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ABSTRACT 

The purpose of this thesis was to develop the Gas Push-Pull Test (GPPT) for landfill 

cover soil applications to measure H2S oxidation. This thesis begins with an overview of solid 

waste management in the USA, and describes the alternatives for discarding and handling of 

solid waste. Also, discussions about the components that makeup a landfill to help resist the 

exposure of contaminants from the solid waste to the environment is elaborated upon. In 

addition, the ways in which landfill gas is generated by placing solid waste into landfills along 

with mitigation techniques to help attenuate H2S is discussed. Then the most suitable test to 

quantify in-situ rates of chemical or microbial reactions in the vadose zone or unsaturated zone 

which is the GPPT, is introduced. 

As a part of the development of the Gas Push-Pull Test (GPPT), chapter three presents a 

new methodology that allows for sound implementation of the GPPT in diverse subsurface 

environments such as a landfill to better understand the transport of gaseous components during 

the GPPT. For this to be accomplished, many GPPTs were run in fine sand and clayey fine sand 

with non-reactive gases methane (CH4) and sulfur hexaflouride (SF6) with molecular weights of 

16.04 g/mol and 146.06 g/mol. With the data from the GPPTs, an equation or function called the 

correction factor was formulated to correct for the difference in molecular weights. The 

correction factor was applied to the GPPTs data and was successful in correcting CH4 and SF6 

the non-reactive gases to have a molecular weight equal to the reactive gas Hydrogen Sulfide 

(H2S) with a molecular weight of 34 g/mol. Now one does not have to search for a tracer with 

equal transport capabilities like the reactive gas, one need only apply the correction factor. Now 

you are able to account for how much reactive gas was lost because of transport through the 

cover soils and by reactions within the cover soils. Once the correction factor was applied, the 
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reacted portion can be used to calculate oxidation or reaction rates of landfill cover soils which is 

shown in chapter four. 

Also, to optimize H2S reduction in various soil types, it was important to be able to 

accurately quantify the reaction rate coefficient, k. Therefore, chapter four focuses on the use of 

lab and field techniques to examine reaction rates of H2S with fine sand, silty fine sand, clayey 

fine sand, compost and landfill cover soil. First, a series of laboratory flask experiments were 

conducted to assess the reaction rates of various soil types with no moisture, and then with 

varying water content from 10% to 60%. Next, the Gas Push-Pull Test (GPPT) was conducted in 

the field in different soil types to assess reaction rates. The laboratory results showed that the 

landfill cover soil had the highest reaction rate of 41.87 hr
-1

 when the soil had no moisture. 

Whereas compost had the highest reaction rate from 5.84 hr
-1

 to 9.98 hr
-1

 when moisture content 

increased from 10% to 60%, respectively. The laboratory results showed that lab-measured 

reaction rates of dry soils are strongly related to total iron content. For instance, the landfill cover 

soil had the highest reaction rate of 41.87 hr
-1

 with an iron content of 31,000 mg/kg of soil. On 

the other hand, fine sand had the lowest reaction rate of 1.47 hr
-1

 with an iron content of 100 

mg/kg. The reaction rate with water was also measured to be 1.44 hr
-1

. It was noticed that water 

causes the reaction k to decrease for soils that had high k values with 0% water content. Whereby 

water causes the reaction k of compost to increase.  The GPPT well-mixed and plug-flow reactor 

models’ reaction rates for fine sand ranged from 1.63 hr
-1

 to 3.02 hr
-1

 and from 0.45 to 2.02, 

respectively. The GPPT well-mixed and plug-flow reactor models reaction rates for clayey fine 

sand ranged from 63.80 hr
-1

 to 144.49 hr
-1

 and from 47.77 hr
-1

 to 74.08 hr
-1

, respectively. Lastly, 

the GPPT well-mixed and plug-flow reactor models reaction rate values for landfill cover soil 

ranged from 55.83 hr
-1

 to 318.18 hr
-1

 and from 32.69 hr
-1 

to 110.14 hr
-1

, respectively. Also, fine 
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sand tested for reaction rates in the flask and with the GPPT was not significantly different 

because of the homogeneity of the soil. However, the clayey fine sand and landfill cover soil 

tested for reaction rates was significantly different because of the heterogeneity of the soils. Both 

the flask test and the GPPT are easy and convenient to perform, but the GPPT is the most 

reliable because it quantifies in-situ reaction rates. 

Furthermore, to understand the attenuation of H2S, chapter five looks at lab and field 

scale studies that were conducted with potential landfill cover soils. For the laboratory 

experiment a rigid translucent plastic cylinder with a diameter of 5 1/2 inches and a height of 24 

inches was constructed. The inside of the column from bottom to top was composed of a 2mm 

geotextile underlayment, a five-inch layer of course gravel, another two pieces of 2mm 

geotextile underlayment, twelve inches of 50-50 compost peat (by volume) mixture, and a six-

inch air space. Then landfill gas (LFG) was injected into the column to assess the mitigation of 

H2S. After pumping 28,000 L of LFG was introduced into the column, which indicated the 

average instantaneous removal efficiency during the monitoring period was 85.7%. Also, the 

total mass of H2S introduced into the column was approximately 3.12g, the total mass emitted 

was 0.28g, and the total mass retained by the 1 foot soil mix was 2.84g. Therefore cumulative 

removal efficiency was 91%. In addition, to check for physical and chemical adsorption in the 

column, the saturated four-inch bottom layer of the soil mix was removed and tested for total 

sulfur. The sulfur adsorption capacity of the soil mixture was 2.2 g of total S per kg of dry mass 

of soil mix. The Michaelis-Menten kinetics parameters to understand the biological oxidation of 

H2S was determined to be Vmax of 450 nmol/s/kg of dry soil mix and a half saturation constant 

Km of 30 ppm. 
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Also, a field scale study was conducted by constructing three 65x35 lysimeter test pads at 

the Riverbend Landfill. The test pads were made up of a composition of local soil and compost. 

As of October 2014, the average removal efficiency of the test pads is 99%. Test pad II with 6 

inches of local soil on the bottom and 12 inches of local soil on the top had the highest H2S 

removal efficiency of 100%. Whereby test pad I with 18 inches of local soil and test pad III with 

6 inches of local soil, both had 99% H2S removal efficiency. Also, continual monitoring of the 

test pads will persist, because of the increase of LFG flow into the test pads by increasing the 

orifice plates to 1 inch. In addition, the total sulfur and iron content of the test pads will be 

examined especially since LFG is still being introduced to the test pads. Lastly the newly 

developed GPPT will be utilized to study the field scale H2S oxidation of each test pad. 
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CHAPTER ONE 

INTRODUCTION 

The garbage crisis of the 1990’s was a direct result of environmental progress in waste 

disposal technology (Alexander, 1993). According to Environmental Protection Agency (EPA) 

Municipal Solid Waste (MSW) generation reports, “In 2012, Americans generated about 251 

million tons of trash” (EPA, 2014a). According to the U.S. Environmental Protection Agency, 

“Landfills are disposal sites for MSW or hazardous solid waste (EPA, 2014c).  During the 

decomposition of waste in MSW landfills, large quantities of gas are generated. Landfill gas 

(LFG) consists of methane (CH4), carbon dioxide (CO2), and a few highly hazardous volatile 

chemicals (VOCs) and odorous compounds, which are dangerous to the health, welfare of those 

living in proximity of a landfill and to most of the environment (Lee et al., 2004).   

H2S is also known as dihydrogen monosulfide, dihydrogen sulfide, hydrosulfuric acid, 

sewer gas, stink damp, sulfureted hydrogen, and sulfur hydride. It is a poisonous, flammable, and 

colorless gas that has a pungent aroma of rotten eggs (EPA, 2003). Humans can smell hydrogen 

sulfide at low concentration in air ranging from 0.0005 to 0.3 ppm (ATSDR, 2006). However, 

H2S can be deadly for both humans and animals within seconds or minutes if high concentrations 

greater than 2000 ppm (2780 mg/m
3
) are inhaled (EPA 2003). 

Therefore, there are a few techniques to mitigate H2S through landfill cover soils. 

Physical sorption plays an important role in the attenuation of H2S in landfill covers. Soil 

especially clays or organic matter can adsorb hydrogen sulfide. Chemical reactions take place by 

H2S reacting with trace metals (MOx) such as ferric iron in the soils to form black sulfide 

compounds (MSx) (Graubard et al., 2011). Biological degradation helps in the removal of H2S 

various microorganisms growing on compost or organic soils as an electron donor. Some of the 
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techniques are the use of activated carbon, H2S scavengers, and injection of chemical inhibitors 

(Newpoint Gas, 2005 and Xu, 2005). 

However, in the area of waste management there is a lack of suitable techniques to 

investigate the level of landfill gas attenuation under in-situ conditions. However, there no in-situ 

techniques that exist to measure H2S attenuation in landfill cover soils. Based on our knowledge 

of the push pull test (PPT), that was used in contaminated aquifers, we would like to develop a 

similar technique called the Gas Push Pull Test (GPPT) to quantify the reaction rates of LFG in 

landfill cover soils. 

Basically, the GPPT has three phases: the injection phase, the drift phase, and the 

extraction phase (Istok et al., 2013). Firstly, in the injection phase a test solution is infused into 

the subsurface where it enters an abnormally shaped volume, approximately centered on the 

injection spot (Istok et al., 2013). Secondly, the drift phase takes place throughout and after 

injection (Istok et al., 2013). Lastly, the extraction phase collects samples of the injected solution 

and ambient pore fluid mixture (Istok et al., 2013). The extraction phase may involve continuous 

pumping with sporadic sampling, and sampling continues until tracer concentrations are 

negligible to be utilized (Istok et al., 2013). Section 3 describes the development of a correction 

factor for tracers with different molecular weights to effectively use the GPPT to assess the 

difference in transport and reactivity of gases within cover soils. Section 4 discusses the 

utilization of field and lab tests to assess reactions of H2S within fine sand, silty fine sand, clayey 

fine sand, compost and landfill cover soils. Section 5 assesses the H2S attenuation within landfill 

covers. Lastly section 6 summarizes the accomplishments that this research has achieved. 
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CHAPTER TWO 

BACKGROUND AND LITERATURE REVIEW 

2.1 Solid Waste Management in the USA 

The garbage crisis of the 1990’s was a direct result of environmental progress in waste 

disposal technology (Alexander, 1993). According to Environmental Protection Agency (EPA) 

Municipal Solid Waste (MSW) generation reports, “In 2012, Americans generated about 251 

million tons of trash” (EPA, 2014a). Figure 2.1 shows that 251 million tons of MSW is generated 

by material before recycling in 2012 (EPA, 2014a). 

 

 

 
Figure 2.1: Total MSW generation 2012 (EPA, 2014a) 

 

 

Solid waste is typically separated into two different categories depending on their source 

which includes municipal solid waste (MSW) and hazardous waste (EPA, 2014b). 

 MSW is commonly referred to as garbage or trash that consists of everyday items used 

and then thrown away, such as product packaging, grass clippings, furniture, clothing, 
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bottles, food scraps, newspapers, appliances, paints and batteries. MSW is commonly 

collected from homes, schools, hospitals and businesses (EPA, 2014a). Also, some of the 

MSW is construction and demolition debris, sanitation residue and waste from the streets 

(EPA, 2014b). 

 Hazardous waste contains toxic substances that are found in industrial and hospital waste. 

This type of waste can be very toxic for humans, animals, and plants. These wastes are 

considered hazardous because they can be corrosive, highly explosive, and reactive under 

certain conditions (EPA, 2014b). Hospital waste is usually contaminated by chemicals 

such as blood, formaldehyde and phenols which are used as disinfectants, and mercury 

that is used in thermometers and blood pressure equipment (EPA, 2014b). Hospital waste 

is also known as infectious waste which is produced during diagnosis treatment or 

immunization of human beings and much more (EPA, 2014b). For example, major 

hazardous wastes from the industrial sector are metals, pesticides, rubber goods, etc. 

Also, the EPA and other environmental agencies promote methods that help to reduce the 

amount of waste that ought to be disposed by recycling, composting, combustion, and 

landfilling (EPA, 2014b). 

 Recycling and reuse is the process of gathering and transforming garbage into new 

products or valuable resources is called recycling (EPA, 2014c). By recycling, waste is 

diverted from the landfills to create more space and in turn reduces the amount of 

potential greenhouse gases from being emitted into the environment that contributes to 

global climate change (EPA, 2014d). Therefore, recycling and reuse are the most 

efficient ways you can save natural resources, protect the environment, and save money 

(EPA, 2014e).  
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 Composting is controlled by aerobic biological decay of natural materials, such as food 

scraps, plant matter, manures, etc. The five important variables that must be controlled 

during composting are: feedstock and nutrient balance, particle size, moisture content, 

oxygen flow, and temperature. 

 Combustion is the controlled burning of waste in a special designed facility. By reducing 

the waste through burning, the energy is utilized to generate electricity which is called 

waste-to-energy (EPA, 2014f). Figure 2.2 illustrates the process of waste-to-energy at the 

combustion facility from the trucks coming in with the trash to the hauling away of the 

ashes to the landfill. 

 

 
Figure 2.2: Illustration of waste-to-energy plant diagram (EPA, 2014g) 

 

 

 Landfilling is the burying of waste above or underground in an isolated medium to 

decompose naturally. Landfills collect liquid called leachate. They have earthen or 
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synthetic liners, and a way to collect, burn or vent methane that is generated through 

waste decomposition. The gases collected can be used to generate electricity. With a 

meticulously designed landfill in place, the groundwater and air are protected from 

pollution and landfilling can continue once the capacity has not been met. The next 

section contains more details about landfills. 

2.2 Landfills 

 According to the U.S. Environmental Protection Agency, “Landfills are disposal sites for 

MSW or hazardous solid waste. The waste is spread in layers, compacted to reduce volume, and 

covered by clay or soil which is applied at the end of each operating day” (EPA, 2014c). The 

major components of a well-engineered, constructed, and managed landfill include a liner 

system, a leachate collection and removal system, a final cover system, and a gas collection and 

control system shown in Figure 2.3: 

 

 
Figure 2.3: Typical cross-section of engineered landfill (EPA, 2014c) 
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2.2.1 Liner systems 

Liner systems are the single most important part of the landfill. It is placed on the bottom 

and lateral sides of a landfill to avoid leachate or garbage juice from entering and contaminating 

the groundwater or surrounding soil (EPA, 2014c). Typically a liner system consists of multiple 

barriers and drainage layers. The barrier and drainage layers may include compacted clay, 

geosynthetic clay liner or a combination of both. Additionally, geosynthetic material such as 

geomembrane, geotextile filters, geonets and gravel drains are incorporated into the liner system 

(Xuede Qian et al., 2002).  The function of both liner system components are as follows 

(Bouazza et al., 2014): 

 Compacted Clay (CC) Layers are used as hydraulic barriers. Compacted Clay Liners 

are constructed with a minimum of 2 feet for permeability of 10
-7

 cm/sec with 1 foot of 

head which is about 1 in/yr (Lee et al., 2004).  

 Geomembranes are fairly impermeable sheets of polymeric formulations that are used as 

a barrier to liquids, gases and vapors. 

 Geosynthetic Clay Layers (GCLs) are composite materials created of bentonite and 

geosynthetics that are used as a hydraulic barrier. 

 Geotextile Filters are used for filter purposes or as a cushion to protect the geomembrane 

from puncture. 

 Geonets are used for in-plane drainage. 

 Gravel Drains perform as a drain and a filter to prevent clogging. 

Figure 2.4 and Figure 2.5 give examples of a single composite liner system and double 

composite liner system. 
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 Figure 2.4: Single composite liner system (Abichou, 2013) 

 

 

 
Figure 2.5: Double composite liner system (Abichou, 2013) 

 

 

2.2.2 Leachate collection and removal systems 

Landfill leachate is created from being squeezed out of the waste itself and by the 

percolation of rainfall into the decomposing waste (Abichou, 2013). The main function of a 

leachate collection system is to collect the generated leachate, to prevent the buildup of leachate 

pressure head on the liner and to drain leachate to an onsite or offsite wastewater treatment plant 

by a sanitary sewer line or a leachate holding tank for treatment and disposal (Xuede Qian et al., 

2002). The typical material or components used are soils with high hydraulic conductivity and 

geosynthetic collection system that consist of geonet, geotextiles and geocomposites. Figure 2.6 

provides a visual of a typical leachate collection and recovery system at a landfill. 
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Figure 2.6: Typical leachate collection & recovery system (Waste Management, Inc., 2014) 

 

 

2.2.3 Final cover systems 

The main purpose of the final cover or cover system is that it provides physical 

partitioning between the waste and the environment, minimizes rain water from infiltrating to the 

waste, and minimizes gas migration to the atmosphere (Abichou, 2013). Also, a soil layer is 

included to protect the underlying layers from intrusion, damage and the effects of frost. Figure 

2.7 and Figure 2.8 provide a diagram of a humid region cover system and a dry region cover 

system respectively. 

 

 
Figure 2.7: Humid region cover system (Abichou, 2013) 
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Figure 2.8: Dry region cover system (Abichou, 2013) 

 

2.2.4 Gas collection systems 

During the decomposition of waste in MSW landfills, large quantities of gas are 

generated. The two primary landfill gases generated are methane (CH4) and Carbon dioxide 

(CO2). The main function of the gas collection system is to collect the gas generated during the 

degradation of the organic components of the waste (Xuede Qian et al., 2002). Around the 

perimeter of a landfill, there are gas-monitoring probes to detect landfill gas migration. Also, 

active landfills have gas collection and recovery systems designed for the following (Waste 

Management, Inc., 2014): 

 Reducing off site landfill gas migration 

 Decreasing landfill gas emissions 

 Controlling landfill odors 

For the landfill gas collection and control system to work effectively, landfills use horizontal or 

vertical collection piping and gas extraction wells to collect landfill gas generated amongst the 

decomposing trash. Some of the gas is collected for power generation or/and destroyed at a 

central, high temperature flare that should be permitted before operation. Gas extraction wells 

are checked monthly for pressure, temperature, and oxygen levels to ensure compliance with 
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regulatory standards (Waste Management, Inc., 2014). In the next section, there will be a 

discussion about how landfill gas is produced. 

2.3 Landfill Gas Generation 

In this section, discussion will be focused on the stages of waste decomposition, how 

landfills generate H2S, the impact that H2S has on the environment, technologies used in landfills 

that will mitigate H2S, and the overview of how soils react with H2S. Landfill gas (LFG) consists 

of methane (CH4) and carbon dioxide (CO2) which is produced by bacteria breaking down 

organic waste as their source of food. Also, landfills release few highly hazardous volatile 

chemicals (VOCs) and odorous compounds, which are dangerous to the health and welfare of 

those living in proximity of a landfill and most of the environment, but are minor compared to 

methane and carbon dioxide which are trace components (Lee et al., 2004). The source of landfill 

gas production is caused by fermentable components of the waste that interact with the moisture 

so that the bacteria can convert the organic parts of the waste to landfill gas (Lee et al., 2004). 

2.3.1 Stages of degradation of waste 

Landfill waste undergoes four stages of degradation. Usually, the waste is stored in 

landfills over a 20 to 30 year period, which means that older waste in a particular area of the 

landfill may be at a different phase of decomposition as opposed to recently buried waste buried 

somewhere else (ATSDR, 2001). Therefore the four waste decomposition phases in a landfill is 

described and shown in Figure 2.9. 

 Phase I – After the placement of the waste, biological decomposition takes place by 

aerobic bacteria that thrives only in the presence of oxygen (Vaidya, 2012 & Gezi Ilani, 

2012). Once oxygen is present, the organic waste is broken down and the main byproduct 

carbon dioxide is produced. Also, nitrogen levels are high at the start of phase one but 

decreases as the landfill waste moves through the four phases. Phase one continues for 
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days or months depending on how loose or compacted the waste was when deposited, 

which in turn contributes to the amount of oxygen that is supplied to the waste to 

continue the degradation process (ATSDR, 2001). 

 Phase II – Once all the oxygen has been consumed, phase two begins and the anaerobic 

bacteria transforms compounds created by phase one into acetic, lactic, and formic acids 

and alcohols such as methanol and ethanol. Since, the landfill becomes very acidic, the 

acids and the moisture in the landfill mix causing nutrients in the waste to dissolve, 

allowing nitrogen and phosphorus to become available to the bacteria in the landfill. 

Therefore, the main byproducts are carbon dioxide and hydrogen. If oxygen is 

reintroduced into the landfill, the decomposition process will return to phase one 

(ATSDR, 2001). 

 Phase III – When anaerobic bacteria consumes the organic acids created in phase two 

and acetate (organic acid) is produced, then phase three decomposition begins. At this 

point, the landfill environment becomes more neutral and methane-producing bacteria 

start to form. Furthermore, methane and acid producing bacteria have a connection 

whereby acid producing bacteria create compounds for the methanogenic bacteria to 

consume, and methanogenic bacteria consume the carbon dioxide and acetate (ATSDR, 

2001). 

There are two main pathways of methane production in a landfill. Both generate equal 

volumes of methane and carbon dioxide. The first pathway, acetate fermentation can be 

represented as:  

CH3-COOH (acetate) → CO2 + CH4        (1) 

The second pathway is CO2 reduction with hydrogen.  
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2CH2O (organic matter) + 2H2O → 2CO2 + 4H2       (2) 

then, CO2 + 4H2 → CH4 + 2H2O the net of reactions 2 and 3 is     (3) 

2CH2O → CO2 + CH4          (4) 

In these reactions, fermentation produces the acetate in reaction 1, and the CO2 and H2 in 

Equation 2. The function of the methanogenic microbes is to remove H2 and acetate and 

allow fermentation to proceed. 

 Phase IV – As soon as both composition and production rates of landfill gas remain 

relatively constant, phase four decomposition begins. Usually, at phase four, landfill gas 

is approximately 45% to 60% methane, 40% to 60% carbon dioxide, and 2% to 9% other 

gases by volume, such as sulfides. At this phase gases are generated at a constant rate for 

about 20 years and gas will continue to emit for about 50 or more years after waste is 

placed in the landfill (Crawford et al., 1985). If unusual high amount of organics are 

present in the landfill waste, the gas production may last longer (ATSDR, 2001). 

 

 
Figure 2.9: Production phases of typical landfill gas (ATSDR, 2001) 
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2.3.2 H2S generation in landfills 

Hydrogen sulfide is produced from natural and industrial processes. Some of the natural 

sources include crude oil, natural gas, salt marshes, sulfur springs, and swamps. Industrial 

sources include manure handling operations, oil refineries, pulp, paper mills, tanneries, 

wastewater treatment plants, and solid waste landfills (MDEP, 2007). 

In general, when there is no oxygen in solid waste landfills, the composition of gas 

produced is approximately 50 percent methane and 50 percent carbon with trace amounts of 

nitrogen, oxygen, non-methane organic compounds (NMOCs), hydrogen, and hydrogen sulfide 

(ATSDR, 2001). Typically, hydrogen sulfide is a trace gas because it may account for only 1 

percent or much less by volume of landfill gas emissions (MDEP, 2007). However, the process 

by which hydrogen sulfide is generated in a landfill is dependent on certain conditions such as 

moisture content, temperature, pH, anaerobic conditions, and a sulfate (SO4
2-

) source (Yang, 

2000). With anaerobic conditions present in landfills, a SO4
2-

 source combined with organic 

waste activates sulfur reducing bacteria and then generates H2S as expressed in the chemical 

equation below (Heguy, 2014): 

            − + �� → �� − + �                        (5) 

Now that there is some understanding of how H2S is generated in landfills, there are many 

sources of waste that contribute to the H2S production in landfills. Some of the waste that contain 

sulfate are pulp/paper mill bleaching and coating operations, and sludges from wastewater 

treatment plants. The major contributor of H2S in landfills is gypsum wallboard (CaSO42H2O), a 

component of construction and demolition debris (CDD) which are a significant source of sulfate 

(MDEP, 2007). 
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2.3.3 H2S reaction with soils 

The three reactions that take place with H2S in soils at the landfill are as follows: 

a) Physical Sorption: Physical adsorption or sorption, play an important role in the 

attenuation of H2S in landfill covers. Soil especially clays or organic matter can sorb 

hydrogen sulfide. Smith et al. (1973) reported very high sorption of hydrogen sulfide by 

six air-dried and moist soils in a laboratory study. They reported that the capacities of 

their soil samples to sorb hydrogen sulfide ranged from 15.4 to 65.2 mg/g soil for the air-

dried soils, and from 11.0 to 62.5 mg/g soil for the moist soils (at about half of their water 

holding capacities). Note that the solubility of H2S in water has been measured to be 

around 5 g/L at room temperature.  H2S sorbing capacities and the rates of sorption of the 

soils were also measured on sterilized soil and were not significantly affected by 

sterilization of the soil sample, indicating that measured sorption is not biological in 

nature.  

Smith et al. (1973) also noted that these values represent only laboratory conditions, 

and would not provide reliable estimates of the amounts of hydrogen sulfide that could 

be sorbed by soils under natural conditions, where the environmental fate of the sorbed 

hydrogen sulfide occurs. Under natural conditions, it is likely that some of the 

hydrogen sulfide would be oxidized to sulfate, which may be removed by leaching or 

taken up by plants. This, in turn, may make gas sorption sites available for additional 

sorption.  

b) Chemical Reactions: It has been widely reported that H2S reacts with trace metals 

(MOx) in the soils to form black sulfide compounds (MSx). Some studies indicated that 

H2S removal from soils was greatly enhanced when alkaline materials such as 

agricultural lime or hydrated lime were incorporated into the soil system. The 
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mechanism of removal is reported to be dominated by adsorption and subsequent 

formation of metal sulfide compounds. The addition of alkaline minerals provides 

additional metals, and perhaps most importantly, increases the pH of the soil water 

solution, which in turn drives the reaction of dissolved H2S to S
2−

, and finally to the 

metal sulfide mineral. 

Oxygen can also impact H2S removal through several mechanisms. Sulfide minerals 

are known to react with oxygen to produce elemental sulfur “freeing-up” more surface 

area for more sorption and metal sulfide compound formation. The transfer to 

elemental sulfur is referred to in the “iron sponge” industry as regeneration through 

exposure to air. 

c) Biological degradation: Instead of being removed by the trace metals, H2S can be 

utilized by various microorganisms growing on compost or organic soils as an electron 

donor. In the biological removal process, H2S is first converted into elemental sulfur (S) 

and then oxidized to sulfate with H
+

 

production, resulting in the acidification of the soil 

media.  A number of microorganisms have been found to degrade hydrogen sulfide to 

elemental sulfur or sulfate. Among these are a heterotrophic bacterium of the genus 

Xanthomonas isolated from dimethyl disulfide-acclimated peat (Cho et al., 1992), 

heterotrophic fungi (Phae et al., 1991), and a marine isopod (Vismann, 1991). Manganese 

compound found in soils can catalyze the oxidation of hydrogen sulfide to elemental 

sulfur (Cihacek et al., 1993). 

2.3.4 H2S environmental issues 

H2S is also known as dihydrogen monosulfide, dihydrogen sulfide, hydrosulfuric acid, 

sewer gas, stink damp, sulfureted hydrogen, and sulfur hydride. H2S is emitted mainly as a gas 

and disperses in the air (ATSDR, 2006). When H2S is released into the environment, it remains 
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there for an average of 18 hours, and during this time it is converted to sulfur dioxide and 

sulfuric acid. It is a poisonous, flammable, and colorless gas that has a pungent aroma of rotten 

eggs (EPA, 2003). The U.S. has 0.11-0.33 ppb of hydrogen sulfide in the air, and 0.02-0.07 ppb 

of H2S in undeveloped parts of the U.S. (ATSDR, 2006). Typically the levels of H2S in the air 

and water are low, but higher than normal levels of hydrogen sulfide are found in areas near 

waste water treatment plants, farms, and landfills. Unfortunately, some people live in these 

contaminated areas and are exposed to H2S. 

Humans can smell hydrogen sulfide at low concentration in air ranging from 0.0005 to 

0.3 ppm (ATSDR, 2006). However, H2S can be deadly for both humans and animals within 

seconds or minutes if high concentrations greater than 2000 ppm (2780 mg/m
3
) are inhaled (EPA 

2003). Experiments were conducted on adult male Japanese white rabbits, exposing them to 

500–1000 ppm (695-1390 mg/m
3
) for approximately 22 minutes until they died (Kage et al., 

1992). Exposure to H2S has been stated to be the central cause of illness and death in the place of 

work (Middleberg, 1995). Also, it can cause olfactory dysfunction at levels of H2S ranging from 

100 to 200 ppm (140 – 280 mg/m
3
) leading to loss of smell followed by olfactory paralysis 

(Hirsch et al., 1999 and Roth et al., 1992). Overexposure to H2S has been reported to cause a 

variety of short-term Central Nervous System (CNS) symptoms, such as dizziness, nausea, 

headache, and physical collapse “knockdown” (Baselt et al., 1999b). Extended unconsciousness 

can lead to respiratory failure, hypoxia, and death. Hypoxia is a condition in which the body or a 

region of the body is deprived of adequate oxygen supply (EPA, 2003). Pulmonary edema has 

been assessed to be common to humans with H2S levels in the range of 250 – 500 ppm (348 – 

695 mg/m
3
) (Kleinfeld et al., 1964). Pulmonary edema is an abnormal buildup of fluid in the air 
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sacs of the lungs, which leads to shortness of breath (U.S National Library of Medicine, 2014). 

Once H2S is produced, technologies are put in place to treat and mitigate H2S. 

2.3.5 H2S mitigation technologies 

This section focuses on the following: adsorption on activated carbon, the iron sponge, 

H2S scavengers, scrubbers, injection of chemicals inhibitors, and the use of biocover soils to 

attenuate H2S. 

Adsorption is a process that occurs when a substance sorbs onto a surface of another 

substance. The specific surface of a material plays an important part in the amount of substance 

that a material can adsorb. Therefore, the higher specific surface a material has the greater its 

capacity to adsorb. Although, adsorption is effective in many different situations, activated 

carbons function in this manner (Abatzoglou et al., 2008). Studies have been conducted to 

determine the performance of activated carbon to adsorb H2S. The three main types of activated 

carbon are catalytic-impregnated activated carbon (CIAC), impregnated activated carbon (IAC), 

and non-impregnated carbon (AC). The research has shown that CIAC can have an adsorption 

capacity of H2S of 0.10 g/g, IAC can have an adsorption capacity of 0.15 g/g, and AC can have a 

adsorption capacity of 0.20 g/g. Despite, activated carbons being able to adsorb or treat H2S, one 

must choose the proper type in order for it to function at its highest potential (Abatzoglou et al., 

2008). 

An iron sponge or iron-rich soils can provide an environment where chemical oxidation 

occurs and transforms H2S into elemental sulfur and sulfuric acid (Graubard et al., 2011). It has 

been stated that iron sponge systems can be used continuously with inline regeneration or a start-

stop-restart method to allow regeneration not in line with the process. Iron sponges are reported 

to have up to 2.5 kg H2S/kg Fe2O3 (Anunsen, 2007). This means that for every 1 kg of Fe2O3, 
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there is 2.5 kg of H2S that is being adsorbed or attenuated by iron sponge soils. Also, the iron 

sponge is said to be the best iron oxide adsorbent (Abatzoglou et al., 2008). 

H2S scavengers are used to chemically change H2S into a harmless compound that may 

be disposed of easily, safely, and in an environmentally sound manner. The H2S scavenger 

comes in three different forms that include liquids, solids, and catalyst. The benefits of a 

scavenger system for sulfur removal are it reduces H2S levels to less than 1 ppm, safe, 

environmentally friendly, low capital requirement, and no sulfur emissions (Newpoint Gas, 

2005). 

Anunsen (2007) experimented with four different materials such as M1 steel, reddish soil, 

shredded mulch, and compost shredded mulch to see their capability to attenuate H2S. In order to 

test the materials, air and LFG was allowed to flow through the materials at variable rates. The 

results showed that M1 steel was the most successful in attenuating H2S when the flow rate of 

the LFG passing through the filter was low. The M1 steel was able to maintain the H2S 

concentration down to approximately zero for 112 days. The red soil was the second attenuator. 

The results showed that H2S concentration increased for the first 14 days and declined to an 

average of 4 ppm for 100 days. The shredded mulch was the third best attenuator at a variable 

and high flow rates. The shredded mulch reduced H2S concentration for the first 15 days and 

then slowly increased for the next 85 days. The least effective attenuator compost shredded 

mulch reduced H2S until a sudden increase on the sixth day, then began to drop but was not ran 

longer than 4 days. Overall the M1 steel was the best attenuator of H2S. 

Xu (2005) tested three chemicals such as sodium molybdate, ferric chloride, and hydrated 

lime to see how the chemicals would inhibit the generation of H2S. The four chemicals were 

used in column experiments to test the long-term inhibition capability of each of the solutions. 
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After 170 days (end of test) Sodium molybdate averaged 5 ppm, ferric chloride averaged 0.5 

ppm, hydrated lime stopped increasing at 100,000 ppm which was right under the control value 

of no inhibitor. It was said that this technique would be a great solution to provide inhibition of 

H2S, but the chemicals are expensive. 

Sungthong (2010) examined two techniques, microcosm (small scale experiments) and 

laboratory scale column studies. The experiment included cover material of soil, compost, and 

sand which were tested with the addition of nitrate. Results of the microcosm study showed that 

the implementation of nitrate into soil and compost stimulated native autotrophic formation of 

bacteria enabling H2S oxidation biologically under anaerobic conditions. Also, results showed 

that some of H2S was removed physically and chemically by soil and compost. There was no 

removal of H2S in sand miniature experiments. However, there was rapid H2S oxidation to 

sulfate particularly in soil. Therefore, the sulfide oxidation rates under autotrophic formation in 

soil and compost were 2.57 mgH2S/d-g dry soil and 0.17 mgH2S/d-g dry compost, respectively 

(Reinhart et al., 2010). 

Chuanyu et al., 2012 ran laboratory and field experiments to examine the H2S removal 

capabilities of charcoal sludge compost (CSC), final cover soil (FCS), aged refuse (AR), and 

traditional cover material, fresh clay (FC). The results revealed that CSC was the most effective 

cover material for H2S removal, FCS reduced H2S by 88%, and AR reduced H2S by 83%. The 

less efficient cover material was FC which had a reduction of approximately 16% (lab) and 32% 

(field) lower than CSC. In this case, a combination of physic-chemical adsorption and biological 

oxidation processes was in control of H2S removal in the lab and field investigations. Also, the 

charcoal and compost contained useful trace elements and nutrients that are helpful in microbial 

breakdown for H2S dilution (Chuanyu et al.). 
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To remediate the H2S produced in the landfills, natural soils or cover soils have 

demonstrated the ability to physically reduce the pressure, concentration gradient, and therefore 

time for H2S to be absorbed or removed biologically or chemically (EPA, 2014h). Also, landfill 

covers are cost effective and a sustainable system to recycle certain waste streams as alternative 

landfill cover material (Chuanyu et al.). In field experiments done in Florida, natural soils were 

observed to have a H2S removal capacity of 60% (Reinhart et al., 2010). 

As of the last couple of years there have been lab experiments conducted on the reduction 

of H2S with potential landfill cover material with flask incubator tests, column experiments, etc. 

On the other hand, there have been very few tests done in the field to assess H2S degradation in 

landfill cover materials. Therefore, there is a necessity to have field techniques to be able to 

quantify information about the subsurface environments at landfills (Istok et al., 2013). 

2.4 Push-Pull Test 

In the 1960s the introduction of the push pull test (PPT) was initiated and it was widely 

used in the oil industry to determine residual oil saturation in petroleum reservoirs until the late 

1990s (Tomich et al.,1973). Then in the late 1990s a considerable amount of development of the 

method had occurred (Istok et al., 2013). Researchers used the PPT as a type of single well 

injection/extraction test to study the degree of blending of injected water with background 

groundwater (Sternau et al., 1967). The PPT is an in-situ field method for characterizing 

physical, chemical, and biological processes in subsurface surroundings (Istok et al., 2013). The 

physical process includes fluid or gas flow by advection and mixing or spreading processes such 

as dispersion, conduction, and convection (Istok et al., 2013). Also, the chemical process 

includes a wide variety of chemical reactions such as acid/base, precipitation/dissolution, 

sorption, subsurface complication, and oxidation/reduction reactions. The biological processes 
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contain varied adsorption activities shown by indigenous microorganisms (Istok et al., 2013). 

Therefore, the PPT is a very popular test for acquiring a wide range of in-situ reaction rates and 

other data that will be discussed below (Mcguire et al., 2010 & Zhu et al., 2007). 

2.4.1 Principles of the gas push-pull test 

As mentioned above, the GPPT makes accessible quantitative information on an array of 

subsurface attributes, but is mostly popular for estimating in-situ rates of chemical or microbial 

reactions (Istok et al., 2013). A typical GPPT is conducted in the field utilizing any device that 

provides entry to the vadose zone, which is being operated in the unsaturated zone, and the test 

solution is a gas mixture (Istok et al., 2013). The test solution is a concoction of non-reactive 

tracer and reactive gas (Istok et al., 2013). The non-reactive gas supplies information of the 

physical processes such as advection, diffusion, dispersion, etc., whereas reactive tracers offer 

information on sorption, cation exchange, biogeochemical reaction rates and more (Istok et al., 

2013).  

Basically, the GPPT has three phases: the injection phase, the drift phase, and the 

extraction phase (Istok et al., 2013). Firstly, in the injection phase a test solution is infused into 

the subsurface where it enters an abnormally shaped volume, approximately centered on the 

injection spot. As the test solution is injected from the bag, it collapses, maintaining a zero head 

space condition within the bag, and preventing losses of volatile test solution components (Istok 

et al., 2013). Secondly, the drift phase takes place throughout and after injection. The drift phase 

is influenced by the test solution moving away from the injection position and is reduced by 

ambient pore fluids through the process of advection, dispersion, diffusion, etc. (Istok et al., 

2013). Lastly, the extraction phase collects samples of the injected solution and ambient pore 

fluid mixture (Istok et al., 2013). The extraction phase may involve continuous pumping with 
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sporadic sampling or discontinuous pumping and sampling shown in Figure 2.10, and sampling 

continues until tracer concentrations are negligible to be utilized (Istok et al., 2013).  

 
Figure 2.10: GPPT setup and procedure (Streese et al. 2010) 

 

 

Figure 2.10 shows a typical set-up of the GPPT with the left and right side displaying the 

injection and extraction phases, respectively. In addition, (1) mass flow controller, (2) gas probe, 

(3) tedlar bag with gas mixture, and (4) gas sampling vials are depicted. 

2.4.2 Gas push-pull test data analysis 

Typically to start examining GPPT data, breakthrough curves of tracer and reactant gases 

during the extraction phase are plotted. The plots obtained from extraction samples are 

concentration profile plots that are constructed for tracer and reactant gases of relative 

concentration versus time, and relative concentration versus extracted volume divided by 

injected volume (Vext/Vinj). Relative concentration is the measured extracted concentration 
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(tracer or reactant gas) divided by the injected concentration in a test solution or ambient pore 

fluid (Istok et al., 2013). 

�∗ = ��  

where: 

 C = Concentration measured during extraction 

 Co= Concentration of the injected test solution  

In addition, an example of typical breakthrough curves are shown below for PPT using methane 

as the reactant gas (Gomez et al., 2008). Figure 2.11 displays typical breakthrough curves for 

CH4 and inert gases during the extraction phase of the GPPT. Also, Figure 2.11 shows the 

relative concentration plotted versus the ratio of extracted and injected volume of gas. 

 

 
Figure 2.11: Typical GPPT breakthrough curves (Gomez et al., 2008) 

 
 

The breakthrough curves of the reactive gases and reaction products must first be 

adjusted for dilution using measured concentrations of a nonreactive tracer. Then the relative 
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concentrations for injected nonreactive tracers are used to calculate transport factors, which are 

applied to measured concentrations of reactive gases to obtain transport-adjusted concentration 

profiles for the reactive gases. The transport adjusted relative concentration profiles are used to 

compute reaction rates (Istok et al., 2013).  

There are two simplified methods to calculate reaction rates presented by Haggerty et al. 

(1998) and Snodgrass et al., (1998). They are zero-order reaction rates and first order rate 

coefficients. Therefore, data evaluation can be conducted using Yang et al. (2007) for zero order 

degradation kinetics. In this procedure, a mixing factor (f) is calculated by the equation 

expressed below: = � − � / � − �  

where: 

 Ctr = current tracer concentration 

 � = background tracer concentration 

 � = injected tracer concentration 

Next, the net mass transfer (�̂  is calculated using the formula displayed below: �̂ = � − [f ∗ � + + f ∗ � ]  
where: 

 Cr = current reactive gas concentration 

 � = injected reactive gas concentration 

 � = background reactive gas concentration 

The net mass transfer is a new chemical unit which has well-defined physical meaning in 

deriving the zeroth-order rates. It represents the part of the change in the concentration of the 
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reactive gas that cannot be explained by dilution. Also, the oxidation rate is equivalent to the 

zero order kinetics constant (ko), which is plotted with net mass transfer over time. �̂ = −  

where: 

 t = time 

Oxidation rates have units of [g  − h
-1

]. The oxidation rate per volume of soil can be 

calculated by multiplying by air filled porosity. However, this method is general and can be used 

in situations where background concentrations are known (Yang et al., 2007). 

Also, rates of chemical and microbial reactions are the most useful factors of the GPPT. 

First-order reaction rates can be determined with three simplified methods based on different 

mixing assumptions (Istok et al., 2013). The three different mixing model assumptions are well-

mixed reactor model, plug-flow reactor model, and variably-mixed reactor model. 

2.4.2.1 Well-mixed reactor model 

The well-mixed reactor model represents the assumption that complete and instantaneous 

mixing of injected test solution in ambient pore fluid has occurred. The well mixed reactor 

relative reactant concentration at any time is calculated by (Jury et al., 1990): �∗ = �∗ −  

where: 

 r & tr = denote reactive tracer and non-reactive tracer respectively 

 k = first order reaction rate coefficients, [T
-1

] 

If an assumption is made that reactive depletion in any section of the test solution begins 

immediately after it is injected into the injection location, the extraction-phase breakthrough 

curve for a reactant is computed by (Haggerty et al., 1998): 



27 

 

�∗ ∗ = �∗ ∗ [ − − − (� � + ∗ ] 
where: 

 t
*
 = elapsed time form the end of injection 

 Tinj = duration of the injection phase 

Rewrite above equation as: 

ln �∗ ∗�∗ ∗ = ln [( − − � � ] − ∗ 

The left side of the equation provides a straight line graph with a slope k and the right side of the equation 

is the intercept. 

2.4.2.2 Plug flow reactor model 

The plug-flow reactor model assumes there is no mixing of the injected solution with 

ambient pore fluid at the injection location (Istok et al., 2013). Since, the PPT is a two-way test, 

the first portion of injected solution is the last to be extracted and the last portion of the injected 

test solution is the first to be extracted as shown in Figure 2.12. The equation below allows you 

to calculate residence time, t
j
r,pf using the portion of total tracer recovered at the time each 

portion is extracted (Istok et al., 2013): 

, = ∗ + ∫ ����
���=  

where: 

 Qext = extraction pumping rate 

 text = time since extraction began 

 Mtr = total mass of tracer injected 

ln �∗ ∗�∗ ∗ = − ,  
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Therefore, experimental data is plotted  �∗ ∗ �∗ ∗⁄  versus tr,pf to obtain rate estimates. 

Importantly, to satisfy ln �∗ ∗ �∗ ∗⁄  = 0 at tr,pf, the linear regression analysis of the y-axis 

intercepts of the fitted line must pass through zero (Istok et al., 2001). 

2.4.2.3 Variably-mixed reactor model 

The variably-mixed reactor model assumes variable mixing of the injected test solution 

because of the different distances that separate portions of the injected fluid traveled and 

changeable velocity fields confronted near the injection/extraction location (Gelhar et al., 1971). 

Consequently, injected test solutions injected at the beginning of the injection phase travel a 

larger distance from the injected/extraction location and display a larger spread during extraction 

as compared to portions injected late during the injection phase. A weighted mean residence time 

(tr,wm) can be computed by (Istok et al., 2013): 

, = ∗ + ∑ �∗ �̂=∑ �∗=  

where: 

 �̂= time elapsed from the mid point of injection to Tinj 

ln �∗ ∗�∗ ∗ = − ,  

Similar to the well-mixed reactor model, k can be estimated. Like the plug flow reactor model, 

intercept of the fitted line must be forced to zero (Istok et al., 2013).  

 Figure 2.12 demonstrates an animation of the supposed transport of a gas mixture 

injected and extracted from the soil cover. The changing shades on the top show the changing 

composition of the injected test solution as it mixes with ambient pore fluid. Also, the changing 

shades at the bottom show the changing composition of the extracted test solution and ambient 

pore fluid after mixing. 
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Figure 2.12: Hypothetical sketch of push-pull test 

 

2.4.3 Case studies using the push-pull test under landfill conditions 

 Investigations were done to quantify microbial activities in the vadose zone, by a 

suggested new field test called the Gas Push-Pull Test (GPPT). Urmann et al., 2005 examined 

the GPPT by calculating the rate constants from breakthrough curves of extracted reactants and 

tracers. The study of microbial methane oxidation was conducted above an anaerobic petroleum 

contaminated aquifer. Based on the results, first order rate constants were determined to be 

0.68h
-1

 at 1.1m below soil surface and 2.19h
-1 

at 2.7m which was close to the groundwater table. 

To confirm that the oxidation of methane was caused by microbial activity, a particular inhibitor 

(acetylene), for organisms that are able to metabolize methane, was injected into the soil. It was 

verified when stable carbon isotope ratios in methane increased up to 42.6%, and that the GPPT 

device functions pretty accurately under favorable conditions (Urmann et. al., 2005). 



30 

 

Gonzales-Gil et al. (2006) used the GPPT to measure methane oxidation in in-situ soils. 

Methane and non-reactive gases comparable to the transport behavior of methane were injected 

into the soil above a hydrocarbon contaminated aquifer to determine methane oxidation. The loss 

of tracer gas was compared to the rate of loss of methane and the differences in concentration 

were contributed to microbial activity. Therefore, an inhibitor was run to validate methane 

microbial consumption. The results showed that GPPT 2 had a rate of coefficient of CH4 

oxidation of 0h
-1

 because of the inhibitor, whereas GPPT 1 without the inhibitor was 2.19±0.26h
-

1
 (Gonzales-Gil et al., 2006). 

Gonzales-Gil et al. (2007) and Gomez et al. (2008) utilized the GPPT to examine 

methane oxidation by soil micro-organisms with the use of tracer gases such as Helium (He), 

Neon (Ne), and Argon (Ar) to compare the transport of these gases to methane through a dry and 

variably saturated porous media. Therefore, transport of gaseous elements during GPPT is 

mainly driven by advection because of injection and extraction, and diffusion driven by 

concentration gradients. Nonetheless, diffusion is the dominant transport system. The results 

showed that He and Ne were not similar to the transport of methane, which implies that Ar is a 

good tracer if it is injected at high concentrations to overcome its background concentrations in 

soil air. Likewise, the GPPT was conducted amongst a full range of water saturations. The results 

showed that with low saturated soils, water occupies the smallest pores of the soil and has little 

effect on gas transport. Whereas at the highest saturation, similar breakthrough curves are 

evident for CH4, Ar, Ne and transport is dominated by advection (Gonzales-Gil et al., 2007 & 

Gomez et al., 2008). 

Streese et al., 2010 studied the GPPT to determine CH4 oxidation rates of landfill cover 

soils. Throughout the course of the research 50 GPPTs were conducted at different landfills in 
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Germany at different seasons. Streese et. al. (2010) used Yang et al.’s (2007) method of 

calculating oxidation rates based on zero order degradation kinetics discussed in Section 2.5.2.4. 

The results presented oxidation rates ranging from 0 to 150 g  − h
-1

. At temperatures of 15 

and 20°C, oxidation rates were between 100 and 150 g  − h
-1

. Also, an oxidation rate at one 

particular location was 440 g  − h
-1 

because of a vegetable bed that had been established on 

top of the landfill (Streese et al., 2010). 

2.5 Objective and Motivation of the Study 

In the area of waste management there is a lack of suitable techniques to investigate the 

level of LFG attenuation under in-situ conditions. Unfortunately, there are no in-situ techniques 

that exist to measure H2S attenuation in landfill cover soils. Based on studies relating to PPT 

used in contaminated aquifers, the objective was to develop a similar technique called the Gas 

Push Pull Test (GPPT) to quantify the reaction rates of LFG in landfill cover soils. 
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CHAPTER THREE 

PAPER ONE – THE DEVELOPMENT OF A CORRECTION FACTOR 

FOR TRACERS WITH DIFFERENT MOLECULAR WEIGHTS 

3.1 Introduction 

3.1.1 History of the push-pull test  

In the 1960s the introduction of the push pull test (PPT) was initiated and it was widely 

used in the oil industry to determine residual oil saturation in petroleum reservoirs until the late 

1990s (Tomich et al., 1973). Then in the late 1990s a considerable amount of development of the 

method occurred (Istok et al., 2013). Researchers used the PPT as a type of single well 

injection/extraction test to study the degree of blending of injected water with background 

groundwater (Sternau et al., 1967). The PPT is an in-situ field method for characterizing 

physical, chemical, and biological processes in subsurface surroundings (Istok et al., 2013). 

Therefore, the PPT is very popular test for acquiring a wide range of in-situ reaction rates 

(Mcguire et al., 2010 & Zhu et al., 2007). 

3.1.2 Principles of the gas push-pull test 

As mentioned above, the GPPT makes accessible quantitative information on an array of 

subsurface attributes, but is mostly popular for estimating in-situ rates of chemical or microbial 

reactions (Istok et al., 2013). A typical GPPT is conducted in the field utilizing any device that 

provides entry to the vadose zone, which is being operated in the unsaturated zone, and the test 

solution is a gas mixture (Istok et al., 2013). The test solution is a concoction of non-reactive 

tracer and reactive gases (Istok et al., 2013). The non-reactive gas supplies information of the 

physical processes such as advection, diffusion, dispersion, etc., whereas reactive tracers offer 

information on sorption, cation exchange, biogeochemical reaction rates and more (Istok et al., 

2013).  
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Basically, the GPPT has three phases: the injection phase, the drift phase, and the 

extraction phase (Istok et al., 2013). Firstly, in the injection phase a test solution is infused into 

the subsurface where it enters an abnormally shaped volume, centered approximately on the 

injection spot. As the test solution is injected from the bag, it collapses, maintaining a zero head 

space condition within the bag, and preventing loss of volatile test solution components (Istok et 

al., 2013). Secondly, the drift phase takes place throughout and after injection. The drift phase is 

influenced by the test solution flowing away from the injection position and is reduced by 

ambient pore fluids through the process of advection, dispersion, diffusion, etc. (Istok et al., 

2013). Lastly, the extraction phase collects samples of the injected solution and ambient pore 

fluid mixture (Istok et al., 2013). The extraction phase may involve continuous pumping with 

sporadic sampling or discontinuous pumping and sampling shown in Figure 3.1, and sampling 

continues until tracer concentrations are negligible to be utilized (Istok et al., 2013). 

 

 
Figure 3.1: GPPT setup and procedure (Streese et al. 2010) 
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Figure 3.1 shows a typical set-up of the GPPT with the left and right side displaying the 

injection and extraction phases, respectively. In addition, (1) mass flow controller, (2) gas probe, 

(3) tedlar bag with gas mixture, and (4) gas sampling vials are depicted. 

3.1.3 Case studies using the gas push-pull test under landfill conditions 

Urmann et al. (2005) investigated the quantification of microbial activities in the vadose 

zone, by a suggested new field test called the Gas Push-Pull Test (GPPT). Based on the results, 

first order rate constants for methane oxidation were determined to be 0.68h
-1

 at 1.1m below soil 

surface and 2.19h
-1 

at 2.7m which was close to the groundwater table. To confirm that the 

attenuation of methane was caused by microbial activity, an inhibitor (acetylene) for organisms 

that are able to metabolize methane was injected into the soil. It was verified when stable carbon 

isotope ratios in methane increased up to 42.6%, and that the GPPT device functions pretty 

accurately under favorable conditions. 

 Gonzales-Gil et al. (2006) used the GPPT to measure methane oxidation in in-situ soils. 

Therefore, the loss of tracer gas was compared to the rate of loss of methane and the differences 

in concentration were contributed to microbial activity. Also, an inhibitor was run to indorse 

methane microbial consumption. Therefore, the results showed that the rate of coefficient of CH4 

oxidation of GPPT 2 was 0h
-1

 with inhibitor, and GPPT 1 was 2.19±0.26h
-1

 without inhibitor. 

Gonzales-Gil et al. (2007) and Gomez et al. (2008) utilized the GPPT to examine 

methane oxidation by soil micro-organisms with the use of tracer gases such as Helium (He), 

Neon (Ne), and Argon (Ar) to compare the transport of these gases to methane through a dry and 

variably saturated porous media. The results showed that with low saturated soils, water occupies 

the smallest pores of the soil and has little effect on gas transport. Whereas at the highest 
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saturation, similar breakthrough curves are evident for CH4, Ar, Ne and transport is dominated 

by advection. 

Streese et al. (2010) conducted 50 GPPTs to determine CH4 oxidation rates in landfill 

cover soils. Yang et al.’s (2007) method of calculating oxidation rates based on zero order 

degradation kinetics was utilized. The results presented oxidation rates ranging from 0 to 150 g 

 − h
-1

. At temperatures of 15 and 20°C oxidation rates were between 100 and 150 g 

 − h
-1

. Also, an oxidation rate at one particular location was 440 g  − h
-1 

because of a 

vegetable bed that had been established on top of the landfill. 

3.1.4 Gas push-pull test issue 

One of the main issues regarding the implementation of techniques for reduction of H2S 

emission from landfills, is the lack of a proper technique to assess the level of H2S oxidation 

under field conditions. Urmann et al. (2005) has extended the use of the PPT and named it the 

Gas Push-Pull Test (GPPT) to assess microbial activity in soils. For sound implementation of the 

GPPT in diverse subsurface environments, it is important to better understand the transport of 

gaseous components during GPPT under conditions in which the transport of tracer and reactant 

gases are similar. Similar transport of gaseous components would be expected under advection-

dispersion dominated conditions. Also, similar component transport is a requirement for the 

implementation of simplified methods to quantify zero or first order microbial kinetic constants 

from GPPT data sets, without the knowledge of other soil properties. However, it is desirable 

that tracer and reactants have similar transport characteristics. Therefore, the objective was to 

study the transport of tracers using two non-reactive gases (SF6 and CH4) with the GPPT in 

sandy and clayey soils to formulate a correction factor so that any available tracer can be 

utilized. 
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3.2 Materials and Methods 

3.2.1 Soil description 

The soils chosen for this experiment underwent typical geotechnical soil testing 

procedures. Firstly, the Unified Soil Classification System (USCS) and the American 

Association of State Highway Transportation Officials (AASHTO) classification system was 

used to describe each soil type. Secondly, the American Society for Testing and Materials 

(ASTM) D2217-85 (ASTM D2217) guidelines were followed to conduct wet-sieve analysis. 

Thirdly, ASTM D4318-10 (ASTM D4318) procedures were followed to determine the Atteberg 

Limits of each soil sample. Based on the testing, the soil samples were fine sand and clayey sand. 

These two soils samples were used during the field experiments and their attributes can be found 

in Table 3.1. 

 

 

Table 3.1: Soil classification data 

Soil Type USCS ASSHTO Description Atterberg Limits 

Fine Sand SP A-1-b White n/a 

Clayey Sand SM A-2-4 Red & course LL=18 PI=5.0 

 

 

3.2.2 Experimental set-up 

In order to conduct field experiments, the GPPTs were conducted in fine sand and clayey 

sand. Before any testing could commence for the fine sand, a test pit with dimensions of 64” x 

60” x 32” (LxWxH) was constructed with the top was opened to the air. The test pit was 

constructed out of concrete blocks and plywood. Once the test pit was built, an 8-inch layer of 

sand was placed on the bottom and then covered by a 1-mil piece of Visqueen plastic. Figure 3.2 

shows the Visqueen acting as a bottom boundary condition of the pit. After the Visqueen was in 

place, the remaining open space was filled with the tested sand to the top as seen in Figure 3.2. 
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Figure 3.2: Construction and set-up of test pit 

 

 

The injection and extraction port was made up of a rigid plastic tubing that was placed at 

the center of the test pit at about 20 inches from the top. In order to allow for almost equal flow 

path of injected and extracted gases, the ends of the tubing was sealed and holes were drilled in 

the tubing. 

A 12-volt Thomas brushless pump (SNR-14806362) and a Dwyer Instrument Inc. in-line 

flow meter (VFA-4) were used to inject and extract the test solution. The pump and flow meter 

were used for constant monitoring during the injection and extraction phases. Once the pump and 

the pit were connected, a Tedlar bag filled with a test solution comprising a mixture of 50% LFG 

(contains CH4), 49% air, and 1% SF6 was connected to the system. This mixture of gases was 

used for the GPPT that was conducted in the sand test pit. The entire setup can be seen in Figure 

3.3. 

 

 
 Figure 3.3: GPPT set-up of field testing on fine sand test pit 
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The clayey sand used for the GPPT experiments was found in an open field near the sand 

test pit. The set-up of the GPPT apparatus was the same except for the type of probe used and the 

method by which the probe was inserted. The probe that was used was a stainless steel rod with 

holes at the tip for the injection and extraction of gas. This probe was connected to Tygon tubing 

that was connected to the pump. This probe was inserted into the ground at a desired depth with 

a regular nail and hammer. (See Figure 3.4) 

 

  
Figure 3.4: Clayey fine sand stainless steel probe 

 

3.2.3 Summary of experiments 

Once the GPPT experiment apparatus was set up, test were run in the fine sand test pit 

and in the clayey fine sand located in the open field area next to the test pit. Firstly, Table 3.2 

displays a summary of the GPPTs that were performed in the fine sand test pit and the clayey 

fine sand location. Also, Table 3.2 showcases the date the experiments were conducted, soil 

material tested, soil material density, approximate moisture content, injection flow rates, and 

extraction flow rates. 
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Table 3.2: Summary of GPPT experiments 

Test 

No. 
Test Date 

Soil Material of 

Test 

Soil Material 

Density 

(lb/ft
3
) 

Approximate 

Moisture 

Content w% 

Flow Rate 

(Injection) 

(L/min) 

Flow Rate 

(Extraction) 

(L/min) 

1 3/2/2013 Fine Sand 100.00 2.33 3.00 0.50 

2 4/28/2013 Fine Sand 100.00 2.33 0.50 0.25 

3 4/25/2013 Fine Sand 100.00 11.22 3.00 3.00 

4 4/25/2013 Fine Sand 100.00 11.22 3.00 1.50 

5 1/17/2014 Find Sand 100.00 5.00 1.50 1.50 

6 1/17/2014 Fine Sand 100.00 5.00 3.00 3.00 

8 6/28/2014 Clayey Fine Sand 90.00 6.38 3.50 3.50 

9 6/29/2014 Clayey Fine Sand 90.00 7.76 2.00 2.00 

10 6/29/2014 Clayey Fine Sand 90.00 4.82 1.00 1.00 

11 7/3/2014 Clayey Fine Sand 90.00 6.16 5.00 5.00 

12 7/3/2014 Clayey Fine Sand 90.00 6.16 5.00 5.00 
 

 

3.2.4 Analytical methods 

When the field experiments were completed, the samples of extracted gas were returned 

to the lab for testing to obtain SF6 and CH4 concentrations. The testing is conducted by the use of 

Gas Chromatograph (GC) machines. The gas samples are injected into the GC and carried 

through the apparatus by carrier gases which are Nitrogen and Helium. As the inserted gas 

moves through the device, the gas is heated to a certain temperature within a column in the GC. 

The gas remains on the column for a short period of time which allows the machine to create 

spikes which showcase the level of concentration of CH4 and SF6 in each gas sample. Those 

peaks are integrated and the area under the curves is compared to the area of known 

concentrations or standards to calculate the concentration of CH4 and SF6 in the gas sample. The 

Gas chromatographs shown in Figure 3.5 were used to measure CH4 concentrations (left GC) and 

SF6 concentrations (right GC). Also the SF6 GC operated faster than the CH4 GC, thus allowing 

for simultaneous and replicated testing of many gas samples. In a later section, GPPT testing for 

the fine sand and clayey sand will be discussed. 
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 Figure 3.5: Gas chromatographs for CH4 (left), and SF6 (right) 

 

 

3.2.5 Data reduction 

After the GPPT were run and gas samples were tested in the lab, GPPT data were examined. 

The breakthrough curves of tracer and reactant gases during the extraction phase were plotted. 

The plots obtained from gas samples were concentration profile plots that were constructed for 

tracer and reactant gases of relative concentration versus time, and relative concentration versus 

extracted volume divided by injected volume (Vext/Vinj). Relative concentration is the measured 

extracted concentration (tracer or reactant gas) divided by the injected concentration in a test 

solution or ambient pore fluid (Istok et al, 2013). 

�∗ = ��  

where: 

 C = Concentration measured during extraction 

 Co= Concentration of the injected test solution  

3.3 Results and Discussion 

In order to obtain a better understanding of gas transport in the GPPT, two tracers with 

different molecular weights that do not react with fine sand and clayey fine sand were used in the 

test sites. These two tracers were SF6 and CH4. Some of the important characteristics of SF6 and 
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CH4 that affect the transport of the tracers in the soil are the densities and molecular weights, 

displayed in Table 3.3. 

 

 

Table 3.3: Summary of tracer characteristics 

Tracer Gas Density (kg/m
3
) Molecular Weight (g/mol) 

Methane (CH4) 0.66 16.04 

Sulfur Hexafluoride (SF6) 6.17 146.06 

 

 

Based on the characteristic in Table 3.3, SF6 is a heavier gas than CH4 which implies that 

CH4 will travel faster and further away from the injection point than SF6. SF6 will move very 

slowly and remain near the injection point. Figures 3.6 and 3.7 display breakthrough curves of 

two tracers with unequal molecular weights in fine sand and clayey fine sand respectively. 

 
Figure 3.6: Fine sand tracer breakthrough curves 
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Figure 3.6 - continued 

 

 

 
Figure 3.7: Clayey fine sand tracer breakthrough curves 
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Figure 3.7 - continued 

 

 

Figure 3.6 is a plot of test 1 (fine sand) data, and Figure 3.7 is a plot of test 9 (clayey fine 

sand). The differences of SF6 and CH4 breakthrough curves in Figures 3.6 and 3.7 are due to 

transport properties of each gas which is directly proportional to the different molecular weight 

of each gas. Also fine sand breakthrough curves start at one like clayey fine sand breakthrough 

curves because of improper contact of the soil with the injection port which could cause a loss of 

gas to the atmosphere. 

Figure 3.8 graphically shows the amount of gas regained after injection takes place for 

fine sand and clayey fine sand that corresponds to Figures 3.6 and 3.7. This recaptured gas is 

represented as percent mass recovered for SF6 and CH4. Basically, Figure 3.8 represents how 

much of each gas was recovered, whereas the breakthrough curves reveal how much of each gas 

was lost due to transport in this case. 
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Figure 3.8: Percent mass recovery curves for fine sand(top) and clayey fine sand (bottom) 

 

 

  Once the relative concentrations of SF6 and CH4 had been calculated and breakthrough 

curves made, the next step was to calculate the relative tracer concentration ratio of CH4/SF6 for 

every data point of every GPPT conducted. Then the CH4/SF6 ratio was graphed on a scatter plot 

shown in Figure 3.9. A correction factor function was derived that best fits the data and a 
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correction constant was found using the Excel Solver Function. This correction factor function 

corrects tracers with dissimilar molecular weights that are heavy and light. 

 
 

 

 
Figure 3.9: CH4/SF6 relative tracer concentration ratios for fine sand & clayey fine sand 
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  Figure 3.9 uses the correction factor function that corrects for a light tracer which is 

shown below. This correction factor can be a function of time or volume ratio (vout/vin). The 

correction constants obtained by the Excel Solver function were 8.29 (CF function of time) and 

0.821 (CF function of vout/vin). 

�� = + �� 3 − ∗ � � �� )                  (1) 

where: 

 x = t (time) or vout/vin (volume out/volume in) 

 CF = Correction factor 

 CC = Correction Constant 

 H = Heavy tracer by molecular weight 

 L = Light tracer by molecular weight 

Since the correction constants had been obtained, the correction factors could be integrated into a 

GPPT for fine sand and clayey fine sand to verify if these correction factors could be used to 

correct any tracer with different molecular weights than the reactive gas under investigation. 

Figure 3.10 and 3.11 showcases the application of the correction factor after correcting a tracer 

in fine sand and clayey fine sand respectively.  

 Figure 3.10 verifies that the correction factor works and can be implemented with data 

obtained from GPPT conducted in fine sand. Figure 3.11 verifies that the correction factor works 

and can be implemented with data obtained from GPPT conducted in clayey fine sand. 
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Figure 3.10: Application of correction factor on fine sand GPPT 
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Figure 3.11: Application of correction factor on clayey fine sand GPPT 
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3.4 Conclusion 

The purpose of this study was to develop a methodology that allows for sound 

implementation of GPPT in diverse subsurface environments. In order to understand the 

transport of gaseous components during the GPPT the tracer and reactant gases cannot be 

dissimilar. However, it is desirable that the tracer and reactant gases have similar transport 

characteristics. Therefore, the objective of this study was to analyze the transport of tracers using 

two non-reactive gases (SF6 and CH4) with the GPPT in sandy and clayey soils to formulate a 

correction factor. This correction factor was used to correct tracers with dissimilar molecular 

weight, whether heavier or lighter than the reactive gas under investigation. 

Overall, the methodology that was formulated in this study has worked with the GPPT of 

fine sand and clayey fine sand. This means that this methodology can be implemented in future 

GPPTs to correct tracers with dissimilar molecular weights to match the molecular weight of the 

reactive gas(es) under investigation. 
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CHAPTER FOUR  

PAPER TWO – UTILIZING LAB AND FIELD TESTS TO ASSESS 

REACTIONS OF H2S WITHIN SOILS 

4.1 Introduction 

H2S concentrations in ambient air at the surface of the landfills range from below 3 ppb 

to greater than 50 ppm while H2S concentrations in landfill gas range from below 3 ppb to 

12,000 ppm. People can smell H2S at low levels in the air, ranging in concentrations from 0.0005 

to 0.3 ppm (ATSDR, 2006). However, at high concentrations (100 ppm or above) a person may 

lose their ability to smell H2S (ATSDR, 2006). Moreover, levels of H2S above 1000 ppm in a 

breathing zone can rapidly lead to loss of consciousness and death. These facts can make H2S 

generated from landfills a major environmental and public health issue. 

However, collected gas from sulfur-containing waste can be treated effectively using 

physicochemical and biological processes such as activated carbon adsorption, chemical and 

biological scrubbing, ozone oxidation, incineration, air stripping, biofiltration, H2S scavengers, 

and inhibitors (Ferguson, 1975; Yang et al., 1994; Nishimura et al., 1997; Newpoint Gas, 2005; 

Anunsen, 2007; Chuanyu et al., 2012; Xu, 2005). However, in the case of fugitive emissions and 

where gas collection systems are not present, the generated H2S is typically not controlled, and 

the number of treatment processes to control H2S emissions in-situ is limited. An attractive 

alternative may be to use chemically or biologically active landfill covers to treat or reduce such 

emissions. Few studies using various types of cover materials to attenuate H2S emissions have 

been performed both at the laboratory and field scale. The results demonstrated that H2S 

emissions can be effectively reduced using cover materials compost, fine concrete, and lime-

amended sandy soils, using several mechanisms. These mechanisms are as follows: (1) 

Hydrogen sulfide is consumed by bacteria found in soil that oxidize hydrogen sulfide to 
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elemental sulfur, (2) Clay or organic matter in soils may also sorb hydrogen sulfide (soil 

microorganisms are not involved in the sorption process), and (3) chemical reaction with soil 

minerals, especially ferric iron.   

4.1.1 Gas push-pull test  

Urmann et al., (2005) have extended the use of the PPT and named it the Gas Push-Pull 

Test (GPPT) to assess microbial process in soils. The GPPT makes accessible quantitative 

information on an array of subsurface attributes, but is mostly popular for estimating in-situ rates 

of chemical or microbial reactions (McGuire et al., 2010, Zhu et al., 2007, and Istok et al., 2013). 

A typical GPPT is conducted in the field utilizing any device that provides entrée to the vadose 

zone, which is being operated in the unsaturated zone, and the test solution is a gas mixture 

(Istok et al., 2013). The test solution is a concoction of non-reactive tracer and reactive gas (Istok 

et al., 2013). The non-reactive gas supplies information of the physical processes such as 

advection, diffusion, dispersion, etc., whereas reactive tracers offer information on sorption, 

cation exchange, and biogeochemical reaction rates (Istok et al., 2013). Basically, the GPPT has 

three phases: the injection phase, the drift phase, and the extraction phase (Istok et al., 2013). 

Firstly, in the injection phase a test solution is infused into the subsurface where it enters an 

abnormally shaped volume, centered approximately on the injection spot. As the test solution is 

injected from the bag, it collapses, maintaining a zero head space condition within the bag, and 

preventing loss of volatile test solution components (Istok et al., 2013). Secondly, the drift phase 

takes place throughout and after injection. The drift phase is influenced by the test solution 

moving away from the injection position and is reduced by ambient pore fluids through the 

process of advection, dispersion, and diffusion (Istok et al., 2013). Lastly, the extraction phase 

collects samples of the injected solution and ambient pore fluid mixture (Istok et al., 2013). The 



52 

 

extraction phase may involve continuous pumping with sporadic sampling or discontinuous 

pumping and sampling shown in Figure 4.1. Sampling continues until tracer concentrations are 

negligible (Istok et al., 2013). 

 
Figure 4.1: GPPT setup and procedure (Streese et al., 2010) 

 

 

Figure 4.1 shows a typical set-up of the GPPT with the left and right side displaying the 

injection and extraction phases, respectively. In addition, (1) mass flow controller, (2) gas probe, 

(3) tedlar bag with gas mixture, and (4) gas sampling vials are depicted. 

Therefore, the objective of this study was to examine the lab incubator flask experiments to 

determine the reactivity of H2S with different soil types under various water content conditions. 

The reactivity of H2S using the Gas Push-Pull Test (GPPT) under in-situ field conditions in 

various types of soils was also examined. 

4.2 Materials and Methods 

4.2.1 Soil description   

The soils chosen for this experiment underwent typical geotechnical soil testing 

procedures. Firstly, the Unified Soil Classification System (USCS) and the American 

Association of State Highway Transportation Officials (AASHTO) classification system were 

used to describe each soil type. Secondly, the American Society for Testing and Materials 
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(ASTM) D2217-85 (ASTM D2217) guidelines were followed to conduct wet-sieve analysis. 

Thirdly, ASTM D4318-10 (ASTM D4318) procedures were followed to determine the Atterberg 

Limits of each soil sample. Based on the testing, the soil samples were fine, clayey, and silty fine 

sand, compost, and landfill cover soil. These five cover soils were used during the field 

experiments and their index properties are found in Table 4.1. 

 

Table 4.1: Classification data of cover soils 

Soil Type USCS ASSHTO Description Atterberg Limits 

Fine Sand SP A-1-b White n/a 

Clayey Sand SM A-2-4 Red & course LL=18 PI=5.0 

Silty Fine Sand SM A-2-4 Yellow - 

Compost - - Black w/ wood - 

Landfill Cover Soil - - - - 

 

 

4.2.2 Laboratory experiments 

A flask experiment was conducted in the lab to examine the removal or reactivity of H2S 

with different soils shown in Table 4.1. The incubator flask experiment uses a glass volumetric 

flask, Pyrex – 1000 ml, with a No. 9 stopper to seal the flask. The stopper has a three-way port 

(manufacturer no. K-LL3W, supplied by Cole Palmer) where injection and extraction of gas can 

take place as displayed in Figure 4.2. 

 

 
Figure 4.2: Laboratory flask experiment apparatus setup 
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Before the flask was sealed, 20 g of soil with a predetermined water content was placed in the 

flask. Once the soil had been placed in the flask, the flask was then vacuumed to remove as much 

air as possible. With the majority of the air removed, the flask was connected to a Tedlar Bag 

containing landfill gas (LFG) in order to extract a significant amount of LFG from the Tedlar 

Bag and inject it into the flask. Once the LFG was injected into the flask, the H2S concentration 

(ppm) was monitored until it was approximately zero, or until the device needed to regenerate. 

The flask experiment was repeated for different soils with various water contents as shown in 

Table 4.2. 

 

Table 4.2: Laboratory flask experiment soil material and moisture contents 

Soil Type Water Content, w% 

Fine Sand 0,10,20,30 

Clayey Sand 0,5,10,15,20,30,40 

Silty Fine Sand 0,10,20,40 

Compost 0,5,10,15,25,33,45,60 

Landfill Cover Soil 14 

 

 

4.2.3 Field experiments 

In order to conduct field experiments, the GPPTs were conducted in fine sand, clayey 

sand, and landfill cover soil. Before any testing could commence for the fine sand, a test pit with 

dimensions of 1.63 m x 1.52 m x 0.81 m (LxWxH) was constructed leaving the top open to the 

air. The test pit was constructed out of concrete blocks and plywood. Once the test pit was built, 

0.20 m layer of sand was placed on the bottom and then covered by a 1-mil piece of Visqueen 

plastic. Figure 4.3 shows the Visqueen acting as a bottom boundary condition of the pit. After 

the Visqueen was in place, the remaining open space was filled to the top with the tested sand, as 

seen in Figure 4.3. 
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Figure 4.3: Construction and set-up test pit 

 

 

The injection and extraction port were made of a rigid plastic tubing that was placed at 

the center of the test pit at about 0.51 m from the top. In order to allow for almost equal flow 

paths of injected and extracted gases, the ends of the tubing were sealed and holes were drilled in 

the tubing. 

A 12-volt Thomas brushless pump (SNR-14806362) and a Dwyer Instrument Inc. in-line 

flow meter (VFA-4) were used to inject and extract the test solution. The pump and flow meter 

were used for constant monitoring during the injection and extraction phases. Once the pump and 

the pit were connected, a Tedlar bag filled with test solution composed of a mixture of 50% LFG 

(containing CH4), 49% air, and 1% SF6 was connected to the system. This mixture of gases was 

used for the GPPT that was conducted in the sand test pit. The entire setup can be seen in Figure 

4.4. 

 

Figure 4.4: GPPT set-up of field testing on fine sand test pit 
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The clayey sand and landfill cover soil used for the GPPT experiments were found in an 

open field near the sand test pit and at a local landfill, respectively. The set-up of the GPPT 

apparatus was the same except the type of probe and the method used to insert the probe were 

different. The probe used was a stainless steel rod with holes at the tip for the injection and 

extraction of gas. This probe was connected to Tygon tubing that was connected to the pump. 

The probe was inserted into the ground at a desired depth with a regular nail and hammer shown 

in Figure 4.5. 

 

 
Figure 4.5: Clayey fine sand stainless steel probe 

 

 

Once the GPPT experiment apparatus was set up, tests were run in the fine sand test pit, 

the clayey fine sand located in the open field area next to the test pit, and the landfill cover soil at 

the local landfill. Table 4.3 displays a summary of the GPPTs that were performed in the fine 
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sand test pit, clayey fine sand, and landfill locations. Table 4.3 also showcases the date the 

experiments were conducted, soil material density, moisture content, and injection and extraction 

flow rates. 

 

Table 4.3: Overview of GPPT experiments 

Test 

No. 
Test Date 

Soil Material of 

Test 

Soil Material 

Density 

(lb/ft
3
) 

Approximate 

Mosture 

Content w% 

Flow Rate 

(Injection) 

(L/min) 

Flow Rate 

(Extraction) 

(L/min) 

1 3/2/2013 Fine Sand 100.00 2.33 3.00 0.50 

2 4/25/2013 Fine Sand 100.00 11.22 3.00 3.00 

3 4/25/2013 Fine Sand 100.00 11.22 3.00 1.50 

4 1/17/2014 Find Sand 100.00 5.00 1.50 1.50 

5 1/17/2014 Fine Sand 100.00 5.00 3.00 3.00 

6 6/28/2014 Clayey Fine Sand 90.00 6.38 3.50 3.50 

7 6/29/2014 Clayey Fine Sand 90.00 7.76 2.00 2.00 

8 6/29/2014 Clayey Fine Sand 90.00 4.82 1.00 1.00 

9 7/3/2014 Clayey Fine Sand 90.00 6.16 5.00 5.00 

10 7/3/2014 Clayey Fine Sand 90.00 6.16 5.00 5.00 

11 2/7/2014 Landfill Cover Soil   4 4 

12 2/25/2014 Landfill Cover Soil   5 5 

13 2/25/2014 Landfill Cover Soil   5 5 

14 2/28/2014 Landfill Cover Soil   5 5 

15 3/4/2014 Landfill Cover Soil   5 5 

16 4/10/2014 Landfill Cover Soil   3 6 

17 4/10/2014 Landfill Cover Soil   3 6 

18 4/25/2014 Landfill Cover Soil   3.5 3.5 

19 6/5/2014 Landfill Cover Soil   1 1 

20 6/5/2014 Landfill Cover Soil   1 1.75 

21 8/7/2014 Landfill Cover Soil  13.98 0.5 1 

 

 

4.2.4 Analytical methods 

For the lab experiments and field experiments, the extracted gas samples from the sealed 

flask and GGPT were analyzed for H2S concentration (ppm) using a Jerome 631-X H2S analyzer 

(Arizona Instruments, AZ) shown in Figure 4.6 on the left. The Jerome meter’s internal pump 
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pulls gas samples over a gold film sensor whose electrical resistance is proportional to the 

concentration of H2S in the gas samples. The Jerome meter has a detection range of 0.003 ppm to 

50 ppm and is factory calibrated annually using methods traceable to the National Institute of 

Standards and Technology (NIST). Before analyzing the gas samples, the Jerome meter will be 

checked using a 25 ppm standard H2S gas (Air Liquid America Corp) and laboratory air. 

For the field experiments, the samples of extracted gas that were returned to the lab were 

tested for SF6 concentrations. The testing of SF6 concentrations was conducted using the 

Shimadza Gas Chromatograph (GC)-8Amachine shown in Figure 4.6 on the right. The gas 

samples are injected into the GC and carried through the apparatus by the carrier gases Nitrogen 

and Helium. As the inserted gas moves through the device, the gas is heated to a certain 

temperature within a column in the GC. The gas remains on the column for a short period of time 

which allows the machine to create spikes which showcase the level of concentration of SF6 in 

each gas sample. Those peaks are integrated, and the areas under the curves are compared to the 

area of known concentrations or standards to calculate the concentration of SF6 in the extracted 

gas sample.  

 

 

Figure 4.6: Jerome 631-X H2S Analyzer (left), Shimadzu Gas Chromatograph-8A for SF6 

(right) 
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Once soil samples were obtained of the different soil types, they were packaged and sent 

to Test America to determine the total iron content. This was done to help understand the 

reactivity of different soils by their total iron content, displayed in Table 4.4. Test America 

follows the protocol of SW846, which is the test method for evaluating solid waste, physical, and 

chemical methods that comply with the Resource Conservation and Recovery Act (RCRA) 

regulations. 

 

Table 4.4: Iron content results, tested by Test America, Inc. 

Soil Material Type Iron Content (mg/kg) 

Clayey Fine Sand 8500 

Silty Fine Sand 1900 

Fine Sand 100 

Compost 4400 

Landfill Cover Soil 31000 

 

 

4.2.5 Data reduction 

Once H2S concentrations were obtained for the lab flask experiments, plots were created 

of H2S concentration (mg/m
3
) versus time (hr). Microsoft Excel was used to determine the 

reaction rate coefficient, k (hr
-1

) by fitting an exponential distribution function to the data set.  

After the field GPPT had been run and gas samples had been tested in the lab, GPPT data 

was examined. The breakthrough curves of tracer and reactant gases during the extraction phase 

were plotted. The plots obtained from gas samples were concentration profile plots that were 

constructed for tracer and reactant gases of relative concentration versus time, and relative 

concentration versus extracted volume divided by injected volume (Vext/Vinj). Relative 

concentration is the measured extracted concentration (tracer or reactant gas) divided by the 

injected concentration in a test solution or ambient pore fluid (Istok et al., 2013). 
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�∗ = ��  

where: 

 C = Concentration measured during extraction 

 Co= Concentration of the injected test solution  

Once relative concentrations were determined and the tracer gas (SF6) was corrected for its 

difference of molecular weight to the reactive gas (H2S), then the first–order reaction rate 

coefficient, k (hr
-1

) can be calculated. The reaction rate coefficient, k (hr
-1

) can be determined 

with three simplified methods based on different mixing assumptions (Istok et al., 2013). The 

three different mixing model assumptions are the well-mixed reactor model, plug-flow reactor 

model, and variably-mixed reactor model. 

The well-mixed reactor model represents the assumption that complete and 

instantaneous mixing of injected test solution in ambient pore fluid has occurred. The well-mixed 

reactor relative reactant concentration at any time is calculated by (Jury et al, 1990): �∗ = �∗ −  

where: 

 r & tr = denote reactive tracer and non-reactive tracer, respectively 

 k = first order reaction rate coefficients, [T
-1

] 

If an assumption is made that reactive depletion in any section of the test solution begins 

immediately after it’s injected into the injection location, the extraction-phase breakthrough 

curve for a reactant is computed by (Haggerty et al., 1998): 

�∗ ∗ = �∗ ∗ [ − − − (� � + ∗ ] 
where: 



61 

 

 t
*
 = elapsed time from the end of injection 

 Tinj = duration of the injection phase 

Rewrite above equation as: 

ln �∗ ∗�∗ ∗ = ln [( − − � � ] − ∗ 

 The left side of the equation provides a straight-line graph with a slope k and the right side of the 

equation is the intercept. 

The plug-flow reactor model assumes there is no mix of the injected solution with ambient 

pore fluid at the injection location (Istok et al., 2013). Since the PPT is a two-way test, the first 

portion of injected solution is the last to be extracted, and the last portion of the injected test 

solution is the first to be extracted, as shown in Figure 4.7. The equation below allows you to 

calculate residence time, t
j
r,pf using the portion of total tracer recovered at the time each portion is 

extracted (Istok et al., 2013): 

, = ∗ + ∫ ����
���=  

where: 

 Qext = extraction pumping rate 

 text = time since extraction began 

 Mtr = total mass of tracer injected 

ln �∗ ∗�∗ ∗ = − ,  

Therefore, experimental data is plotted  �∗ ∗ �∗ ∗⁄  versus tr,pf to obtain rate estimates. 

More importantly, to satisfy ln �∗ ∗ �∗ ∗⁄  = 0 at tr,pf, the linear regression analysis of the 

y-axis intercepts of the fitted line must pass through zero (Istok et al., 2001). 
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The variably-mixed reactor model assumes variable mixing of the injected test solution 

because of the different distances that separate portions of the injected fluid travel and 

changeable velocity fields confronted near the injection/extraction location (Gelhar et al., 1971). 

Consequently, injected test solutions injected at the beginning of the injection phase travel a 

larger distance from the injected/extraction location and display a larger spread during extraction 

as compared to portions injected late during the injection phase. A weighted mean residence time 

(t
j
r,wm) can be computed by (Istok et al., 2013): 

, = ∗ + ∑ �∗ �̂=∑ �∗=  

where: 

 �̂= time elapsed from the mid-point of injection to Tinj 

ln �∗ ∗�∗ ∗ = − ,  

Like the plug flow reactor model, the intercept of the fitted line must be forced to zero (Istok et 

al., 2013). 

 

 

 
Figure 4.7: Hypothetical sketch of push-pull test 
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Figure 4.7 demonstrates an animation of the supposed transport of a gas mixture injected 

and extracted from the soil cover. The changing shades on the top show the changing 

composition of the injected test solution as it mixes with ambient pore fluid. Also, the changing 

shades at the bottom show the changing composition of the extracted test solution and ambient 

pore fluid after mixing. 

4.3 Results and Discussion 

4.3.1 Laboratory experiment results 

As mentioned earlier, reaction rate coefficients, k (hr
-1

), were determined for each data 

set for all soil types including water and the blank flask with no soil. The reaction rate 

coefficient, k was found by using Microsoft Excel to create the best exponential distribution fit 

for each data set. Figure 4.8 shows an example of silty fine sand at a water content of 0%. Table 

4.5 displays the reaction rate coefficients, k, for all laboratory flask experiments. 

 

 
Figure 4.8: Reaction rate coefficient (k) of silty fine sand 
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Table 4.5: Reaction rate coefficient (k) for all soil types tested at various water content 

Soil Type Moisture Content (w%) Reaction Rate Coeff. (k, hr
-1

) 

Fine Sand 0 1.47 

Fine Sand 10 1.16 

Fine Sand 20 1.29 

Fine Sand 30 1.06 

Clayey Fine Sand 0 11.06 

Clayey Fine Sand 5 6.501 

Clayey Fine Sand 10 7.919 

Clayey Fine Sand 15 3.475 

Clayey Fine Sand 20 1.578 

Clayey Fine Sand 30 1.524 

Clayey Fine Sand 40 1.604 

Silty Fine Sand 0 1.486 

Silty Fine Sand 10 1.4685 

Silty Fine Sand 20 2.7387 

Silty Fine Sand 40 0.3937 

Compost 0 2.146 

Compost 5 3.375 

Compost 10 5.836 

Compost 15 7.493 

Compost 25 9.63 

Compost 33 9.765 

Compost 45 9.933 

Compost 60 9.979 

Landfill Cover Soil 0 41.87 

Landfill Cover Soil 10 5.00 

Landfill Cover Soil 20 1.46 

Landfill Cover Soil 30 1.97 

Landfill Cover Soil 40 1.90 

Water - 1.444 

Blank - 0.514 
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Figure 4.9: Flask experiment results at 0% moisture content 

 

 

Figure 4.9, displays all the soil types tested with a water content of 0%. The graph shows 

how the blank flask that contained no soil had the lowest reactivity with H2S, with an average 

reaction rate coefficient of 0.514 hr
-1

. This small reaction might have been influenced by the tiny 

materials on the walls of the flask. On the other hand, the flask with landfill cover soil had the 

highest reactivity with H2S, which had an average reaction rate coefficient of 41.87 hr
-1

. Table 

4.6 gives all the results for the soils from low to high reactivity with H2S with a 0% water 

content. Both clayey fine sand and landfill cover soil had an average H2S consumption of 99.9%, 

but the reduction of H2S in clayey fine sand occurred in 0.66 hrs (40 mins) and landfill cover soil 

in 0.25 hrs (60 mins). 

 

Table 4.6: Flask experiment results at 0% water content 

Soil Type 
Average. Reaction Rate 

Coefficient, k (hr-1) 

Fine Sand 1.47 

Silty Fine Sand 1.49 

Compost 2.15 

Clayey Fine Sand 11.06 

Landfill Cover Soil 41.87 
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Also, Figure 4.10 shows a graph of average reaction rate coefficient, k versus iron 

content (IC), and verifies the reactivity of the different soil types with H2S taking into 

perspective the total iron content in each soil which is displayed in Table 4.4. In addition, 

Figures 4.9 and 4.10 work together to explain that when the soils are completely dry, a chemical 

reaction takes place and the minerals in the soils, especially ferric iron, accelerate this reaction so 

as to reduce H2S. As stated earlier, landfill cover soil has the highest total iron content so it 

consumes H2S most effectively.  

 
Figure 4.10: Reaction rates & iron content of different soils 

 

 

Once all the soil types had been tested with 0% water content, there was an introduction 

of different water contents to examine the effect that water had on the ability of the soil to 

attenuate the H2S in the head space of the flask. Figure 4.11 displays the behavior of each soil 

when water at different moisture contents was introduced. Therefore, Figure 4.11 shows that as 

the water content increased, the reaction rate coefficient (k) of compost increased. The reaction 

rate coefficient (k) for fine sand, silty fine sand, clayey fine sand, and landfill cover soil, on the 

other hand, decreased as water content increased. 
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Figure 4.11: Soils reaction with increasing water content  

 

 

However, at this point a chemical reaction was no longer taking place because the water 

molecules covering the soil minerals did not allow contact with iron. For this reason, compost 

had the highest reaction rate coefficient of 9.98 hr
-1

.  

4.3.2 Field experiment results 

Flask investigations in the lab were conducted to determine the reaction rate coefficient 

of each soil type tested. When the soils were completely dry, landfill cover soil had the highest k 

value because of the chemical reaction that took place between the ferric iron in the soil and H2S. 

When moisture (water) content was introduced to the soils, the soil minerals were covered with 

water and could not make contact with H2S to react. Therefore, compost had the highest k value. 

To determine the reaction rate coefficient of the soil types, field experiments were conducted 

using the Gas Push Pull Test (GPPT). There were 5, 5, and 10 GPPTs conducted amongst the 

fine sand found in the pit, the clayey fine sand area near to the sand pit, and at the landfill, 

respectively. These tests are shown in Tables 4.7, 4.8, and 4.9 with their reaction rate coefficients 
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(k) calculated from the well-mixed and plug-flow reactor model equations presented by Haggerty 

et al., (1998) and Istok et al., (2004). 

 

Table 4.7: Fine sand GGPT reaction rate coefficients for well-mixed and plug-flow reactor 

models 

Test No. Test Date 
Soil Material of 

Test 

Well-Mixed 

Reactor Model 

Plug-Flow Reactor 

Model 

Reaction Rate 

Coefficient (k, hr
-1

) 

Reaction Rate 

Coefficient (k, hr
-1

) 

1 3/2/2013 Fine Sand 2.31 2.02 

2 4/25/2013 Fine Sand 3.02 0.78 

3 4/25/2013 Fine Sand 2.48 1.12 

4 1/17/2014 Find Sand 1.63 0.69 

5 1/17/2014 Fine Sand 1.92 0.45 

 

 

 
Figure 4.12: Comparison of fine sand reactor models results 

 

 

Firstly, well-mixed and plug-flow reactor model equations were applied to the data 

obtained by the GPPT conducted on fine sand in the sand pit, and the reaction rate coefficients, 

k, were computed for each test. For well-mixed reactor model, k values ranged from 1.63 hr
-1

 to 

3.02 hr
-1

. Also, the plug-flow reactor model k values ranged from 0.45 hr
-1

 to 2.02 hr
-1

. Figure 

4.12 shows the average reaction rate for all GPPTs conducted in the sand pit to be 1.64 hr
-1

 with 
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a standard deviation of 0.63. After statistically comparing the reactor model data sets by 

conducting a t-test with a 95% confidence interval, the comparison between well-mixed and 

plug-flow reactor model was rejected. This indicates that there is a significant difference between 

the reaction rate coefficients for well-mixed and plug-flow reactor model k values for fine sand. 

Although, k values for both models are significantly different, the average lab flask experiment k 

of 1.25 hr
-1

 is between the average well-mixed reactor k of 2.27 hr
-1

 and the plug-flow reactor k 

of 1.01 hr
-1

. 

 

Table 4.8: Clayey fine sand GGPT reaction rate coefficients for well-mixed and plug-flow 

reactor models 

Test 

No. 
Test Date 

Soil Material of 

Test 

Well-Mixed 

Reactor Model 

Plug-Flow Reactor 

Model 

Reaction Rate 

Coefficient (k, hr
-1

) 

Reaction Rate 

Coefficient (k, hr
-1

) 

1 6/28/2014 Clayey Fine Sand 89.97 53.05 

2 6/29/2014 Clayey Fine Sand 73.87 64.84 

3 6/29/2014 Clayey Fine Sand 63.80 48.01 

4 7/3/2014 Clayey Fine Sand 144.49 74.08 

5 7/3/2014 Clayey Fine Sand 69.50 47.77 

 

 

 
Figure 4.13: Comparison of clayey fine sand reactor models results 
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Secondly, well-mixed and plug-flow reactor model equations were applied to the data 

obtained by the GPPT conducted on clayey fine sand in the clayey area near the sand pit, and the 

reaction rate coefficients, k were computed for each test. For the well-mixed reactor model, k 

values ranged from 63.80 hr
-1

 to 144.49 hr
-1

. Also, the plug-flow reactor model k values ranged 

from 47.77 hr
-1

 to 74.08 hr
-1

. Figure 4.13 shows the average reaction rate for GPPTs done in 

clayey fine sand of 72.94 hr
-1

 with a standard deviation of 15.39. After statistically comparing 

the reactor model data sets by conducting a t-test with a 95% confidence interval, the well-mixed 

and plug-flow reactor models were accepted. This indicates that there is no significant difference 

between the reaction rate coefficients for well-mixed and plug-flow reactor model k values for 

each GPPT conducted in clayey fine sand. 

 

 

Table 4.9: Landfill cover soil GGPT reaction rate coefficients for well-mixed and plug-flow 

reactor models 

Test 

No. 
Test Date Soil Material of Test 

Well-Mixed 

Reactor Model 

Plug-Flow Reactor 

Model 

Reaction Rate 

Coefficient (k, hr
-1

) 

Reaction Rate 

Coefficient (k, hr
-1

) 

1 2/7/2014 Landfill Cover Soil 75.56 38.58 

2 2/25/2014 Landfill Cover Soil 55.83 37.97 

3 2/25/2014 Landfill Cover Soil 66.08 64.16 

4 3/4/2014 Landfill Cover Soil 318.18 411.95 

5 4/10/2014 Landfill Cover Soil 223.66 102.17 

6 4/10/2014 Landfill Cover Soil 74.92 32.69 

7 4/25/2014 Landfill Cover Soil 62.52 44.59 

8 6/5/2014 Landfill Cover Soil 59.70 72.61 

9 6/5/2014 Landfill Cover Soil 101.68 44.61 

10 8/7/2014 Landfill Cover Soil 110.14 44.17 

 

 



71 

 

 
Figure 4.14: Comparison of landfill cover soil reactor models results 

 

 

Lastly, well-mixed and plug-flow reactor model equations were applied to the data 

obtained by the GPPTs conducted at a landfill on the cover soil, and the reaction rate 

coefficients, k, were computed for each test. For the well-mixed reactor model, k values ranged 

from 55.83 hr
-1

 to 318.18 hr
-1

. The plug-flow reactor model k values ranged from 32.69 hr
-1

 to 

411.95 hr
-1

. Figure 4.14 shows the average reaction rate for GPPTs performed in the landfill 

cover soil to be 102.09 hr
-1 

with a standard deviation of 23.41. After statistically comparing the 

reactor model data sets by conducting a t-test with a 95% confidence interval, the well-mixed 

and plug-flow reactor models were accepted. This means that there was no significant difference 

between the reaction rate coefficients for well-mixed and plug-flow reactor model k values for 

each GPPT conducted in landfill cover soil. 

 However, one can assume that the well-mixed and plug-flow reactor models are the two 

boundary points of the real k values, because during the injection phase of the GPPT there are 

two limits. These two limits are complete mixing of gas mixture and soil air, and no mixing of 
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gas mixture and soil air. Thus, can argue that the reaction rate coefficient could only be well-

mixed, plug flow or in between the two reactor k values. 

4.4 Conclusion and Recommendations 

Based on the investigations performed with the laboratory flask tests and the Gas Push-

Pull Test (GPPT), there are simple and cheap ways to acquire the reaction rates of soils in the lab 

and in the field. After conducting the experiments in the lab and the field, it was concluded that 

both test methods can only be used to examine which soil is the most reactive under dry and wet 

conditions. In this case, the landfill cover soil was the most reactive when the soil was dry in 

both the lab and the field because of the high iron content of 31,000 mg/Kg present in the soil. 

On the other hand, when the soil was wet, compost was the most reactive soil in the lab because 

water covered the minerals of the soils so little reaction could take place. However, the reaction 

rate coefficients, k for fine sand tested in the flask and with the GPPT were not significantly 

different because it was a homogeneous soil. Also, the reaction rate coefficients, k for clayey fine 

sand and landfill cover soil were significantly different because of the heterogeneity of the soils. 

One can assume that the exact k value for each GPPT conducted in all mediums are either 

representative of the well-mixed reactor model, plug-flow reactor model, or located between 

both reactor models. However, to figure out the reaction rate coefficients of soils, the GPPT test 

would still be considered the most reliable because it enables the quantification of in-situ 

reaction rates of various soil types.  

For future research, to make the results of the GPPT even more accurate, one might want 

to think about how to avoid gases from escaping between the injection and extraction probe and 

the soil medium. Because the reactions of H2S in high reactive soils happen so quickly, it is 

recommended to take samples while injecting the mixture of gas instead of waiting until it is 

time to extract the mixture of gases. Therefore, to receive a precise reaction rate of high reactive 
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soils in the field with the GPPT, take samples during the injection and extraction periods so as to 

capture the total H2S attenuation reaction displayed in the breakthrough curves. 
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CHAPTER FIVE 

PAPER THREE – H2S ATTENUATION WITHIN LANDFILL COVERS 

5.1 Introduction 

Hydrogen Sulfide (H2S) is the main cause of odors at landfills. Its concentrations in 

ambient air at the surface of the landfills range from below 3 ppb to greater than 50 ppm while 

H2S concentrations in landfill gas range from below 3 ppb to 12,000 ppm. People can smell H2S 

at low levels in the air, ranging in concentrations from 0.0005 to 0.3 ppm (ATSDR, 2006). Also, 

H2S can cause olfactory dysfunction at levels ranging from 100 to 200 ppm (140 – 280 mg/m
3
) 

leading to loss of smell followed by olfactory paralysis (Hirsch et al., 1999 & Roth et al., 1992). 

Moreover, levels of H2S above 1000 ppm in a breathing zone can rapidly lead to loss of 

consciousness and even death. Therefore, these facts make H2S generation from landfills a major 

environmental and public health issue. 

 

Consequently, studies have been performed both at the laboratory and field scale using 

various types of cover materials to attenuate H2S emissions. Abatzoglou et al., (2008), 

experimented with three main types of activated carbon, such as catalytic-impregnated active 

carbon (CIAC), impregnated activated carbon (IAC), and non-impregnated carbon (AC) to 

absorb H2S. The results show that CIAC, IAC, and AC have adsorption capacities of H2S of 0.10 

g/g, 0.15 g/g, and 0.20 g/g, respectively. Anunsen (2007) experimented with an iron sponge 

system composed of woodchips that had been coated with an iron oxide to attenuate H2S, and 

discovered that the iron sponges attenuated 2.5 kg H2S/kg Fe2O3. Anunsen (2007) also conducted 

investigations to examine the attenuation of H2S with M1 steel, reddish soil, shredded mulch, 

and compost shredded mulch. The results revealed that M1 steel maintained the H2S 

concentration to approximately 0 ppm for 112 days. The reddish soil averaged 4 ppm for 100 
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days.The shredded mulch reduced H2S for the first 15 days and then slowly increased for the 

next 85 days. The compost shredded mulch reduced H2S until a sudden increase on day 6, then 

began to drop but was not run longer than 4 days. Overall the M1 steel was the best attenuator of 

H2S. Also, the use of M1 steel for the removal of H2S was verified in studies performed by Xu et 

al., (2010) noticing a significant removal of 98% H2S as compared to sandy soil with only 50% 

H2S removal.  

Sungthong (2010) examined two techniques, small-scale experiments and laboratory 

scale column studies, which included soil, compost, and sand with the addition of nitrate. Results 

of the small scale experiments showed that the implementation of nitrate in soil and compost 

stimulated the formation of bacteria to enable H2S oxidation biologically under anaerobic 

conditions. Also, there was some reduction of H2S physically and chemically by soil and 

compost, but there was no removal of H2S in the sand small-scale experiments. However, there 

was rapid H2S oxidation to sulfate, particularly in soil. Therefore, the sulfide oxidation rates in 

dry soil and dry compost were 2.57mgH2S/d-g and 0.17 mgH2S/d-g, respectively.  

Chuanyu et al., (2012) ran laboratory and field experiments to examine the H2S removal 

capabilities of charcoal sludge compost (CSC), final cover soil (FCS), aged refuse (AR), and 

traditional cover material, fresh clay (FC). The results revealed that CSC removed H2S the most, 

FCS reduced H2S by 88%, AR reduced H2S by 83%, and FC had the least H2S removal which 

had a reduction of 16% (lab) and 32% (field), less than CSC.  

He et al. (2011) assessed the adsorption characteristics of H2S on waste bio-cover soil, 

mulberry soil, landfill cover soil, and sand soil which had a sulfide content of 8.6, 8.0, 7.8, and 

4.5, respectively.  
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Plaza et al. (2007) performed 12 laboratory-scale simulated landfill columns containing 

gypsum drywall to promote H2S production, assess cover materials, and control H2S emissions 

from C&D landfills. In addition, five different cover materials were placed on top of the waste 

inside duplicate columns which were sandy soil, sandy soil amended with lime, clayey soil, fine 

concrete (particle size less than 2.5 cm), and course concrete (particle size greater than 2.5 cm). 

Also, two columns were not covered to act as controls. The H2S concentrations that were 

measured from the center of the waste layer varied from 50,000 to 150,000 ppm. As a result, the 

removal efficiencies of H2S in sandy soil amended with lime and fine concrete were greater than 

99%, the clayey and sandy soils were 65% and 30% respectively, and the course concrete had the 

lowest removal efficiency because of its particle size.  

Xu (2005) tested three chemicals such as sodium molybdate, ferric chloride, and hydrated 

lime to see how the chemicals would inhibit the generation of H2S. The four chemicals were 

used in column experiments to test the long-term inhibition capability of each of the solutions. 

After 170 days, sodium molybdate averaged 5 ppm, ferric chloride averaged 0.5 ppm, and 

hydrated lime stopped increasing at 100,000 ppm, which was right under the control value of 

using no inhibitor. It was said that this technique would be a great solution to provide inhibition 

of H2S, but the chemicals are not cost effective. 

The overall objective of this study was to perform laboratory column testing and a 

controlled field scale study to further evaluate the transport and migation or attenuation of H2S in 

cover soils and bio-cover materials. For this reason, laboratory column experiment and field 

scale lysimeter test pad experiments were performed. More specifically, the objectives of this 

study were achieved by: 
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 The construction of a laboratory column testing 50-50 compost peat (by volume) mix to 

assess the attention H2S within the soil mixture. 

 The construction of three field size lysimeter test pads of cover soils and bio-cover 

materials as part of the field study of the Riverbend Landfill to examine the attenuation 

of H2S. Also, dynamic chamber testing was performed on the bottom and surface of each 

test pad to characterize H2S concentration on the bottom and surface emissions from the 

top of each test pad.   

5.2 Materials and Methods 

5.2.1 Laboratory column experiment 

In order to perform the laboratory column experiment, a rigid translucent plastic cylinder 

with a diameter of 5 1/2 inches and a height of 24 inches was constructed. The column was 

sealed on both the top and bottom with a 6-inch diameter test cap. The inside of the column from 

bottom to top comprised a 2mm geotextile underlayment, a 5-inch layer of course gravel, another 

two pieces of 2mm geotextile underlayment, 12 inches of 50-50 compost peat (by volume) 

mixture, and a 6-inch air space. An inlet was placed half way from the bottom of the gravel to 

inject landfill gas (LFG) into the column. Also, six sample ports were positioned 3 inches along 

the column from the bottom of the peat compost mixture to trace the movement of LFG up the 

column. In addition, there was an outlet port at the top of the column to track the LFG that had 

been emitted from the soil into the open space of the column. Figure 5.1 displays a complete 

schematic of the laboratory column. 

After the preparation of the column was completed, it was now time to proceed with the 

testing. A 12-volt Thomas brushless pump (SNR-14806362) and a Dwyer Instrument Inc. in-line 
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flow meter (VFA-4) was used to inject LFG into the column and to constantly monitor the rate 

and the amount of gas injected into the column. 

 
Figure 5.1: Schematic of laboratory column experiment 

 

 

Once the pump, flow meter, and column were connected, a 40-liter Tedlar bag filled with 

LFG was hooked up to the system by Tygon tubing, as shown in Figure 5.2.  

 

 
Figure 5.2 Laboratory column experiment set-up 
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Next, the injection of LFG was introduced at the bottom of the column at a significantly high 

flow rate of 3.5 L/min. As LFG traveled through the column, H2S concentrations were measured 

at the inflow port, outflow port, and periodically at the sample ports. Due to the sampling, it was 

apparent that the H2S adsorption capacity could not be achieved while hooked up to only a 40 L 

Tedlar bag of LFG. Thus, the column was relocated to a gas collection system, where it was 

connected to an endless source of LFG to allow for maximum exposure of the soil mix to 

continuously inflowing LFG. Again, periodic samples were taken from the injection port, sample 

ports and outlet port to examine H2S adsorption capacity throughout the column. Figure 5.3 

shows the column hooked up to the gas collection system. 

 

 
Figure 5.3: Set-up of laboratory column connected to gas collection system  
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5.2.2 Field experiments 

Three 65x35 ft lysimeter test pads were constructed as part of the field investigations of 

the Riverbend Landfill H2S oxidation study. Each test pad was constructed in a similar fashion 

except the cover soils that were placed on top. The steps to construct the test pads are as follows: 

Step 1: The existing landfill surface was prepared for further construction. 

Step 2: Two berms were constructed at the top and bottom of the test pads to act as a 

containment barrier. 

Steps 3: A 60 mil high density polyethylene (HDPE) liner was placed at the base of each test pad 

and anchored into the existing landfill surface. 

Step 4: Three inches of gravel was installed on top of the HDPE liner. A 1 1/2 inch polyvinyl 

chloride (PVC) gas header pipe was installed on top of the gravel running the full length of the 

test pads to transport the LFG throughout the test pads. Also, four horizontal perforated gas 

header pipes spanning 25 feet were attached to the main gas header pipe and equally spaced 15 

feet apart starting 10 feet from the top of each test pad to allow for LFG dispersion. A gas 

condensation drain was attached to the main gas header pipe and a leachate drain was installed 

beneath the gas condensation drain. 

Step 5: Another 3 inches of gravel were placed on top of the gas header pipes, geotextile filter 

fabric covered the gravel layer, and then the appointed soils were deposited on top of the fabric 

of each test pad providing a slope on the low end of each test pad for runoff. Alongside the steps 

to construct the test pads, Figures 5.4 to 5.5 displays detailed drawings including the plan view 

and cross-section view of the test pads construction. Also, Figures 5.6 to 5.9 showcases pictures 

of the construction steps taken to complete the test pads from the installation of HDPE liner to 

the placement of designated cover soils with bottom and surface dynamic chambers. 
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Figure 5.4: Plan view of test pad construction 

 

 

 

 
Figure 5.5: Cross-section view of test pad construction 
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Figure 5.6: Construction of containment berms, runoff slope, and installation of HDPE 

liner and 3 inches of gravel 

 

 
Figure 5.7: Installation of main gas header PVC pipe (vertical) and perforated gas header 

PVC pipes (horizontal) 

 

 
Figure 5.8: Installation of geotextile filter fabric 
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At each test pad a different type and height of soil were deposited. In test pad I, 18 inches of 

local soil was deposited. In test pad II, 6 inches of local soil was placed on the bottom and then 

12 inches of compost was placed on top. Lastly, in test pad III, 6 inches of local soil was 

deposited throughout. Figure 5.9 shows images of test pad I, II, and III. 

 
Figure 5.9: Test Pad I, II, and III (From the Left) 

 

In order to measure the H2S concentrations at the bottom of the test pads, six individual 

dynamic chambers were utilized. Three of the dynamic chambers were buried permanently, and 

the other three 24-inch dynamic chambers were placed on the surface at the top, middle, and 

bottom of each test pad to measure the bottom and surface H2S concentrations. The method in 

which the dynamic chambers functioned was by sweeping the chambers with H2S free air for 

around 30 minutes at an air flow rate of 500 mL per minute and then reducing the flow rate to 

100 mL per minute when commencing the measurements of concentrations at the effluent end. 

Figures 5.10 and 5.11 showcase the dynamic (bottom and surface) chambers. 
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Figure 5.10: Installation of dynamic bottom chamber 

 

 

 

 
Figure 5.11: Bottom and surface dynamic chambers 

 

 

At the end of construction of the test pads, LFG was continuously pumped into the bottom of 

each test pad by a GAST R6P155Q-50 Blower that was connected to a LFG source shown in 

Figure 5.12. The LFG was introduced at a low flow rate with a very small orifice plate of 0.4” to 

prevent over loading of the test pads. H2S concentrations in the LFG introduced into the test pads 

ranged from 90 ppm to 490 ppm. 

Bottom Chamber 

Surface Chamber 
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Figure 5.12: Location of LFG source 

 

 

A schematic and image of the GAST R6P155Q-50 Blower is shown in Figure 5.13 and 5.14. 

Once the LFG was flowing through the test pads, sampling of H2S concentrations from the 

bottom and surface dynamic chambers were measured. Also, soil cores were obtained from each 

test pad during each fluxing event to monitor the total sulfur content of the soil profile with time.  

In the event that vegetation was established on any of the test pads, the sulfur content of such 

plants was determined during each fluxing event. 

 

 
Figure 5.13: Schematic of GAST R6P-155Q Blower 
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Figure 5.14: GAST R6P-155Q Blower installed  

 

 

5.2.3 Analytical methods 

For the laboratory column experiment and field test pad experiments, the extracted gas 

samples from the sealed column ports, and the surface and bottom chambers of the test pads 

were analyzed for H2S concentration (ppm) using a Jerome 631-X H2S analyzer (Arizona 

Instruments, AZ) shown in Figure 5.15. The Jerome meter’s internal pump pulls gas samples 

over a gold film sensor whose electrical resistance is proportional to the concentration of H2S in 

the gas samples. The Jerome meter has a detection range of 0.003 ppm to 50 ppm and is factory 

calibrated annually using methods traceable to the National Institute of Standards and 

Technology (NIST). Before analyzing the gas samples, the Jerome meter was checked using a 25 

ppm standard H2S gas (Air Liquid America Corp) and laboratory air. 

 

 
Figure 5.15: Jerome 631-X H2S Analyzer  
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Once all gas samples had been extracted and analyzed by the Jerome 631-X analyzer, soil 

samples were recovered from the column and the three test pads were packaged and sent to Test 

America to determine the total iron and sulfur content. This was done to help understand the 

chemical sorption of different soils by their total iron and sulfur content, displayed in Table 5.1. 

Test America follows the protocol of SW846, which is the test method for evaluating solid 

waste, physical, and chemical methods that comply with the Resource Conservation and 

Recovery Act (RCRA) regulations. 

 

Table 5.1: Iron and Sulfur content results, tested by Test America, Inc. 

Soil Material Type Total Iron Content (mg/kg) Total Sulfur Content g/kg 

Peat - - 

Compost - - 

½ Peat & ½ Compost - 2.2 

Local Soil - - 

Gravel - - 

 

 

5.2.4 Data reduction 

Once the sampling of H2S concentrations at the effluent end of dynamic chambers are 

completed, the next step is to calculate the flux out of the chamber. The flux out of the chamber 

is determined as the sweeping air flow rate multiplied by the concentration of H2S within the 

chamber. This flux is also in equilibrium with the flux into the chamber and is calculated as 

follows: (Volume of H2S can then be converted to mass using the molar mass of the gas) 

�    ℎ  (�  �� ) =   �  ℎ  (�  � ) ∗   ℎ ( � ) 

Based on Figure 5.16 of a typical dynamic surface chamber curve, a high flow rate of H2S free 

air sweeps H2S from the chamber. Upon reducing the flow rate of H2S free air, H2S begins to 
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build up and level out when the H2S flux out of the chamber is carried by the swept gas that is 

balanced by the H2S flux into the chamber from the soil below. 

 

Figure 5.16: Typical curve of a dynamic surface chamber  

 

5.3 Results and Discussion 

5.3.1 Laboratory experiment results 

After the data were analyzed using the Jerome 631-X Analyzer, the results revealed that 

H2S concentration of the LFG introduced through the soil mix varied from 5 to 180 ppm for most 

of the monitoring period with an average concentration of 62 ppm. H2S concentrations in the 

outflow of the column varied from zero to 44 ppm and averaged 8 ppm shown in Figure 5.17. 

The variation of instantaneous removal efficiency of the soil mix in the column with time is 

presented in Figure 5.18. For most of the monitoring period, the instantaneous removal 

efficiency remained higher than 80% with the exception of few events where it reached as low as 

50%.  The average instantaneous removal efficiency during the monitoring period was 85.7%. 
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Figure 5.17: H2S concentrations of inflow and outflow of column 

 

 

 
Figure 5.18: Instantaneous H2S removal efficiency of column 

 

 

Figure 5.19 shows the H2S mass balance inside the soil mix column during the 

monitoring period.  Approximately 28,000 L of landfill gas were introduced through the column. 

The total mass of H2S introduced at the inflow side of the column was about 3.12 g of H2S. The 

total mass emitted from the column during this period was 0.28 g. The mass of H2S retained by 
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the 1-foot thick soil mix was then 2.84 g, which corresponds to a cumulative removal efficiency 

of 91% shown Figure 5.20. 

 
Figure 5.19:  H2S mass balance for soil mix column 

 

 

 
Figure 5.20: H2S cumulative removal efficiency of column 

 

 

In order to examine the physical and chemical sorption in the column, concentrations 

along the depth of the soil mix were frequently monitored during the testing of the laboratory 

column experiment to monitor the extent of saturation within the different portions of the 
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column. Figure 5.21 shows H2S concentration over the entire length of the column at the end of 

the monitoring period. Evidently, only the bottom 4 inches of the soil mix in the column were 

considered to be saturated with H2S displayed in Figure 5.21. 

 

 
Figure 5.21: H2S concentrations over entire length of column  

 

 

 

A sample of the bottom 4 inches of the soil mix was removed and tested for total sulfur content 

to determine the adsorption capacity of the 50-50 soil mixture. The sulfur adsorption capacity of 

the 50-50 soil mixture was reported to be 2.2 g of total S per kg of dry mass of soil mix. Under 

natural conditions, it is likely that some of the hydrogen sulfide would be oxidized to sulfate, 

which may be removed by leaching or taken up by plants. This, in turn, may make gas sorption 

sites available for additional sorption. Note that the reported capacity might also include 

reactions of H2S with possible trace metals (MOx) in the soil mix.   

Also, to understand the biological degradation of the soil in the column, incubation 

experiments were performed on the mixture of soil from the bottom of the column (exposed to 

H2S until saturated via physical sorption). The incubation experiment was utilized to verify the 
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removal of H2S by various microorganisms growing within the soil mixture as an electron donor 

instead of the trace metals or physical sorption. In the biological removal process, H2S is first 

converted into elemental sulfur (S) and then oxidized to sulfate. The Michaelis–Menten kinetics 

parameters for the biological oxidation of H2S were determined to be Vmax of 450 nmol/s/kg of 

dry soil mix and a half saturation constant Km to be 30 ppm shown in Figure 5.22. 

 

 
Figure 5.22: H2S biological oxidation results 

 

5.3.2 Field experiment results 

Figure 5.23 displays H2S concentration (ppm) versus time (days) of test pads I, II, and III. 

The concentration measurements represent the amount of H2S at the bottom of the chambers in 

the gravel layer (below the soil profile) before any sweeping of air has taken place. As 

mentioned earlier, H2S concentrations introduced into the test pads ranged from 90 to 490 ppm. 

Once the H2S concentrations were measured for the first time on July 7
th

, 2014, concentrations of 

H2S significantly decreased in test pads I, II, and III to approximately 0, 1, and 8 ppm, 

respectively. From that point, H2S continued to make a rapid decline and remained below 1 ppm 

up to October 10
th

, 2014, when the last measurement was taken. However, it was assumed that 
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H2S reduction was caused by the adsorption of H2S onto the gravel layer particles, dissolving of 

H2S into leachate condensation, and soil moisture. 

 

 
Figure 5.23: H2S concentrations at the bottom of chamber for test pads I, II, and III 

 

 

Figure 5.24 illustrates H2S bottom flux (kg/year/acre) from the gravel layer into the soil 

profile versus time (days) by dynamic chamber testing. After the sweeping of the chambers with 

H2S, free air was reduced to a flow rate of 100 mL per minute, and measurements of H2S 

concentrations were taken at the effluent end of the chambers of test pads I, II, and III. Test pad I 

experienced H2S dynamic bottom fluxes ranging from 23.40 to 0.16 kg/year/acre with an average 

flux of 5.77 kg/year/acre. Test pad II experienced H2S dynamic bottom fluxes ranging from 

17.85 to 1.22 kg/year/acre with an average flux of 7.36 kg/year/acre. Test pad III experienced 

H2S dynamic bottom fluxes ranging from 3.49 to 0.93 kg/year/acre with an average flux of 1.94 
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kg/year/acre. Therefore, test pad III had the least amount of H2S migrating from the gravel layer 

into the soil profile with the other test pads not extremely far above. For the most part, this 

means that the gravel layer continued to maintain the reduction of H2S and allowed small 

amounts of H2S to enter the soil profile. 

 

 
Figure 5.24: H2S bottom dynamic flux into soil profile for test pads I, II, and III 

 

 

Figure 5.25 demonstrates H2S surface flux (kg/year/acre) emitted from the soil profile 

versus time (days) by dynamic chamber testing. After the sweeping of the chambers with H2S, 

free air was reduced to a flow rate of 100 mL per minute, and measurements of H2S 

concentrations were taken at the effluent end of the chambers of test pads I, II, and III. Test pad I 

experienced H2S dynamic surface fluxes ranging from 0.01 to 0.0037 kg/year/acre with an 

average flux of 0.00476 kg/year/acre. Test pad II experienced H2S dynamic bottom fluxes 

ranging from 0.01 to 0.00421 kg/year/acre with an average flux of 0.00474 kg/year/acre. Test 
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pad III experienced H2S dynamic bottom fluxes ranging from 0.01 to 0.00211 kg/year/acre with 

an average flux of 0.0149 kg/year/acre. Therefore, test pads I, II, and III showcase that the soil 

profiles had attenuated the remainder of the H2S leaving the gravel layer and entering the soil 

profile layer to approximately 0.0 kg/year/acre. Test pad II with 6 inches of local soil on the 

bottom and 12 inches of compost on the top reduced H2S surface fluxes the most at this point. 

 

 
Figure 5.25: H2S surface flux for test pads I, II, and III 

 

 

Figure 5.26 showcases H2S removal efficiency (%) of the test pads versus time (days). 

Test pad I experienced H2S removal efficiency ranging from 100% to 94% with an average of 

99%. Test pad II experienced H2S removal efficiency at 100% the whole time. Test pad III 

experienced H2S removal efficiency ranging from 100% to 98% with an average of 99%. 

Overall, the test pads have an average removal efficiency of 99%. 
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Figure 5.26: H2S removal efficiency for test pads I, II, and III 

 

 

Figure 5.26 showcases H2S removal efficiency (%) of the test pads versus time (days). 

Test pad I experienced H2S removal efficiency ranging from 100% to 94% with an average of 

99%. Test pad II experienced H2S removal efficiency at 100% the whole time. Test pad III 

experienced H2S removal efficiency ranging from 100% to 98% with an average of 99%. 

Overall, the test pads have an average removal efficiency of 99%. 

5.4 Conclusion and Recommendations 

After 28,000 L of landfill gas were introduced into the laboratory column experiment of 

50-50 compost peat (by volume), the average instantaneous removal efficiency during the 

monitoring period was 85.7%. Also, the total mass of H2S introduced into the column was 

approximately 3.12g, the total mass emitted was 0.28g, and the total mass retained by the 1-foot 

soil mix was 2.84g. Therefore cumulative removal efficiency was 91%. In addition, to check for 

physical and chemical sorption in the column, the saturated bottom 4 inches of the soil mix was 

removed and tested for total sulfur. The sulfur adsorption capacity of the soil mixture was 2.2 g 

of total S per kg of dry mass of soil mix. The Michaelis-Menten kinetics parameters was used to 
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determine biological oxidation of H2S in relation to Vmax of 450 nmol/s/kg of dry soil mix and a 

half saturation constant Km of 30 ppm. 

As of the last visit in October 2014, the average removal efficiency of the test pads was 

99%. Test pad II exhibited the highest removal efficiency of 100%, followed by test pad I and III 

with 99% removal efficiency. 

Since the test pads have attenuated H2S so far, it has been considered to increase the 

orifice plates to 1 inch and by doing so the LFG flow into the test pads will increase 

considerably. Along with increasing the flow, continuous monitoring of the test pads is 

recommended. Also, the continued removal of soil core samples from the test pads are needed to 

monitor the total sulfur and iron content of the soil profile with time as the sulfur continues to 

buildup. The use of the newly developed Gas Push-Pull test (GPPT) should be used to estimate 

the field scale H2S attenuation within the cover soils of each test pad. 
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CHAPTER SIX 

SUMMARY AND CONCLUSION 

The purpose of this thesis was to develop the Gas Push-Pull Test (GPPT) for landfill 

cover soil applications to measure H2S oxidation. This thesis began with a look at solid waste 

management in the USA. Alternatives for discarding or handling of the solid waste were 

discussed. The components that make up a landfill to help prevent the exposure of contaminants 

from the solid waste to the environment were examined. In addition ways in which landfill gas is 

generated by placing solid waste into landfills and mitigation techniques to help attenuate H2S 

were considered. Based on the review of literature, the GPPT was highlighted as the best test to 

quantify in-situ rates of chemical or microbial reactions in the vadose zone or unsaturated zone. 

In chapter 3, a methodology that allows for sound implementation of the (GPPT) in 

diverse subsurface environments such as a landfill to better understand the transport of gaseous 

components during the GPPT was presented. For this to be accomplished, many GPPTs were run 

in fine sand and clayey fine sand with non-reactive gases Methane (CH4) and Sulfur 

Hexaflouride (SF6) with molecular weights of 16.04 g/mol and 146.06 g/mol. With the data from 

the GPPTs, an equation called the correction factor to rectify for the difference in molecular 

weights was formulated. The correction factor was applied to the GPPTs data and was 

successfull in correcting CH4 and SF6 the non-reactive gases to have a molecular weight equal to 

the reactive gas Hydrogen Sulfide (H2S) with a molecular weight of 34 g/mol. Now, one does 

not have to search for a tracer with equal transport capabilities like the reactive gas; just apply 

the correction factor and one is able to account for how much reactive gas was lost because of 

transport and reactions. Once that is done, the reacted portion can be used to calculate oxidation 

or reaction rates of landfill cover soils. 
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Also in chapter 4, H2S reduction in various soil types was investigated to accurately 

quantify the reaction rate coefficient. This study used lab and field techniques to examine 

reaction rates of H2S with fine sand, silty fine sand, clayey fine sand, compost, and landfill cover 

soil. Firstly, a series of laboratory flask experiments were conducted to assess the reaction rates 

of various soil types with no moisture, and then with varying water content from 10% to 60%. 

Next, the Gas Push-Pull Test (GPPT) was conducted in the field in different soil types to assess 

reaction rates. The laboratory results showed that the landfill cover soil had the highest reaction 

rate of 41.87 hr
-1

 when the soil had no moisture. Compost had the highest reaction rate from 5.84 

hr
-1

 to 9.98 hr
-1

 when moisture content increased from 10% to 60%, respectively. The laboratory 

results showed that lab measured reaction rates of dry soils are strongly related to total iron 

content. For instance, the landfill cover soil had the highest reaction rate of 41.87 hr
-1

 with an 

iron content of 31,000 mg/kg of soil. On the other hand, fine sand had the lowest reaction rate of 

1.47 hr
-1

 with an iron content of 100 mg/kg. The reaction rate with water was also measured to 

be 1.44 hr
-1

. Observations revealed that the introduction of water causes the reaction rate of high 

reactive soils (e.g., landfill cover soils) to decrease whereas the reaction rate of low reactive soils 

(e.g., compost) increases. The GPPT well-mixed and plug-flow reactor models reaction rates for 

fine sand ranged from 1.63 hr
-1

 to 3.02 hr
-1

 and from 0.45 hr
-1

 to 2.02 hr
-1

, respectively. The 

GPPT well-mixed and plug-flow reactor models reaction rates for clayey fine sand ranged from 

63.80 hr
-1

 to 144.49 hr
-1

 and from 47.77 hr
-1

 to 74.08 hr
-1

, respectively. Lastly, the GPPT well-

mixed and plug-flow reactor models reaction rate values for landfill cover soil ranged from 55.83 

hr
-1

 to 318.18 hr
-1

 and from 32.69 hr
-1 

to 110.14 hr
-1

, respectively. Fine sand tested for reaction 

rates in the flask and with the GPPT was not significantly different because of the homogeneity 

of the soil. However, the clayey fine sand and landfill cover soil tested for reaction rates were 
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significantly different because of the heterogeneity of the soils. Both the flask test and the GPPT 

are easy and convenient to perform, but the GPPT is the most reliable because it quantifies in-

situ reaction rates. 

In chapter 5, the attenuation of H2S at the laboratory and field scale with landfill cover 

soils was explored. After pumping 28,000 L of landfill gas into the laboratory column 

experiment of 50-50 compost peat (by volume), the average instantaneous removal efficiency 

during the monitoring period was 85.7%. Also, the total mass of H2S introduced into the column 

was approximately 3.12g, the total mass emitted was 0.28g, and the total mass retained by the 1-

foot soil mix was 2.84g. Therefore cumulative removal efficiency was 91%. In addition, to check 

for physical and chemical sorption in the column, the saturated bottom 4 inches of the soil mix 

was removed and tested for total sulfur. The sulfur adsorption capacity of the soil mixture was 

2.2 g of total S per kg of dry mass of soil mix. To determine biological oxidation of H2S, the 

Michaelis-Menten kinetics was calculated to be Vmax of 450 nmol/s/kg of dry soil mix and a half 

saturation constant Km of 30 ppm. 

In the field scale experiment, three 65x35ft lysimeter test pads were constructed at the 

Riverbend Landfill. The test pads comprised local soil and compost. As of October 2014, the 

average removal efficiency of the test pads was 99%. Test pad II with 6 inches of local soil on 

the bottom and 12 inches of local soil on the top had the highest H2S removal efficiency of 

100%. On the other hand test pad I with 18 inches of local soil and test pad III with 6 inches of 

local soil, both had 99% H2S removal efficiency. Continual monitoring of the test pads will 

persist, because of the increase of LFG flow into the test pads by increasing the orifice plates to 1 

inch. In addition, the total sulfur content of the test pads will continue to be examined since LFG 
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is still being introduced to the test pads. Lastly the newly developed GPPT will be utilized to 

study the field scale H2S attenuation within the cover soils of each test pad. 

Generally, this thesis showcases the development of the GPPT to be applied in landfill 

cover soils to assess the rates of H2S attenuation with the use of the newly developed correction 

factor. Then it describes how zero order and first order kinetics equations or models were utilized 

to quantify reaction rates of the breakthrough curves, so that the characterization of landfill cover 

soils can be studied in the field to better understand the steps that need to be taken to reduce 

landfill gas emissions.  
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