), 1,1-dichloroethene (MDL of 5 µg/L), trans 1,2-dichloroethene (MDL of 

0.6 µg/L), 1,1-dichloroethane (MDL of 5 µg/L), cis 1,2-dichloroethene (MDL of 0.8 µg/L), 1,1,1-

trichloroethane (MDL of 2 µg/L), and 1,2-dichloroethane (MDL of 2 µg/L). Dissolved TCE sample 

concentrations were determined using a four-point calibration curve. Calibration curves were 

generated at the start and end of each experiment, and were verified using samples from an 

independent dissolved TCE source. In addition, blank samples, control and control verification 

samples were analyzed throughout each sample run to ensure GC consistency and accuracy.  
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5.3 Results and Discussion 

5.3.1 Visualization of the Gas Phase 

An image of the flow cell immediately following nZVI injection is shown in Figure 5.2.  Water 

flow was from the left-hand to right-hand side of this image, with sampling ports A-D located in 

the top left-hand corner.  Portions of each image captured during the batch mode of the experiment 

(red box in Figure 5.2) were used to assess gas phase development. The size of this gas-focused 

region was determined by processing larger images to ensure that the lateral and vertical extents of 

the gas phase were captured. Images of this region, captured at 10 second intervals during the batch 

mode, are shown in Figure 5.3.  

 

Gas production following nZVI injection resulted in gas migration through a collection of gas 

channels that originated within the nZVI injection zone.  While gas saturations were not quantified 

in this experiment, higher gas saturations would coincide with regions of darker color in Figure 5.3.  

Based on similar experiments conducted in smaller flows cells without TCE, gas saturations in 

these fingers are expected to be up to 10% (Chapter 4). These gas channels formed rapidly, and 

upwards migration occurred as soon as H2 gas exsolved in the nZVI injection zone (< 90 s) (Figure 

5.3a).  The vertical propagation of the fingers was rapid, and reached a height of 1.5 m in 

approximately 23 min.  This demonstrates that even small-volume nZVI injections can produce 

volumes of H2 gas that can become mobile and create vertical transport pathways for H2 as well as 

VOCs (TCE, ethene and ethane) away from nZVI target injection zones.  
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Figure 5.2: Image of the flow cell immediately following nZVI injection (black circle), injected 

instantly after dissolved TCE injection (white circle), where the red highlighted area shows the 

location of the cropped region used for image processing to assess gaseous phase development.  

Water flow was from the left-hand side to the right-hand side of this image. 

 

 

 

 

 
 

Figure 5.3: Gaseous phase evolution with time in the first 1420 seconds of the batch mode 

portion of the experiment. 
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5.3.2 Concentrations of Dissolved TCE, Ethene and Ethane 

Measured concentrations in the water samples are presented in Figure 5.4 for the four sampling 

ports. TCE, C2H4 and C2H6 were not detected at any the four ports over the first 7 hours of the 

experiment.  Concentrations increased with time after 7 hours until reaching a peak concentration 

before decreasing steadily to below the detection limit after 24-36 hours, depending on the 

compound and the sample location. No water sample revealed concentrations above the detection 

limit for vinyl chloride, chloroethane, 1,1-dichloroethene, trans-1,2-dichloroethene, 1,1-

dichloroethane, cis-1,2-dichloroethene, 1,1,1-trichloroethane, or 1,2-dichloroethane. 

 

The peak concentrations of the dissolved TCE, C2H4 and C2H6 were reached after 8 hours of 

continuous flow, at ports D and C, and after 12 hours at ports B and A. At the horizontal water flow 

rate of 12 mL/min (velocity of 0.11 cm/min), the travel time from the TCE injection location to the 

effluent end of the cell (distance of 75 cm) was 12 hours. Observed concentration peaks at 8 and 

12 hours is consistent with this estimated travel time.  The dissolved TCE plume was expected to 

be pushed slightly by the subsequent nZVI injection towards the outflow, but remain within the 

vicinity of the nZVI injection area (Figure 5.2). The highest concentration of dissolved TCE was 

896 µg/L (port D), and peak concentrations decreased with height, with water samples collected 

from ports C, B, and A having dissolved TCE concentrations of 230 µg/L, 58 µg/L, and 40 µg/L, 

respectively. The highest dissolved TCE concentration was expected to be at the lowest port (port 

D), since the highest H2 gas volumes were produced in the batch mode at lower heights indicated 

by the darker color in Figure 5.3. The existence of dissolved TCE in the water samples demonstrates 

that complete degradation of the dissolved TCE in the injected volume did not occur, and some of 

the TCE was transported to higher elevations by the mobilized H2 gas. 
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Ethene and ethane concentrations at port D had the highest peaks compared to other ports and were 

0.36 µg/L and 0.56 µg/L, respectively. Water samples obtained from ports C and B exhibited 

relatively similar peak concentration values for each compound, with ethene peak concentrations 

of 0.14 µg/L and 0.15 µg/L, and ethane peak concentrations of 0.30 µg/L and 0.32 µg/L, 

respectively. Slightly higher concentrations of ethene and ethane were found in water samples 

collected from port A compared to ports C and B, with a peak ethene concentration of 0.18 µg/L, 

and a peak ethane concentration of 0.38 µg/L, respectively. The absence of intermediate reaction 

products in the water samples is consistent with TCE degradation via beta-elimination. The 

detection of TCE at higher elevations in the cell demonstrates that not all TCE was degraded (Eq. 

5.3) at the injection location, and some was available for vertical mobilization by bubble-facilitated 

transport.  The detected concentrations of ethene and ethane at these elevations were also lower 

than those expected if the total injected TCE were degraded.  Therefore, only a portion of the 

produced ethene and ethane were likely transported vertically with the mobilized H2 gas.  

 

These chemical concentrations in water samples collected from the ports located in the upper half 

of the flow cell demonstrate that a sufficient volume of H2 gas was produced at a sufficiently fast 

rate to create a gas phase that was able to transport TCE to higher elevations, well above the original 

location of the TCE plume (Figure 5.2). Because the flow filed was horizontal and transverse 

vertical dispersion is expected to be weak, there is no mechanism other than bubble-facilitated 

transport that could have resulted in this redistribution of TCE.  The gas was also able to transport 

ethene and ethane upwards and away from the nZVI injection zone. In field applications, which 

could also experience H2 gas production associated with higher NaBH4 concentrations used during 

nZVI synthesis, similar gas phase mobilization and redistribution of dissolved VOCs to clean areas 

in the subsurface could occur. However, it is important to note that heterogeneity will produce gas 

distributions different from the collection of vertical channels produced in the homogeneous sand 
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of these experiments. For example, the existence of low permeability lenses in the vertical pathway 

of the gas can result in gas accumulation below those lenses.  The creation of these gas pools was 

observed below the sealed lid in the bench-scale laboratory experiments described in Chapter 4. 

The formation of such gas pools beneath low permeable lenses would lead to lateral gas 

mobilization and horizontal redistribution of dissolved TCE and VOCs, in additional to the vertical 

redistribution observed here. 
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Figure 5.4: Concentrations with time at the four sampling ports for: a) dissolved TCE, b) ethene, 

and c) ethane concentration. 
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5.3.3 Flow Diversion 

Images captured during the dye tracer test to investigate changes in the flow field are presented in 

Figure 5.5. Under water-saturated conditions, with dye injected along the entire influent clear 

well, the tracer front shows a reasonably uniform horizontal flow of water with slightly slower 

flow near the top, caused by additional compression of the sand by the top lid seal (Figure 5.5a-

e). Disturbance of this uniform flow was observed in the second dye tracer test, performed after 

gas production during the batch mode and after water samples collected in the water flowing 

mode of the experiment. Flow through the gas channels was similar to that under water-saturated 

conditions, but the dye solution travelled around the nZVI injection area. Tracer breakthrough in 

this area was delayed by approximately 10 hours, and the dye solution had not travelled beyond 

the injection area when the dye above and below it had reached the effluent clear well (Figure 

5.5f-j), indicating a substantial reduction in the aqueous relative permeability. 

 

 
 

Figure 5.5: Dye test images showing the flow field (a)-(e) under water-saturated conditions, (f)-

(j) following batch mode solutions injection and gaseous phase exsolution. 

 

An area of 12 × 12 pixels (0.3 cm2) was chosen just beyond the injection area (72.6 cm (1596 

pixels) from the inflow cell boundary) for image analysis to compare the tracer breakthrough 

between water-saturated conditions (Figure 5.5a-e) and following the injections of TCE and nZVI, 



 

106 

 

and gas production in the batch mode (Figure 5.5f-j).  Figure 5.6 shows the hue-based breakthrough 

curves for the dye tracer. Under water-saturated conditions, the dye solution arrival time was 5.8 

hours based on the breakthrough of a hue value of 0.162. On the other hand, due to flow diversion 

and flow delay, the dye solution arrival time was 16.6 hours after gas production in the nZVI 

injection area. Given equal Darcy flux and porosity before and after gas production, and assuming 

a similar hydraulic gradient at the selected area for the hue analysis, the ratio of arrival times serves 

as an estimate of the relative permeability after gas production, and is equal to 0.35. 

 

There are two potential mechanisms that could have produced the reduction in aqueous relative 

permeability in the nZVI injection area: mineral precipitation of iron hydroxides, and gas 

production and trapping. Because this experiment was conducted in a reactive environment (the 

water was not de-aired), the deposition of unoxidized nZVI is unlikely.  This may not be the case 

in other studies (Pulin et al., 2017), in which continuous de-airing of the system was conducted 

using nitrogen purging. Previous studies have noted mineral precipitation of iron hydroxides from 

using granular zero-valent iron (ZVI) in permeable reactive barriers (PRBs) and from using nZVI.  

These studies attributed reductions in aqueous relative permeability to both H2 gas formation and 

mineral precipitation (Fronczyk and Pawluk, 2014; Jeen et al., 2012; Johnson et al., 2008; Tosco et 

al., 2014). However, given that nZVI is highly reactive compared to granular iron, H2 gas may have 

played a greater role in the relative permeability reduction in this study. Using the relative 

permeability – saturation (𝑘𝑟𝑤 − 𝑆𝑤) curve presented in Chapter 3 (Figure 3.7a) for the exsolution 

(internal drainage) of H2 gas in this sand, an aqueous relative permeability value of 0.35 

corresponds to a wetting saturation (𝑆𝑤) of 0.9 and a gas saturation (𝑆𝑔) of 0.10. While increased 

gas saturations could not be measured in the nZVI injection area during this study because of the 

opaque black suspension, observations during the experiment confirmed the presence of trapped 

gas bubbles between the glass wall and sand immediately behind the wall that was consistent with 
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a gas saturation of 10%. As described in Chapter 4, NaBH4 and nZVI bench-scale injection 

experiments were performed and local gas saturations just above the injection zone were analyzed 

and the results showed gas saturations up to 10% (Chapter 4).  Therefore, in this study, gas 

production alone may have caused the local reduction in relative permeability due to H2 gas 

produced during the reaction of excess NaBH4 with water (Equation 5.1), and H2 gas and gaseous 

phase by-products of the reaction of nZVI with water and dissolved TCE (Equations 5.2 and 5.3). 

 

 
 

Figure 5.6: Breakthrough curves of hue for dye solution transport under water-saturated 

conditions and following the injection of TCE and nZVI , and subsequent gas production in batch 

mode. 

 

The results of this experiment provide direction concerning the potential effects of H2 gas 

production during nZVI injections. Gas production in the immediate injection area can result in 

substantial gas exsolution and trapping, which lowers the aqueous phase relative permeability.  This 

could occur in the local area around an injection point, or in the sand pack surrounding an injection 

well.  Furthermore, sufficient gas volumes can be produced, in excess of volumes that can remain 

trapped, resulting in vertical gas migration as fingers and channels.  In addition, the results showed 
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that enough gas was produced and mobilized fast enough to transport TCE away from the target 

contaminant area before that TCE was degraded by the nZVI. In a field scenario, permeability 

heterogeneity, particularly the presence of low-permeability lenses, is expected and can lead to the 

accumulation of gas, with further reduction in relative permeability and extensive lateral migration 

associated with gas pools.  

 

5.4 Conclusions 

The laboratory-scale experiment performed in this study demonstrated the exsolution of H2 gas due 

to the reaction of nZVI reaction with water.  The exsolved gas volume was sufficient to produce 

trapped gas in the injection area and gas that travelled upwards and away from the injection areas 

as gas channels. Processed images during the reaction of nZVI with TCE and water indicated that 

vertical gas transport occurred above the dissolved TCE pool as soon as H2 gas exsolved (in less 

than 90 seconds). 

 

The development of gas channels caused redistribution of TCE along the gas channel fronts, as 

demonstrated by the chemical analysis results for dissolved TCE, ethene, and ethane concentrations 

found in water samples. This can be related to the fact that H2 gas was produced at a sufficiently-

fast rate to create a mobilized gaseous phase that was able to relocate TCE to higher portions of the 

flow cell, along with ethene and ethane, before the reaction of nZVI with TCE was completed. In 

a field nZVI application, the amount of H2 gas that can be produced, associated with higher NaBH4 

concentration used during nZVI synthesis, may result in a similar gaseous phase mobilization and 

redistribution of dissolved contaminants or other VOCs to clean areas in the upper portions of an 

aquifer. 

 



 

109 

 

In addition to VOCs redistribution, dye tests showed disturbance of the flow field, with dye solution 

travelling around the nZVI injection area. Flow through this area was reduced, and the dye solution 

had not travelled beyond the injection area when the dye above and below it had reached the 

outflow boundary indicating a substantial reduction in the aqueous relative permeability. Hue 

values of the light transmitted showed an aqueous phase relative permeability of 0.35 following 

gas exsolution and trapping. This relative permeability is consistent with a gas saturation of 10% 

Chapter 3). In a field application, such flow diversion around the injection area can limit the ability 

of subsequent nZVI injections to reach the target contaminant zone.  

 

These results show that attention should be paid to gas generation during applications of nZVI for 

groundwater remediation, to limit both contaminant redistribution and permeability reduction. For 

example, practitioners can design nZVI applications by adjusting excess NaBH4 concentrations and 

taking into account NRD reactions, to produce H2 gas in amounts that do not substantially lower 

the aqueous relative permeability if subsurface condition are highly permeable (i.e. sandy aquifers) 

and do not promote redistribution of the target contaminant by gas mobilization. This will allow 

for subsequent nZVI injection if necessary, while at the same time enhance secondary 

bioremediation processes through long-term H2 dissolution. For low-permeability conditions (i.e. 

clayey material), it may be more practical to synthesize the nZVI with lower NaBH4 concentrations 

to reduce the potential for high amounts of H2 gas production.  However, if subsequent nZVI 

injections are not required, and bioremediation is considered as a viable option following the first 

injection in the low permeable subsurface conditions, nZVI can be synthesized to produce amounts 

of H2 gas for bioremediation enhancement since the majority of the H2 gas is expected to be trapped 

within the pores. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Summary and Conclusions 

The overall goal of this research study was to examine the effects of H2 gas exolution during the 

application of nZVI groundwater remediation technology. The conclusions of this research are: 

 

1. The self-hydrolysis reaction of NaBH4 solution with water resulted in chemical exsolution 

of H2 gas. More gas production was associated with higher NaBH4 solution concentration 

injected. The produced H2 gas caused reductions in effective hydraulic conductivity, with 

lower values of effective hydraulic conductivity associated with higher gas saturations as 

solution concentrations increased.  

 

2. Relative permeability curves measured during dissolution of H2 gas followed the curves 

produced by its exsolution. Further, the relative permeability data produced from 

exsolution (an internal drainage process) matched the relative permeability following air 

entrapment by external displacement, suggesting that the relative permeability behavior 

was similar despite the different gas introducing mechanism (i.e., internal and external 

drainage processes). 

 

3. Uniform chemical exsolution of gas can be used to investigate internal drainage processes 

with a high level of control by using different NaBH4 solution concentrations to produce 

different volumes of gas by exsolution. Further, the dissolution of exsolved gas can be used 

to investigate relative permeability at small increments in saturation and at lower trapped 

gas saturations than can be obtained using external displacement experiments. 
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4. H2 gas exsolved due to the reaction of nZVI with water was greater than the H2 gas 

produced by the self-hydrolysis of NaBH4 solutions, despite similar concentration of 

NaBH4 as excess for nZVI synthesis. More H2 gas was produced with increasing NaBH4 

solution concentration injected as either NaBH4 solution or in combination with nZVI. 

Although a range of gas volumes were produced at the various solution concentrations 

(1.25 and 5 g/L NaBH4 or 1.0 g/L nZVI synthesized with 1.25 and 5 g/L NaBH4), all created 

mobile H2 gas. 

 

5. In experiments where NaBH4 solution alone or in combination with nZVI was injected into 

a vertical coarse sand layer, H2 gas was mainly produced in the coarse sand layer and 

travelled upwards by buoyancy, but was also produced lower in the pack due to the density 

of the injected solution. For higher concentration of NaBH4 solution, gas was produced 

outside of the coarse sand and created upwards mobilized gas channels. H2 gas pools were 

formed outside of the coarse sand when injecting nZVI prepared with excess 5 g/L NaBH4 

concentration and when injecting 5 g/L NaBH4 solution alone, due to the greater volume 

of gas produced. Gas production reduced the effective hydraulic conductivity in all of the 

injection experiments, using both NaBH4 solution and nZVI solution synthesized with 

excess NaBH4. Lower values of hydraulic conductivity were associated with higher gas 

saturations as solution concentrations increased. Further reductions were caused by gas 

pool formation. In experiments with a coarse sand layer adjacent to the injection edge, 

dissolution of exsolved gas resulted in an increase in hydraulic conductivity that returned 

to the initial water-saturated value after flushing 189 pore-volumes of water in the absence 

of a gas pool, but returned to only 82% of the saturated hydraulic conductivity value after 

flushing 225 pore-volumes of water when a gas pool was present. 
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6. The reaction of nZVI and excess NaBH4 with water resulted in the exsolution of H2 gas 

with exsolved gas volume sufficient to produce trapped gas in the injection area and gas 

that travelled upwards and away from the injection areas as gas channels to a height of 150 

cm. When the injection area contained a high concentration TCE plume, that gas moved 

above the plume shortly after the H2 gas exsolved.  The development of gas channels during 

this movement resulted in the redistribution of TCE along the gas channels. TCE, ethene, 

and ethane concentrations were detected in effluent water samples, attributed to the fact 

that H2 gas was produced at a sufficiently-fast rate to create a mobilized gaseous phase that 

was able to relocate TCE to higher portions of the flow cell, along with ethene and ethane, 

before the reaction of nZVI with TCE was completed. 

 

7. Images obtained from dye tests in both small-scale (22 × 32 × 1 cm3) and intermediate-

scale (1.5 × 1.5 × 0.02 m3) experiments demonstrated the effects of considerable reduction 

in aqueous relative permeability due to H2 gas produced, and showed flow diversion of dye 

solution travelling around the injection zone. Such flow diversion around the injection area 

can limit the ability of subsequent nZVI injections to reach the target contaminant zone in 

field applications.  

 

As a whole, the conclusions have successfully addressed the overall goal of the study to investigate 

the effects of H2 gas exsolution during the application of nZVI remediation. Reductions in hydraulic 

conductivity were evident associated with H2 gas volumes produced. Flow diversion around the 

injection zone was visualized in multiple experiments. Evolution of H2 gas and gas pool formation 

from nZVI application were captured and visualized for the first time. A new method was 

successfully implemented in which uniform chemical exsolution of gas was used to investigate 
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internal drainage with a high level of control by using different NaBH4 solution concentrations to 

produce different volumes of gas by exsolution. The new method includes using cold NaBH4 

solution at different concentrations, using the volume of displaced water (as the solution warms up 

and gas is produced) to validate gas saturations estimated by image analysis, and investigating 

dissolution of the chemically exsolved gas to monitor gradual increments in hydraulic conductivity. 

Finally, the study demonstrated that H2 gas produced at a sufficiently-fast rate resulted in a 

mobilized gaseous phase that was able to relocate TCE to regions above the target treatment zone, 

along with ethene and ethane, before the reaction of nZVI with TCE was completed. An 

optimization of H2 gas production during nZVI application might be a feasible option, rather than 

aiming to eliminate H2 gas production, by using very low NaBH4 concentrations during synthesis. 

Such an optimization would produce H2 gas that could be used for the enhancement of 

bioremediation as a secondary treatment, while reducing permeability reductions and the potential 

for bubble-facilitated VOC transport. 

 

Limitations of this study include the homogeneity of the sands used, which is not typical in nZVI 

field applications, where permeability heterogeneity is the norm. Another limitation is related to 

the relative permeability data set produced from internal drainage which was compared to external 

displacement at only one saturation (air entrapment). An investigation of external drainage over a 

larger range of saturations, and in a variety of media, is required to determine if the similarity 

between relative permeability following internal and external drainage can be extended across a 

wider saturation range.   

 

6.2 Recommendations for Future Work 

It is recommended that future studies be conducted to complement the bench-scale laboratory 

experiments by modelling the gas exsolution, nucleation, percolation and advancement at the pore-
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scale. Simulations of H2 gas exsolution and mobility can be validated and calibrated using the 

experimental results of this study. The applicability of the light transmission method can also be 

examined for chemical gas exsolution in larger-scale experiments using different porous media 

sizes to measure local gas saturations, and the results can be calibrated using the volume of water 

displaced, as described in Chapters 3 and 4. The methods used in this research can also be examined 

for applicability in other groundwater remediation technologies that produces gaseous phase. On 

the nZVI specifically, field-scale studies are also recommended with different synthesis conditions 

(high and low NaBH4 solution concentrations) to investigate potential effects on the mobility of 

nZVI. 

 

The injection of NaBH4 as a solution alone might be a feasible option if bioremediation 

enhancement is the only required clean up method (as it is the case in contaminant plumes rather 

than source areas), to produce H2 gas that will remain trapped and act as an electron donor for the 

microbial communities in the subsurface, and is recommended as a subject of future research. 

 

 

 

 

 

 

 

 



 

119 

 

Appendix A 

Supplemental Figures 

 

 

Figure A.1: Air-water capillary pressure-saturation curve for primary drainage in a) 20/30 sand, 

b) 12/20 sand and c) Mixed sand obtained by light transmission. 
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Figure A.2: Difference images at times indicated for point injection experiment PB-1 (Table 

4.1). 
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Figure A.3: Difference images at times indicated for point injection experiment PB-2 (Table 

4.1). 
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Figure A.4: Selected raw images Experiment B-1 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 97 min of gas exsolution, (c) 147 min of gas exsolution, and (d) 196 min of gas exsolution. 
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Figure A.5: Selected raw images Experiment B-2 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 126 min of gas exsolution, (c) 252 min of gas exsolution, and (d) 379 min of gas exsolution. 
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Figure A.6: Selected raw images Experiment B-3 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 133 min of gas exsolution, (c) 286 min of gas exsolution, and (d) 590 min of gas exsolution. 

 

 

 

 

 

 

 

 

 

 

 

 



 

125 

 

 

Figure A.7: Selected raw images Experiment B-4 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 35 min of gas exsolution, (c) 86 min of gas exsolution, and (d) 136 min of gas exsolution. 
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Figure A.8: Selected raw images Experiment B-5 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 96 min of gas exsolution, (c) 172 min of gas exsolution, and (d) 218 min of gas exsolution. 
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Figure A.9: Selected raw images Experiment B-6 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 97 min of gas exsolution, (c) 182 min of gas exsolution, and (d) 264 min of gas exsolution. 
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Figure A.10: Selected raw images Experiment B-7 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 86 min of gas exsolution, (c) 157 min of gas exsolution, and (d) 258 min of gas exsolution. 
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Figure A.11: Selected raw images Experiment B-8 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 196 min of gas exsolution, (c) 449 min of gas exsolution, and (d) 654 min of gas exsolution. 
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Figure A.12: Selected raw images Experiment B-9 (Table 3.1) after (a) 5 min of gas exsolution, 

(b) 198 min of gas exsolution, (c) 400 min of gas exsolution, and (d) 598 min of gas exsolution. 
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 Figure A.13: Selected raw images Experiment B-10 (Table 3.1) after (a) 5 min of gas 

exsolution, (b) 198 min of gas exsolution, (c) 401 min of gas exsolution, and (d) 573 min of gas 

exsolution. 
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  Figure A.14: Selected raw images Experiment WB-1 (Table 4.1) after (a) 5 min 

of gas exsolution, (b) 96 min of gas exsolution, (c) 172 min of gas exsolution, and (d) 253 min of 

gas exsolution. 
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  Figure A.15: Selected raw images Experiment WB-2 (Table 4.1) after (a) 5 min 

of gas exsolution, (b) 198 min of gas exsolution, (c) 401 min of gas exsolution, and (d) 502 min 

of gas exsolution. 
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  Figure A.16: Selected raw images Experiment WB-3 (Table 4.1) after (a) 5 min 

of gas exsolution, (b) 37 min of gas exsolution, (c) 52 min of gas exsolution, and (d) 91 min of 

gas exsolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

135 

 

 

  Figure A.17: Selected raw images Experiment WB-4 (Table 4.1) after (a) 5 min 

of gas exsolution, (b) 23 min of gas exsolution, (c) 74 min of gas exsolution, and (d) 188 min of 

gas exsolution. 
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   Figure A.18: Selected raw images Experiment PB-1 (Table 4.1) after 

(a) 5 min of gas exsolution, (b) 35 min of gas exsolution, (c) 96 min of gas exsolution, and (d) 

248 min of gas exsolution. 
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   Figure A.19: Selected raw images Experiment PB-2 (Table 4.1) after 

(a) 5 min of gas exsolution, (b) 248 min of gas exsolution, (c) 502 min of gas exsolution, and (d) 

1110 min of gas exsolution. 
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   Figure A.20: Selected raw images Experiment PB-3 (Table 4.1) after 

(a) 5 min of gas exsolution, (b) 6 min of gas exsolution, (c) 10 min of gas exsolution, and (d) 50 

min of gas exsolution. 
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   Figure A.21: Selected raw images Experiment PB-4 (Table 4.1) after 

(a) 5 min of gas exsolution, (b) 15 min of gas exsolution, (c) 25 min of gas exsolution, and (d) 

208 min of gas exsolution. 
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Figure A.22: Selected raw images of the laboratory-scale experiment after (a) 2 min of gas 

exsolution, (b) 5 min of gas exsolution, (c) 8 min of gas exsolution, and (d) 14 min of gas 

exsolution. 
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Appendix B 

Experimental Apparatus 

 

 

 

 

Figure B.1: Small scale flow cell used for bench-scale laboratory injection experiments 
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Figure B.2: Large scale flow cell used for the laboratory-scale injection experiment  
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Figure B.3: Anaerobic chamber used for nZVI solution synthesis (groundwater laboratory at the 

University of Toronto) 
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Appendix C 

Differential Pressure Data 

 
Figure C.1: Pressure differences measured during experiment F-1 (Table 3.1) 

 

 

 
Figure C.2: Pressure differences measured during experiment F-2 (Table 3.1) 
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Figure C.3: Pressure differences measured during experiment F-3 (Table 3.1) 

 

 

 

 

 

 
Figure C.4: Pressure differences measured during experiment F-4 (Table 3.1) 
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Figure C.5: Pressure differences measured during experiment F-5 (Table 3.1) 

 

 

 

 

 

 
Figure C.6: Pressure differences measured during experiment F-6 (Table 3.1) 
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Figure C.7: Pressure differences measured during experiment F-7 (Table 3.1) 

 

 

 

 

 

 
Figure C.8: Pressure differences measured during experiment F-8 (Table 3.1) 
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Figure C.9: Pressure differences measured during experiment F-9 (Table 3.1) 

 

 

 

 

 

 
Figure C.10: Pressure differences measured during experiment F-10 (Table 3.1) 
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Figure C.11: Pressure differences measured during experiment WF-1 (Table 4.1) 

 

 

 

 
Figure C.12: Pressure differences measured during experiment WF-2 (Table 4.1) 
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Figure C.13: Pressure differences measured during experiment WF-3 (Table 4.1) 

 

 

 

 
Figure C.14: Pressure differences measured during experiment WF-4 (Table 4.1) 
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Figure C.15: Pressure differences measured during experiment PF-1 (Table 4.1) 

 

 

 

 
Figure C.16: Pressure differences measured during experiment PF-2 (Table 4.1) 
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Figure C.17: Pressure differences measured during experiment PF-3 (Table 4.1) 

 

 

 

 
Figure C.18: Pressure differences measured during experiment PF-4 (Table 4.1) 
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Appendix D 

Water Samples Analysis Data 

Table D.1: Reaction of nZVI with TCE by-products analyses results 

    
Sample vinyl Chloride chloroethane 1,1-dichloroethene trans 1,2-dichloroethene 

 µg/L µg/L µg/L µg/L 

0A <0.5 <10 <5.0 <0.6 

0B <0.5 <10 <5.0 <0.6 

0C <0.5 <10 <5.0 <0.6 

0D <0.5 <10 <5.0 <0.6 

1A <0.5 <10 <5.0 <0.6 

1B <0.5 <10 <5.0 <0.6 

1C <0.5 <10 <5.0 <0.6 

1D <0.5 <10 <5.0 <0.6 

2A <0.5 <10 <5.0 <0.6 

2B <0.5 <10 <5.0 <0.6 

2C <0.5 <10 <5.0 <0.6 

2D <0.5 <10 <5.0 <0.6 

3A <0.5 <10 <5.0 <0.6 

3B <0.5 <10 <5.0 <0.6 

3C <0.5 <10 <5.0 <0.6 

3D <0.5 <10 <5.0 <0.6 

4A <0.5 <10 <5.0 <0.6 

4B <0.5 <10 <5.0 <0.6 

4C <0.5 <10 <5.0 <0.6 

4D <0.5 <10 <5.0 <0.6 

5A <0.5 <10 <5.0 <0.6 

5B <0.5 <10 <5.0 <0.6 

5C <0.5 <10 <5.0 <0.6 

5D <0.5 <10 <5.0 <0.6 

6A <0.5 <10 <5.0 <0.6 

6B <0.5 <10 <5.0 <0.6 

6C <0.5 <10 <5.0 <0.6 

6D <0.5 <10 <5.0 <0.6 

7A <0.5 <10 <5.0 <0.6 

7B <0.5 <10 <5.0 <0.6 

7C <0.5 <10 <5.0 <0.6 

7D <0.5 <10 <5.0 <0.6 

8A <0.5 <10 <5.0 <0.6 

8B <0.5 <10 <5.0 <0.6 

8C <0.5 <10 <5.0 <0.6 

8D <0.5 <10 <5.0 <0.6 

9A <0.5 <10 <5.0 <0.6 

9B <0.5 <10 <5.0 <0.6 

9C <0.5 <10 <5.0 <0.6 

9D <0.5 <10 <5.0 <0.6 

10A <0.5 <10 <5.0 <0.6 

10D <0.5 <10 <5.0 <0.6 

11D <0.5 <10 <5.0 <0.6 
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Continued Table D.1: Reaction of nZVI with TCE by-products analyses results 
   

Source* <100 <1000 <500 <100 

     

Blank <0.5 <10 <5.0 <0.6 

Control 35.9 97.4 55.4 19.2 

Control Target 42.0 82.0 79.6 29.3 

* Detection limit increased due to large dilution factor 
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Continued Table D.1: Reaction of nZVI with TCE by-products analyses results 

    
Sample 1,1-dichloroethane cis 1,2-dichloroethene 1,1,1-trichloroethane 1,2-dichloroethane TCE 

 µg/L µg/L µg/L µg/L µg/L 

0A <5.0 <0.8 <2.0 <2.0 <5.0 

0B <5.0 <0.8 <2.0 <2.0 <5.0 

0C <5.0 <0.8 <2.0 <2.0 <5.0 

0D <5.0 <0.8 <2.0 <2.0 <5.0 

1A <5.0 <0.8 <2.0 <2.0 <5.0 

1B <5.0 <0.8 <2.0 <2.0 <5.0 

1C <5.0 <0.8 <2.0 <2.0 <5.0 

1D <5.0 <0.8 <2.0 <2.0 <5.0 

2A <5.0 <0.8 <2.0 <2.0 <5.0 

2B <5.0 <0.8 <2.0 <2.0 <5.0 

2C <5.0 <0.8 <2.0 <2.0 <5.0 

2D <5.0 <0.8 <2.0 <2.0 <5.0 

3A <5.0 <0.8 <2.0 <2.0 <5.0 

3B <5.0 <0.8 <2.0 <2.0 <5.0 

3C <5.0 <0.8 <2.0 <2.0 <5.0 

3D <5.0 <0.8 <2.0 <2.0 <5.0 

4A <5.0 <0.8 <2.0 <2.0 <5.0 

4B <5.0 <0.8 <2.0 <2.0 39.3 

4C <5.0 <0.8 <2.0 <2.0 230 

4D <5.0 <0.8 <2.0 <2.0 896 

5A <5.0 <0.8 <2.0 <2.0 39.6 

5B <5.0 <0.8 <2.0 <2.0 58.1 

5C <5.0 <0.8 <2.0 <2.0 105 

5D <5.0 <0.8 <2.0 <2.0 48.7 

6A <5.0 <0.8 <2.0 <2.0 10.7 

6B <5.0 <0.8 <2.0 <2.0 7.7 

6C <5.0 <0.8 <2.0 <2.0 6.6 

6D <5.0 <0.8 <2.0 <2.0 26.6 

7A <5.0 <0.8 <2.0 <2.0 <5.0 

7B <5.0 <0.8 <2.0 <2.0 <5.0 

7C <5.0 <0.8 <2.0 <2.0 <5.0 

7D <5.0 <0.8 <2.0 <2.0 16.1 

8A <5.0 <0.8 <2.0 <2.0 13.4 

8B <5.0 <0.8 <2.0 <2.0 <5.0 

8C <5.0 <0.8 <2.0 <2.0 <5.0 

8D <5.0 <0.8 <2.0 <2.0 10.8 

9A <5.0 <0.8 <2.0 <2.0 <5.0 

9B <5.0 <0.8 <2.0 <2.0 <5.0 

9C <5.0 <0.8 <2.0 <2.0 <5.0 

9D <5.0 <0.8 <2.0 <2.0 6.4 

10A <5.0 <0.8 <2.0 <2.0 <5.0 

10D <5.0 <0.8 <2.0 <2.0 <5.0 

11D <5.0 <0.8 <2.0 <2.0 <5.0 

Source* <500 <100 <500 <500 15300000 

      

Blank <5.0 <0.8 <2.0 <2.0 <5.0 

Control 69.0 81.5 23.1 82.1  - 

Control Target 75.8 103 28.3 92.3  - 

* Detection limit increased due to large dilution factor 
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Table D.2: Ethene and Ethane analyses results 

 

Sample Ethane µg/L Ethene µg/L 

0A <0.04 <0.04 

0B <0.04 <0.04 

0C <0.04 <0.04 

0D <0.04 <0.04 

1A <0.04 <0.04 

1B <0.04 <0.04 

1C <0.04 <0.04 

1D <0.04 <0.04 

2A 0.05 0.13 

2B <0.04 <0.04 

2C <0.04 <0.04 

2D <0.04 <0.04 

3A <0.04 <0.04 

3B <0.04 <0.04 

3C <0.04 <0.04 

3D <0.04 <0.04 

4A 0.13 0.05 

4B 0.14 0.06 

4C 0.30 0.14 

4D 0.56 0.36 

5A 0.38 0.18 

5B 0.32 0.15 

5C 0.26 0.09 

5D 0.49 0.18 

6A 0.12 <0.04 

6B 0.15 <0.04 

6C 0.08 0.08 

6D 0.22 0.15 

7A <0.04 <0.04 

7B <0.04 <0.04 

7C <0.04 <0.04 

7D <0.04 <0.04 

8A <0.04 <0.04 

8B <0.04 <0.04 

8C <0.04 <0.04 

8D <0.04 <0.04 
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Continued Table D.2: Volatile organic compounds analyses results 
 

Sample 

Ethane 

µg/L 

Ethene 

µg/L 

9A <0.04 <0.04 

9B <0.04 <0.04 

9C <0.04 <0.04 

9D <0.04 <0.04 

10A <0.04 <0.04 

10B <0.04 <0.04 

10C <0.04 <0.04 

10D <0.04 <0.04 

11A <0.04 <0.04 

11B <0.04 <0.04 

11C <0.04 <0.04 

11D <0.04 <0.04 

12A <0.04 <0.04 

12B <0.04 <0.04 

12C <0.04 <0.04 

12D <0.04 <0.04 

13A <0.04 <0.04 

13B <0.04 <0.04 

13C <0.04 <0.04 

13D <0.04 <0.04 

14A <0.04 <0.04 

14B <0.04 <0.04 

14C <0.04 <0.04 

14D <0.04 <0.04 

15A <0.04 <0.04 

15B <0.04 <0.04 

15C <0.04 <0.04 

15D <0.04 <0.04 

16A <0.04 <0.04 

16B <0.04 <0.04 

16C <0.04 <0.04 

16D <0.04 <0.04 

Blank <0.04 <0.04 

Blank <0.04 <0.04 

Blank <0.04 <0.04 

Blank <0.04 <0.04 
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Table D.3: Volatile organic compounds control samples results 
 

 

Control samples 
  

Ethane Ethene 

mg/L mg/L 

Control 1 0.17 0.33 

Control Target 1 0.12 0.30 

      

Control 2 0.62 1.77 

Control Target 2 0.62 1.49 

      

Control 3 0.030 0.091 

Control Target 3 0.031 0.074 
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Figure D.1: Calibration curve at the start of TCE analysis for water samples obtained from ports 

A and C. 
 

 

 

 

 

 

Figure D.2: Calibration curve at the start of TCE analysis for water samples obtained from ports 

B and D. 
 

 

 

 


