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ABSTRACT

A limited number of studies using various types of cover materials to attenuate H2S

emissions have been performed both at the laboratory and field scales. These results have

demonstrated that H2S emissions can be effectively reduced using compost, fine concrete, and

lime-amended sandy soils as cover materials using several mechanisms (Plaza et al. 2007, Xu,

2005, Sungthong 2010). These mechanisms are: (1) Hydrogen sulfide is consumed by bacteria

found in soil that oxidizes hydrogen sulfide to elemental sulfur or sulfate, (2) Clay or organic

matter in soils may also sorb hydrogen sulfide (soil microorganisms are not involved in the

sorption process), and (3) H2S may be oxidized by reaction with soil minerals, particularly ferric

iron.  Such mechanisms are well understood from the significant amount of research performed

on  H2S gas removal using biofiltration.  Additionally, under aerobic landfill cover conditions,

considerable research has been performed using microbiological methane oxidation to mitigate

methane emissions from municipal solid waste.

One of the main issues regarding the implementation of approaches for the reduction of

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

and reaction under field conditions.  Developing such a technique would allow the determination

of H2S oxidation capacity of different cover materials and different cover designs under different

climatic conditions.  One possible technique that could be employed is the Gas Push Pull Test

(GPPT).  The general aim of this thesis is to develop the GPPT method for a reactive gas like

H2S, which has not been done before.

GPPT is a single well gas-tracer test in which inert gases are used as non-reactive tracers

for the reactive gas (methane) or in this case, H2S.  During the test, a mixture of tracer and
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reactive gases is injected (pushed) into the soil.  During a transition phase, the soil “air” mixes

with the injected gases where it is available to microorganisms or minerals. The mixture of soil

“air” and injected gas is then extracted (pulled) from the same location.  The quantification of

oxidation is then based on the analysis of the breakthrough curves (relative concentrations) of the

reactive and the tracer gases.  It is expected that the tracer concentrations at the

injection/extraction points decrease as a result of physical transport processes, whereas the

attenuation of the reactive gas is a result of physical transport processes, chemical oxidation, and

microbial (and others) activities. A lab study was completed to assess the reactivity of H2S by

different  soil  types  typically  used  in  landfill  cover  construction.   The  reactivity  of  H2S was

characterized by zeroth-order kinetics as well as correlating the reactivity to water and iron

content of the soil materials. The lab study only investigated physical and chemical processes

that attenuate H2S.  In  addition  to  the  laboratory  study,  a  field  study  was  completed  to  develop

proper methods in performing a (GPPT) to measure the capacity of soil materials to oxidize H2S.

The objectives were to experimentally compare transport of the reactant gas H2S and tracer gases

during GPPTs as a function of varying injection/extraction flow rates in a porous medium and in

the absence of microbial activity.  Additionally, the relative importance of molecular diffusion,

advection, and transfer into the water phase of H2S during GPPTs was also evaluated as well as

developing a correction ratio that would allow the use of tracers with dissimilar molecular

weights.
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CHAPTER ONE

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

generation from landfills a major environmental and public health issue.

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, and biofiltration (Ferguson,

1975; Yang and Allen, 1994; Nishimura and Yoda, 1997). 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 compost, fine concrete, and lime-amended

sandy soils as cover materials using several mechanisms. These mechanisms are as follow: (1)

Hydrogen sulfide is consumed by bacteria found in soil that oxidizes hydrogen sulfide to

elemental  sulfur,  (2)  Clay  or  organic  matter  in  soils  may  also  sorb  hydrogen  sulfide  (soil
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microorganisms are not involved in the sorption process), and (3) chemical reaction with soil

minerals especially ferric iron.

One of the main issues regarding the implementation of approaches for the reduction of

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

and reaction under field conditions.  Developing such technique would allow the determination

of H2S oxidation capacity of different cover materials and different cover designs under different

climatic conditions.  One possible technique that could be employed is the Gas Push Pull Test

(GPPT).  The general aim of this thesis is to develop the GPPT method for a reactive gas like

H2S, which has not been done before.

GPPT is a single well gas-tracer test in which inert gases are used as non-reactive tracers

for  the  reactive  gas  (methane  or  in  this  case,  H2S).  During the test, a mixture of tracer and

reactive gases is injected (pushed) into the soil.  During a transition phase, the soil “air” mixes

with the injected gases where it is available to microorganisms or minerals. The mixture of soil

“air” and injected gas is then extracted (pulled) from the same location.  The quantification of

oxidation is then based on the analysis of the breakthrough curves (concentrations) of the

reactive and the tracer gases.  It is expected that the tracer concentrations at the

injection/extraction points decreases as a result of physical transport processes, whereas the

attenuation of the reactive gas is a result of both physical transport processes and microbial (and

others) activities. Chapter 2 of this thesis describes the various forms of handling of waste in the

United States, and more specifically describes landfill operations in relation the waste by-

products. Additionally, an introduction into the background and workings of the GPPT, both in

theory and in practice, is described. Chapter 3 of this thesis presents a laboratory study that was

completed to assess the reactivity of H2S by different soil  types typically used in landfill  cover
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construction.   The  reactivity  of  H2S was characterized by zeroth-order kinetics as well as

correlating the reactivity to water and iron content of the soil materials. In addition to the

laboratory study, chapter 4 presents a field study that was completed to develop proper methods

in performing a (GPPT) to measure the capacity of soil materials to oxidize H2S. The objectives

were to experimentally compare transport of the reactant gas H2S and tracer gases during GPPTs

as a function of varying injection/extraction flow rates in a porous medium and in the absence of

microbial activity.  Additionally, the relative importance of molecular diffusion, advection and

transfer into the water phase of H2S and tracer gases during GPPTs was also evaluated as well as

developing a correction ratio that would allow the use of tracers with dissimilar molecular

weights. Finally, summaries and conclusions are presented in chapter 5 and references can be

found following chapter 5.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Solid Waste in the United States

The United States Department of Environmental Protection (USDEP 2012) defines solid

waste as any discarded material that is abandoned, recycled, considered inherent waste or is a

military munitions. The materials that may be considered under such descriptions are materials

such as food, textiles, plastics, metals, concrete, rubber, and wood and many other random things

we  tend  to  use  and  throw  away  on  a  daily  basis.  The  four  types  of  discarded  materials  listed

above are strictly defined by the USDEP and can be found in Part 261 of Title 40 of the Code of

Federal Regulations (USDEP 2012). They also state that RCRA defines such materials to include

but are not limited to; garbage, construction debris, commercial refuse, water supply or waste

treatment plant sludge and air pollution control facilities. Solid waste can and has caused many

problems and forced many restrictions to be put in place in which to protect people, animals and

the overall environment from being negatively affected by such waste.

There are many problems and concerns associated with solid waste, especially depending

on the method of disposal. In later sections, the methods in which the waste is stored, transferred

or eradicated will be explained in detail. One major concern of any type of waste disposal

process is how the disposal will affect both the location and the surrounding environment. Two

particular points of discussion would be the effects on the air itself and the groundwater beneath

and nearby. Most waste facilities are seen as places of disgust and odor and although necessary,

people still tend to turn up their nose. In the case of landfilling, these two concerns are extremely

prevalent. Many landfills are in locations in which there are neighboring dwellings of both

people and animals, and the odors that, to most are well known, can cause not only nasal
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discomfort, but in high enough concentrations, sickness or even death. Many have gone to great

lengths to develop methods to reduce the odors and many have been successful and put at bay,

for now, the neighboring communities. The other problem and concern that is very prevalent in

landfilling is groundwater infiltration. Landfills produce many liquids and ‘juices’ that come

from either precipitation that infiltrates the cover surface and becomes contaminated or from the

materials within the landfill itself. These liquids are referred to as leachate, which must be

controlled during the life of a landfill. These liquids are pumped out and are treated separately at

nearby wastewater treatment facilities. Thus, it is important to see that most facilities that handle

waste are concerned mostly with the pollutants to the air  and water,  and not allowing much of

them to find their way into either of these systems.

There are many options or methods that exist today, in the U.S., that help in the disposal

of the majority of waste that is produced. These options, as promoted by the USEPA, include the

following: Incineration, Recycling and Reuse, Composting and Landfilling. These four waste

disposal methods are defined and investigated below.

2.1.1 Incineration

The USEPA refers to the incineration or combustion process of waste material as a

method to reduce the amount space needed to be able to store or dispose waste that is not

incinerated. This is critical in an ever-growing society where land is very valuable and precious

and it provides a means by which one can prevent harmful decomposition properties to occur as

in a landfills. Additionally, (The World Bank, 1999) reports that incineration is a great

alternative when there are not really any other options that might be somewhat simpler in nature.

They also lay out a few advantages and disadvantages of incineration that should be considered

when seeking the use of an incineration facility. Advantages of incineration include reducing the
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normal amount of waste combustibles by 80 to 95 percent of the original size, having “waste-

centered-facilities” that reduce the hauling distance and thus overall transportation costs, and can

even take away the release of methane into the atmosphere as air pollution. In addition, probably

the highest qualities or best advantages of incineration, is in the process by which incineration is

completed. It can provide a means by which electricity is produced to supply neighboring

communities. Ash production can be used in various product manufacturing such as brick and

concrete. Even though there are many great advantages of incineration, there are indeed

disadvantages. These include the following; high operating costs, high investment costs, requires

very skilled workers (which require more funds), and can result in air pollution problems if gases

are not taken care of correctly. Table 2.1 below summarizes factors that (The World Bank, 1999)

lay out in discussing the factors that are necessary in order to have an incineration plant.

Table 2.1: Necessary factors to rationalize an incineration plant (The World Bank, 1999)

A mature and well-functioning waste management
system has been in place for a number of years.

The supply of combustible waste will be
stable and amount to at least 50,000 metric

tons/year.

Solid waste is disposed of at controlled and well-
operated landfills.

The lower calorific value must on average
be at least 7 MJ/kg, and must never fall

below 6 MJ/kg in any season.
The community is willing to absorb the increased

treatment cost through management charges,
tipping fees, and tax-based subsidies.

The planning environment of the
community is stable enough to allow a
planning horizon of 15 years or more.

Skilled staff can be recruited and maintained.

Overall, incineration is a technique that is being continually refined and improved to

boost its overall effectiveness and production of energy. It is definitely a highly positive

alternative to normal waste disposal activities.
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2.1.2 Recycling and Reuse

Recycling  and  Reuse  is  probably  one  of  the  most  valuable  components  of  the  waste

disposal system and a society as a whole. Recycling and Reuse can be used as a means to reduce

the nation’s overall MSW production. In 2006, the USEPA reported that the United States

recovered 61. million tons of material for recycling which was up from the previous year of 58.6

million tons. This represents almost ¼ of the total waste that is produced which means that ¼ of

the waste production is being counter acted by recycling or reuse. This number is high, but in

many opinions, it is not high enough. An interesting fact of recycling and reuse produced by the

EPA is this: “Every ton of mixed paper recycled can save the energy equivalent of 185 gallons of

gasoline.” (USEPA, 2006) These days almost anything can be recycled or reused and these items

can include but are not limited too; paper, plastics, glass, metals, wood, textiles, construction

materials, electronics and much more. Table 2.2 below shows the possible materials that would

fall in each of those categories.

Table 2.2: Possible materials that can be recycled or reused

Paper Newspapers, magazines, office papers, outdated documents, etc.

Plastics
Beverage bottles, plastic wraps, plastic bags, heavy plastics (acrylic), milk

jugs, condiment packaging, plastic packaging in general.
Glass Glass containers, soda bottles, wine bottles, all beverage bottles, windows.

Metals Steel, aluminum cans, iron, gold, silver, etc.
Wood Unused lumber, tree grubbing, demolition debris, etc.

Textiles Clothes, blankets, fabrics, towels, rags, etc.
Construction

Materials
Gypsum, lumber, concrete, paint, hardware, tools, brick, glass.

Electronics Computers, televisions, wiring, cell phones.

These materials that are recycled are originally derived from some of the most precious

resources and just to dump them back in nature is wasteful in and of itself. Other interesting
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facts,  reported  by  the  Clean  Air  Council,  include  the  following:  7  billion  tons  of  PVC  is

produced each year and 18 million tons are recycled, Chlorine production (used in making PVC)

uses almost as much energy as eight medium-sized nuclear power plants, and California spends

25 million to get plastic bags to landfills and 8.5 million to get rid of littered bags in the street.

(Clean Air Council, 2012)

Overall recycling and reuse could be considered two of the best resources that the world

has. The (USEPA, 2006) reported that each person in the United States recycles 1.12 pounds of

materials every day and it does not take a genius to see that if everyone pitched doubled that, the

U.S.  would  be  recycling  or  reusing  almost  half  of  its  annual  waste.  The  only  disadvantage  to

recycling; however, is the process by which it is completed. It takes a great deal of transport and

energy to recycle and reuse these materials, which can come at a great cost.

2.1.3 Composting

The USEPA defines composting as the following: “Composting is a biological process

during which naturally occurring microorganisms (e.g. bacteria and fungi), insects, snails, and

earthworms break down organic materials (such as leaves, grass clippings, garden debris, and

certain food wastes) into a soil-like material called compost.” They also refer to composting as

means of recycling or giving the nutrients back to the soil  from which they came. In 2006, the

USEPA reported that 20.8 million tons of materials were recovered for composting. That makes

up approximately 8% of all MSW production in that year. (USEPA, 2006) Additionally, the

USEPA reports that approximately 700 pounds of trimmings from the lawn and food scraps can

be removed from the waste stream just by using composting methods. Composting has many

benefits  to  both  the  waste  stream  and  the  person  doing  the  composting.  They  say  the  waste

stream benefits due to the reduction of basic materials and organic materials. The people
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composting  benefit  with  the  use  of  the  compost  in  their  gardens  of  planters.  Organic  materials

are one of the causes of LFG production (EPA, 2011). If these materials are reduced then there

may be a reduction in LFG, which would overall benefit the control of air pollution as well. EPA

speaks of nutrient in compost can be returned to the soil to help grow more food, so in a since,

it’s  comparable  to  a  mass  balance  situation.  One  can  put  in  and  take  out  and  can  continually

repeat the process. Other benefits of composting can be seen in Table 2.3 below.

Table 2.3: Benefits of composting (EPA, 2012)

Reduce local garbage disposal costs

Conserve valuable landfill space

Reduce air emissions from the
incinerator plants that burn garbage

Produce a nutrient-rich additive for soil.

2.1.4 Landfilling

The idea of landfilling has been around for quite some time. It has grown from simply

burying waste to an industry that has proven itself on the environmental stage of engineering.

Methods of disposal have been developed throughout the years to properly dispose of waste and

unwanted materials. These methods are used to protect the surrounding environment all the while

the waste is decomposing. The waste is buried and encapsulated to provide a “sealed”

environment in which the byproducts of the decomposing waste do not come into contact with

the surrounding soil material, groundwater, lakes, streams, wildlife and people.

The two main byproducts of landfills tend to be leachate and landfill gas (LFG) and the

entire structure of the landfill is design around keeping these two byproducts out of contact with

the above listed items. If the landfill can accomplish this, it has met its purpose. The main

concern for keeping leachate contained is permeability and much goes into keeping the leachate
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contained and providing treatment. The main concern for keeping LFG contained is fracturing of

the landfill cover soil or membrane.

Overall, landfills do offer a great service to the community. They allow a place for one’s

household waste, hazardous waste, yard debris and even construction debris to be discarded. If

there was no landfill available, the waste could pile up in our yards, neighborhoods and streets.

This could result in undesirable living conditions and even lead to sickness and disease.

Landfills in general are supposed to be for the betterment of society and provide a means

by which people can dispose of their waste; however, there has to be a process by which this is

accomplished. Landfills offer just the avenue that is necessary, in that they are specifically

designed to accept different types of waste.

According to teachings at the University of Central Florida, landfills are setup in a way to

enclose the waste and provide an environment where little infiltration is allowed and ex-filtration

of leachate into the groundwater system is controlled. They are comprised of cells, which are

pockets of waste that are enclosed by layers of geo-liners, soil liners, gas vents and various

monitoring wells or probes for groundwater and gas monitoring (Geotechnical Aspects). These

layers are the means by which the method of resisting infiltration and “filtering” landfill gas

(LFG) emissions occurs. The (EPA, 2012) labels everyday items we use and then throw away,

such as product packaging, grass clippings, furniture, clothing, bottles, food scraps, newspapers,

appliances, paint, and batteries, which come from homes, schools, hospitals, and businesses as

Municipal Solid Waste (MSW). According to the FDEP 2000, approximately 57 percent of solid

waste is landfilled, 16 percent is incinerated, and 27 percent is recycled or composted in the

USA. The (EPA, 2012) reported that in 2010 there was 250 million tons of MSW. Of these 250

million tons of MSW, organic materials were the largest component.
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2.2 Landfills and their Components

Landfilling, as mentioned previously, is one of most prominent methods for reducing the

sizable impacts of waste. The materials and products used by you and me every day, which are

most often taken for granted, are tossed in the trash and typically transported to some sort of

waste facility. This waste, if not deemed recyclable, must be disposed of in a way as to prevent

the taking of valuable space, the odorous gases of chemical breakdown from harming the

environment, and the attraction of vermin (EPA, 2012). In order to accomplish these goals, the

EPA and other agencies have set forth regulations that must be followed and specifications that

must be met. These regulations and standards deal with the construction and functionality of the

landfill liners, leachate collection systems (LCS), and gas collections systems.

2.2.1 Liners

Landfills are set up in a way as to prevent the dispersion of waste away from a specified

location.  Just  as one would place their  trash in a partially enclosed container to prevent smells

and pests, the same concept is applied to landfills. The liners are to serve as a barrier between the

waste and the surrounding environment. Landfill liners serve a variety of functions that help

meet the objectives of waste entrapment by providing a low permeability, reduction of odor and

the collection of harmful leachate. This section will focus on three types of liners: clay liners,

composite liners, and double composite liners. Additionally, a focus on the connection between

these liner types and permeability will be presented.

Clay liners are made up of a certain type of clayey and small grained soil types that are

placed beneath the waste deposit and serve not only as a confining layer, but act as a supporting

structure for the waste and cover materials. The clay liner is made to have several specific

properties in order to produce a very low permeability. The properties include compaction,
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molding water content, soil type, soil particle size, and activity (Benson, 1994). Clay liners can

be costly in comparison to simply providing a synthetic liner system, especially if the soil being

used must be brought from off site. Clay liners have to be designed in accordance with specific

engineering principles and if not done correctly, could cause major issues down the road such as

harmful leachate draining into the ground water. In order for clay liners to serve their purpose,

they must be compacted correctly, which entails having a certain amount of moisture in the soil

at  the time of compaction,  and compacted with the proper amount of effort  or weight.  If  these

principles are properly instituted, then the clay liner will serve as a barrier that will slow the

possible leakage of leachate or liquid substances into the groundwater due to the low

permeability. As one may have realized, if the leachate collection system that will be spoken of

shortly fails, the clay liner is the only barrier, or line of defense, between the landfill and the

groundwater. The next section will discuss the combination of clay and synthetic liners, which

work in unison to provide a dual type of protection.

As mentioned, composite liners are a combination of the above described clay liners and

a synthetic liner system. If clay liners are used alone, there is the risk of it failing and there not

being any other line of defense. If one chooses to use synthetic liners only, then the synthetic

material used for the liner system could puncture and there may be a very permeable soil layer

below it, which will allow leachate to infiltrate the groundwater. Thus, it would only be sensible

to use both in unison even though it  may be more costly.  It  is  important to remember that  it  is

always more costly to mitigate a contamination issue than it is to prevent these issues.

When clay liners and synthetic liners are used in unison they will serve as a second line

of defense if either one of them were to fail. For example, if the synthetic liner were to puncture

the “low permeable” clay liner beneath it could slow down the infiltration until decomposition
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occurs. Now, in the case that the clay liner was to fail, the synthetic liner could prevent the

infiltration of harmful materials at that point of failure. The question now is what if both were to

fail. Keeping in mind again that it is more costly to mitigate contamination issues, a double

composite liner system has been instituted to ensure that contamination issues are prevented to

the max. A double composite liner system is typically composed of two clay liners and two

synthetic liner systems (Geotechnical Aspects). This type of liner composition can be the most

effective in preventing contamination issues, as there are now present three lines of defense

against such.

It has been discussed in this chapter thus far that landfill liners are designed to either

prevent permeability or allow just enough so that by the time contaminates reach the

groundwater; they have decayed to a nominal level. Permeability is a major concern to all

landfill designs due to the contamination that is possible if landfills were not designed properly.

Earlier in this discussion, leachate was said to be one of the two major focuses of landfill

design. The landfill cells are designed in such a way to allow the permeation of liquids to flow

downward into the landfill. Eventually it will hit a stopping point so that it can be mitigated or

taken out for treatment. The next section will discuss this process in depth and why leachate

collection systems are so important to landfills.

2.2.2 Leachate Collection Systems

Every landfill is directly exposed to the elements in some way or another. During the

time that a landfill is in service, the waste only receives daily cover and does not receive its cap

until that landfill cell is deemed to no longer accept waste. Daily cover, for landfills, usually only

measures to a depth of about 18 to 24 inches which can allow large amounts of water to permeate

through and into the waste during a rain event (Waste Management, 2013). Once the rainwater
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reaches the waste layer, it will mix with the waste and “wash” chemicals from the waste

(Environmental Problems). The combination of all these liquids is referred to as leachate. In

order to mitigate leachate within a landfill, leachate collection systems are installed during

landfill construction to allow a way to extract the leachate out of a landfill cell and pump it to a

treatment system that will treat the leachate and return the clean water back into the groundwater.

The idea is that the water that infiltrates the landfill can eventually be returned to the

environment. This is all made possible by leachate collection systems. These systems are

installed in such a way as to collect leachate once it reaches a certain elevation head. At that

elevation head, the sump pumps turn on and pump the water and other liquids out of the landfill

to be treated. The synthetic liners are to act as a barrier or “holding basin” for the leachate until

the leachate reaches that predetermined elevation head.

2.2.3 Gas Collection Systems

Gas collection systems are extremely important to landfill operations. Landfills contain

organic matter that is buried with other waste and debris, depending on the type of landfill. The

organic materials begin to breakdown, bacteria feed on the waste and reactions occur that

produce very potent gases; methane, carbon dioxide, hydrogen sulfide, and other harmful gases

(EPA, 2011). A Municipal Solid Waste landfill (MSW) will contain a greater amount of organics

in proportion to a Materials Recycling Facility (MRF) or Construction & Demolition landfill

(C&D). The MSW landfill will produce the most LFG and the C&D landfill will produce much

less, depending on how the landfill is designed. The MRF will produce the least amount of LFG,

if any, due to the fact that waste at these facilities does not remain on site for long periods of

time,  where  MSW  and  C&D  allow  an  infinite  amount  of  time  for  the  waste  to  completely
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decompose. Just as LFG is very potent and can potentially be very dangerous, i.e., explosive and

poisonous, it can also be extremely valuable if captured and reused.

Gas collection systems are typically installed during the construction of the landfill. Gas

wells dot landfills typically at an average of 200 to 300 feet spacing (Geotechnical Aspects). The

wells are connected to a main trunk line that eventually terminates at a flare station. The flare

station has two main objectives: one is to burn off the gases at a regulated rate, and the second is

to monitor the LFG levels. The method of burning off gases is effective to its designed purpose,

but some would argue that this objective is wasting the gas. The opposed argue that the gases can

be collected and sold to gas distributors to be stripped down to the elemental gases and then sold

to laboratories to be used in experimentation and for other purposes. It can be a highly profitable

method and a valuable method of creating a renewable energy source. The second objective of

the flare station is, as mentioned, to monitor the LFG levels. It is important to monitor the levels

as it helps to understand the landfill beneath the surface and provides valuable information for

those who may be using the landfill as a point of reference for research. Additionally, it helps to

provide the information necessary to help those who operate the landfill to measure the activity

of a landfill. Two great reasons have been mentioned and discussed; however, there is one more

that  is  highly  important,  and  that  is  knowing  how  to  help  the  landfill  to  maintain  a  state  of

stability. If the LFG reaches a certain level, it can become highly dangerous to those working and

to the surrounding environment. The gases are highly explosive and if too much begins to build

up, there could be unfavorable consequences, i.e., explosions, fires, and highly unfavorable

atmospheric condition due to all the LFG escaping (ATSDR 2001). Overall, gas collection

systems can be futile to a landfill and can even help the landfill to not only be a one-sided
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operation of just receiving waste, but can help in the process of producing energy that can benefit

communities and the environment.

2.3 Basics of Landfill Gas

In municipal solid waste landfills, gas production is caused by organic matter

decomposition. Microorganisms consume organic matter and this decomposition creates gas. Gas

production in landfills occurs in five different phases. The first four phases are bacterial

decomposition phases and the fifth phase is the stabilization period. Stage 1 begins as soon as the

garbage is placed in the landfill. The organic material in the garbage is initially decomposed by

bacteria that uses oxygen (aerobic) and produces large amounts of carbon dioxide. No methane is

produced in this stage. Stage 1 will continue until the bacteria can no longer receive oxygen, or

until the consumption of oxygen outpaces the rate of supply. Oxygen depletion can occur prior to

the waste being covered if the oxygen demand is high.

In Stage 2, different bacteria break down the organic matter in the garbage. Instead of

consuming oxygen like the bacteria in Stage 1, these anaerobic bacteria conduct a process called

fermentation.  In this manner, they consume the complex organics in the landfill and generate

short-chained organic acids. Since all the oxygen has been depleted in the landfill, the bacteria in

Stage 3 microbes consume these short chained organic acids to produce methane gas and carbon

dioxide. Once the methane and carbon dioxide levels have equalized the landfill is said to be in

Stage 4. During the beginning of this stage, methane and carbon dioxide are at their highest

levels. Gas composition in Stage 4 is about 50/50 methane/carbon dioxide with small amounts of

trace gases. After all of the readily decomposable carbon in the landfill has been consumed,

Stage 5 will commence. At this point, the microbes will cease to break down the garbage and gas

production will be minimal.
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2.3.1 Landfill Gas

Typically landfill gas is produced under anaerobic conditions and is typically made up of

several different gases (MassDEP, 2010). Mass DEP (2010) reported that the primary gas that is

in LFG is methane, which makes up about 50 percent of the LFG itself and that the other 50

percent  of  LFG  is  typically  mostly  carbon  dioxide  and  other  small  amounts  of  gases  and

compounds such as hydrogen sulfide.  These smaller amounts of gases that exist in LFG can be

very dangerous and even deadly. Examples of these compounds include benzene, toluene and

vinyl chloride, among others.  These compounds are also called “HAPs” (harmful air pollutants)

(EPA, 2010).

2.3.2 The Bacterial Decomposition Phases

Bacteria in the waste of a landfill break down over time. Typically landfills remain active

for many years and the bacteria break down in four phases. The different gases that are produced

by the landfill affect the four phases. Many landfills will accept waste for a long time, 20 to 30

years, which can mean that the level of decomposition is not consistent throughout the entire

landfill. The phasing information below is presented by the (MassDEP, 2010).

Phase I bacteria consume oxygen while breaking down the long molecular chains of

complex carbohydrates, proteins and fats that make up organic waste. This breakdown of organic

waste produces carbon dioxide. At the beginning, nitrogen levels (primarily as ammonium) are

high and then decreases in passing through the four phases. Phase I will continue until all of the

oxygen is gone. This phase can last for days or months, depending on the amount of the available

oxygen. The more oxygen present, the longer Phase I will last.

Phase II (fermentation) starts after the oxygen is used up. Phase II converts complex

organic compounds into acetic, lactic, and formic acids and they also form alcohols like



18

methanol and ethanol. During Phase II of Microbial Decomposition, the landfill becomes very

acidic. As the acids and landfill moisture mix, nutrients dissolve, causing nitrogen and

phosphorus to be readily available to the increasingly diverse species of bacteria. These

processes release gases such as carbon dioxide and hydrogen. Phase 1 can recommence if there is

a disturbance to the landfill, or if oxygen gets back into the landfill.

Phase III decomposition starts when a different kind of microbe consumes organic acids

produced in Phase II. They consume it and produce methane and carbon dioxide. This causes the

landfill to become a more pH-neutral environment.   The bacteria that produce acid create

compounds for the consumption thereof by methane-producing bacteria. The methanogens in

turn consume and remove the waste products of the fermentative bacterial, allowing them to

thrive.

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

described as:

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

The second pathway is CO2 reduction with hydrogen.

(2)   2C2O (organic matter)  + 2H2O à   2CO2 +  4H2

(3)   then,   CO2  +  4H2 à    CH4  +  2 H2O

the net of reactions 2 and 3 is

(4)  2C2O à  CO2 +  CH4

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

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

fermentation to proceed.
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Phase IV decomposition is the last phase. It starts when both composition and production

rates of LFG are fairly. Phase IV is primarily composed of methane in terms of volume and small

amounts of other gases. During Phase IV, gas is produced at a steady rate for about 20 years, and

can/will last for 50 or more years after the waste is deposed (Crawford and Smith 1985). The gas

production may last even longer if there is a large amount of organics in the waste. (ATSDR,

2001).  If water content in the waste is low, then decomposition rates are retarded and overall

times prolonged.

2.3.3 Hydrogen Sulfide

Hydrogen sulfide is one of those gases that is produced during the first phases of bacteria

decomposition. The gas itself has a very distinct odor and is very similar to the smell of rotten

eggs. One of the main concerns with the production of H2S is that it can be very deadly at high

concentrations. This is especially a problem when people are trying to work in areas where the

gas is present. The gas itself can dull one’s senses in that it will cause one to not smell the gas

after a certain period of time and thus becoming more deadly overall. Hydrogen Sulfide is

present in most MSW landfills and also typically found in Construction and Demolition landfills.

This is due to the amount of gypsum board that is placed in these landfills. If that is not

controlled then the gypsum will be buried with the waste and the gypsum breaks down, hydrogen

sulfide will be produced. The can cause a great deal of problems for landfills that accept gypsum

waste. One problem would be that the pure smell of the gas itself can cause the neighboring

communities to be in upheaval over the drifting odors and greatly concerned about the toxic

properties of the gas itself. The production of hydrogen sulfide can be slowed greatly down by

the different in-situ soil properties such as moisture content, pH levels, and soil structure itself. It

is imperative that a landfill function in ways as to reduce the amount of hydrogen sulfide that is
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produced by simply providing means of mitigation to control the acceptance of certain materials

such as gypsum.

2.4 Hydrogen Sulfide Removal in Landfill Gas

2.4.1 Processes Governing H2S Removal

In order to understand the process by which hydrogen sulfide is removed from landfills,

one must first understand how H2S is produced. Gypsum is the most responsible material for the

production of hydrogen sulfide. Plaza (2007) describes the production of H2S  as  a  result  of

biological reduction of sulfate from gypsum drywall. Plaza (2007) also describes this biological

reduction process in more detail by explaining that the gypsum releases sulfate and calcium

when the gypsum comes in contact with water, and when this happens in an anaerobic

environment, the sulfur-reducing bacteria (SRB) begin to produce H2S. Abatzoglou and Boivin

(2008) reported that H2S can be present in biogas in low or high amounts depending on the

presence of “S-bearing” organic molecules that are decomposing in an anaerobic environment. It

was  said  that  the  biogas  content  of  H2S was somewhere in the range of 10s to 10,000 ppmv.

Abatzoglou and Boivin (2008) report that biogas can be used as a renewable energy source, but

must first be purified of its contaminant content such as H2S. There are many processes that are

in place and that have been researched to remove H2S from biogas that is produced by places

such as landfills. The main objective in these processes deals with altering the present conditions

of  the  H2S production, i.e., pH levels, water content and particle size, and chemical and

biological  structure,  in  such  a  way  as  to  either  reduce  or  stop  the  production  process.  These

alterations will be better explained in the following sections that will present processes that can

remove H2S from biogas. In all of the processes, there are three main types of removal: physical,

chemical, and biological. Physical reduction can occur when the soil cover contains the H2S
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emissions and simply reduces the pressure and concentration gradient so that the emissions

through the cover soil are minimized (Plaza et al. 2007). More on the physical removal process

can be understood by referencing the section on gas collection systems. The focus of the next

section will be on the chemical and biological methods that are used and researched to remove

H2S from biogas. More specifically, the section will focus on the following; adsorption on

activated carbon, the iron sponge, scrubbers, injection of inhibiting chemicals, and the use of

biocover soils to biologically stop the process of production.

2.4.2 Case Studies

2.4.2.1 A review of biogas purification processes (Abatzoglou and Boivin 2009).

Adsorption is relatively effective in many different scenarios. 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 absorb. Thus, the higher

specific surface a material has the greater its capacity to absorb. Activated carbons function in

this manner and if one can somehow improve the activated carbon to perform even better as

Abatzoglou and Boivin (2009) describe, then the functionality increases. Abatzoglou and Steve

Boivin (2009) presented an article that reviewed the process of biogas purification. One of the

methods that were covered was adsorption of H2S onto activated carbon. Three main types of

activated carbon were discussed; catalytic-impregnated activated carbon (CIAC), impregnated

activated carbon (IAC), and non-impregnated carbon (AC). It was presented that (CIAC) can

have a loading capacity of H2S of 0.10 g/g, that IAC can have a loading capacity of 0.15 g/g, and

AC  can  have  a  loading  capacity  of  0.20.  One  may  ask  why  not  just  use  the  AC  (with  no

additives) if it works the best. AC was reported to be affected by pH levels and when the pH

level becomes more acidic, the effectiveness of the AC in absorbing H2S went down which is



22

why AC can be treated with chemicals to help offset the acidity and thus become more effective

in absorbing the H2S in biogas. Catalytic AC was presented to be less effective when there was

water in the biogas. It was explained that carbonates are formed when the biogas water reacts

with the CO2, which will cause a deactivation of the basic catalytic sites. It was reported that this

formation would result in a decrease in the effectiveness in H2S reduction. Additionally,

Abatzoglou and Boivin (2009) noted that catalysts consisting of mineral-like structures based on

iron and calcium are not impeded to the same extent. Thus, it is learned that even though

Activated Carbons can be used to purify biogas, one must choose the proper type in order for it

to function at its highest potential in absorbing H2S.

 Anunsen (2007) discusses the use of an iron sponge as a method of attenuating hydrogen

sulfide  and  describes  an  iron  sponge  system to  be  a  system composed  of  woodchips  that  have

been previously coated with an iron oxide coating. An iron sponge or iron-rich soils can provide

an environment where chemical oxidation can occur and thus turn the iron into elemental Sulfur

(D. Graubard et al. 2011). Abatzoglou and Steve Boivin (2009) represent the iron sponge to be

the “best-known iron oxide adsorbent.” These iron sponge systems are reported to be able to 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  in  this  document  to  have  up  to  2.5  kg

H2S/kg Fe2O3.

2.4.2.2 An investigation of methods to reduce hydrogen sulfide emissions from

landfills (Anunsen 2007). Anunsen  (2007)  experimented  with  four  different  materials  to  see

their capability to attenuate H2S. The four different materials were as follows; M1 steel, reddish

soil found at the landfill, shredded mulch (supplied by the landfill), and composted shredded

mulch (same mulch as third material). In order to test the materials, 5-gallon buckets with air
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tight lids were connected in series with a LFG vent. The vent allowed for LFG to flow through

the media at variable rates.

Anunsen (2007) found that out of all the materials the M1 steel was the material that was

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

the length of the test, 112 days. The second best attenuator was found to be the red soil that was

found at the landfill. This material produced results such that the ppm of the H2S began to climb

for the first 14 days and then suddenly began to drop and remained around an average of 4 ppm

for  the  rest  of  the  experiment,  100  days.  The  third  best  attenuator  for  this  project  was  the  M1

steel at variable and high flow rates. The M1 steel at the a high flow rate was able to maintain a

ppm of the H2S at basically zero for the first 15 days then the ppm began to gradually increase

for the next 85 days. The M1 steel with the variable flow rate of LFG had a gradual increase in

ppm of H2S from the beginning of the test to the end, 50 days. The final best attenuators were the

wood mulch and the compost. These materials were both able to reduce the H2S ppm with wood

mulch reducing the ppm after a spike in concentration at day 6 and then began to drop, and with

compost quickly reducing the H2S at approximately the same rate as the red soil but was not ran

longer than 4 days. Overall, the M1 steel was the best material.

2.4.2.3 Hydrogen sulfide emissions and control strategies at construction and

demolition debris landfills (Xu 2005). Xu (2005) tested three different chemicals to see how

each  of  the  chemicals  would  inhibit  the  production  of  H2S; sodium molybdate, ferric chloride,

and hydrated lime. Xu (2005) prepared four different solutions of the chemicals to apply in the

testing. One-liter flasks were used to decide the proper solution of each chemical in order to

apply that particular solution to be used in the column experiments. Column experiments were
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used to test  the long-term inhibition capability of each of the solutions.  From the results  of the

column experiments, one can see that both sodium molybdate and ferric chloride did very well at

inhibiting the production of H2S where hydrated lime did well at first but did not continue as the

others.  The  experiment  ran  for  a  total  of  170  days  and  up  until  day  20,  all  of  the  chemical

additives bounce around similar concentration levels. After day 20, the sodium molybdate

column ppm increased to about 5 ppm by day 60 where it remained until the test was complete.

For ferric chloride, after day 20, the ppm dropped to about 0.5 ppm where that became the

average until the end of the test. As for hydrated lime, the ppm had climbed to an average of 2.0

to 3.0 ppm, and then quickly increased to 10,000 ppm where it began to level off. The ppm of the

hydrated lime column slowly increased to almost 100,000 ppm by the end of the test, which was

right below the control value of no inhibition at all. Xu (2005) was able to apply the findings to

recommend different preventative applications of the solutions to provide inhibition of H2S. It

was also mentioned that cost is definitely an issue that must be considered, because chemicals

can be expensive and although it may be a great solution for inhibition, one must understand the

financial impact to assure practicality.

2.4.2.4 Mechanism of H2S removal during landfill stabilization in waste biocover

soil, an alterative landfill cover (He et al 2011). In the above documentation,  two soils  were

used and evaluated for their ability to remove hydrogen sulfide from a landfill situation; waste

biocover soil (WBS), and landfill cover soil (LCS). Simulations of landfills were constructed in

which gas was injected into both of the soils mentioned above and was done for a duration of

approximately 100 days. It was reported that the H2S removal process had two phases; one was

the adsorption of H2S to the surface of the soil particles and dissolution into the interstitial soil

pore water, and the other was biotransformation. The system that was constructed was not only
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looked at as a whole, but was analyzed in three different layers; top, middle, and bottom. Oxygen

was found to be more present throughout the LCS as a whole, where it was found mostly in the

top layer of the WBS at first and later all became more equal throughout towards the end. It was

found that  as the H2S was injected into the cover soil systems, that the LCS saw a decrease in

bacteria such as actinomycetes and fungi in the bottom layer for the first 30 days. The WBS, on

the other hand, did not and was thus better equipped to remove H2S. It was noted that the WBS

bacteria remained as they may have already became accustomed to the H2S and found a way to

exist simultaneously. Since the WBS had much more oxygen in the top layer than in the bottom

and middle for the first half of the experiment, there were different types of bacteria that were

analyzed. In the top layer, SRB were more prevalent than in the bottom and middle layers where

SOB were more prevalent. SOB was used to denote two different types of bacteria that can

oxidize sulfide; chemolithotropohic sulfur bacteria could oxidize sulfide in oxic conditions, and

phototrophic sulfur bacteria could oxidize sulfide under anoxic conditions. The SOB content in

the WBS were higher in the bottom and middle layers than in the top layer.

Overall, the WBS and LCS were both found to have removal efficiencies above 98

percent  from  day  6  to  day  48,  and  even  after  day  48,  it  never  fell  below  90  percent  removal

efficiency.  It  was  concluded  that  even  though  both  cover  soil  systems  offered  high  removal

efficiency, that WBS could be considered a “good alternative cover material” as opposed to the

normal LCS due to its “more rapid biotransformation” capabilities.

2.5 Fundamentals of the Gas Push Pull Test

2.5.1 Background and Theory

Gas Push-Pull Test were originally used to determine reaction rates for pollutant

degradation in groundwater aquifers (Istok et al., 1997; Haggerty et al., 1998; Snodgrass and
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Kitanidis, 1998; Pitterle et al., 2005). Urman et al. (2005) extended the use of Push-Pull test and

named it the Gas Push–Pull Test (GPPT) to assess microbial processes in soils. The GPPT

method is based on the quantification of reactant consumption from the soil gas phase. During

the GPPT, a test gas or reactant gas is injected into the soil media along with a tracer gas that

will be used as a reference point. Once the gases have been injected and a mixture of the gases

will be extracted and then tested. The results can then be used to produce breakthrough curves

that will be able to show the difference in the behavior of the two gases. Once the breakthrough

curves have been plotted, zeroth-order and first-order kinetics can be used to find the reaction

rates of the gases (Holme, 2010).

2.5.2 Implementation and Data Analysis

For the sound implementation of GPPTs in diverse subsurface environments, it is

important to better understand the transport of gaseous components during GPPTs in general and

in particular under conditions in which the transport of tracer and reactant gases is similar (apart

from microbial conversion). Similar transport of gaseous components would be expected under

advection-dispersion-dominated conditions (i.e., when differences in transport due to dissimilar

diffusion coefficients become negligible and components exhibit identical retardation behavior).

Similar component transport is a requirement for the implementation of simplified methods to

quantify zeroth-order or first-order microbial kinetic constants from GPPT data sets, without

knowledge of other soil properties. In contrast to simplified methods, transport-reaction models

require information on soil properties like porosity and tortuosity that may be difficult to obtain

at the field scale. Hence, it is desirable that tracer and reactants have similar transport

characteristics.  This is achieved not only by choosing a tracer with similar molecular weight to
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that of the reactant gas, but also by trying different tracers and different injection and extraction

flow rates.

There are some issues that need to be delved into in order to see if the GPPT may be a

tool for the measuring the performance of already in place practices for the attenuation of

hydrogen sulfide in cover soils. One of these issues is to find and use a tracer that act similarly to

the reactant gas that one is researching.

Data analysis for the experimentation will follow very closely the analysis developed by

Yang et al. 2007 and which was later used for the analysis that was used in the work of Streese-

Kleeburg 2011. Yang et al. 2007 developed a method of analysis that introduced a “new

chemical entity” into the work done by Haggerty and others (1998) and Snodgrass and Kitanidis

(1998). It was stated that Scroth and Schurmann et al 2003 took into account the case where

reactive solutes may not be zero, but Yang et al. 2007 wanted to take things slightly further to

incorporate the fact that even tracer concentrations are not zero. After all was said and done, the

method that is being applied here will allow for one to find the reaction constant/oxidation rate of

the GPPT. This method was also said to not only apply to zeroth-order, but to first-order kinetics

as well. According to Yang et al. (2007), it states, “in situ zeroth-order reaction rates can be

obtained through the linear regression of the net mass transfer of reactive solutes versus time.”

Thus, for the purposes of this paper, the analysis will follow that same analysis that was used by

Streese-Kleeburg (2011) for developing a method of finding the oxidation rates of the gases in

the GPPT tests.

2.5.3 Previous Studies of GPPT in Landfill Application

Use  of  Gas  Push-Pull  Tests  for  the  Measurement  of  Methane  Oxidation  in  Different

Landfill Cover Soils. (Streese-Kleeburg, 2011). (Streese-Kleeburg, 2011) developed a method of
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measuring the in-situ methane oxidation level in landfill cover soils. This research has been the

base of this research and a perfect guide in developing this research project. The research that

was completed by Streese-Kleeburg (2011) produced results that were able to show the oxidation

rates of Methane utilizing the GPPT. This method was developed using Argon as an in-situ tracer

gas that was found to act very similar to the gas in question (Methane) which is very helpful in

determining whether one is dealing with an active soil or not. The results that were produced

were able to show the difference between an active (microbial content) soil and an inactive (inert

soil). The analysis that was completed was based on a data analysis method that was developed

by  Yang  et  al.  (2007)  which  allowed  for  both  reactive  solutes  and  tracer  gases  to  not  be

considered negligible. It was shown, in the results, that an inactive soil regression line will have

a less steep of a line than would have a more active soil media. This is helpful in making sure

that the soil media one uses for the experimentation is what it is assumed to be. This research

that was completed allows one to measure the capacity of a landfill cover soil to oxidize methane

gas and it is the direction of this paper to apply that method in a very similar way to hydrogen

sulfide that is produced in LFG as well.
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CHAPTER THREE

LABORATORY STUDY OF H2S ATTENUATION IN COVER

SOILS

3.1 Introduction

Several methods and applications are in practice today to dispose of the waste that is

produced every day. In order to maintain this influx of waste, it is imperative that new methods

are developed to enhance the decomposition process in a way as to either speed up or better

maintain what is in practice. Landfills are one of the most common of these practices and the

idea of burying waste has been around for quite some time. Each day, landfill operators spread

the received waste and then cover that waste with some type of cover material. The waste that is

buried will produce what is known as landfill gas (LFG), which is composed of methane, carbon

dioxide, and hydrogen sulfide with methane having the largest presence (Anunsen, 2007). Gas

collection systems do not always collect 100% of LFG and thus methods have been developed to

attenuate or inhibit the LFG that is not captured so that if it does escape into the environment it

can be minimized. H2S concentrations in ambient air  at  the surface of landfills  can 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.  Collected gas

can be treated effectively using physicochemical and biological processes such as activated
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carbon adsorption, chemical and biological scrubbing, ozone oxidation, incineration, air

stripping, and biofiltration (Ferguson, 1975; Yang and Allen, 1994; Nishimura and Yoda, 1997).

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 compost, fine

concrete, and lime-amended sandy soils as cover materials using several mechanisms. These

mechanisms are as follows: (1) Hydrogen sulfide is consumed by bacteria found in soil that

oxidizes hydrogen sulfide to 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. Materials and methods used in the

waste treatment society today are methods such as an iron sponge, activated carbon, chemical

inhibition, and biological transformation (Abatzoglou and Boivin, 2008).

Physical reduction can occur when the soil cover contains the H2S emissions and simply

reduces the pressure and concentration gradient so that the emissions through the cover soil are

minimized (Plaza et al. 2007).

Adsorption can occur when a material provides a considerable amount of specific

surface, such as clays and substances like activated carbon. (Abatzoglou and Boivin 2008)

reports that activated carbon can have an absorption capacity 0.2 g/g and even impregnated

activated carbon can be used when conditions are not optimal, i.e., a high pH, and provide a 0.15

g/g absorption capacity. Adsorption can also occur in the presence of moisture, where the H2S
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can dissolve into the interstitial pore water (Streese-Kleeburg 2010). He et al. (2012) investigated

the use of waste biocover soils WBS, sand soil, and mulberry soil and found that WBS had the

highest  H2S absorptive capacity, 0.6 g/kg. Xu (2005) investigated the use of different cover

materials; sandy soil, fine concrete, compost, and lime-amended sandy soils to attenuate H2S

both in the field and in the laboratory. The field experiments showed that all the materials were

effective in attenuating H2S with sandy soil alone being the least effective. Laboratory

experiments also showed very similar results in that after 1- hour, the soil materials were able to

attenuate H2S 100% except  for  the  sandy soil  that  was  only  able  to  attenuate  60% of  the  H2S

injected. Plaza et al. (2007) performed column experiments with the same materials, including

coarse concrete. It was reported that the coarse concrete particle size is larger than the other

materials and thus providing no physical reduction capabilities. Anunsen (2007) completed a

similar investigation of different materials; M1 steel, iron-rich soil, wood mulch, and compost, to

reduce H2S emissions from landfills. M1 steel and the iron-rich soil were found to be very

effective, depending on the conditions, in reducing the emissions of LFG in comparison to wood

mulch and compost.

Chemical  reactions  can  also  occur  with  H2S. An iron sponge or iron-rich soils can

provide an environment where chemical oxidation can occur and thus turn H2S into elemental

Sulfur (D. Graubard et al. 2011). He et al. (2012) investigated biological reduction or

biotransformation in landfill cover soils (LCS) and WBS. It was reported that SOB and SRB are

present in each of the soils. In the top layer of the simulated landfill, SRB were more prevalent

than in the bottom and middle layers where SOB were more prevalent. SOB was used to denote

two different types of bacteria that can oxidize sulfide; chemolithotropohic sulfur bacteria could

oxidize sulfide in oxic conditions, and phototrophic sulfur bacteria could oxidize sulfide under
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anoxic conditions. The SOB content in the WBS were higher in the bottom and middle layers

than in the top layer. Overall, the WBS and LCS were both found to have removal efficiencies

above 98 percent from day 6 to day 48, and even after day 48, it never fell below 90 percent

removal  efficiency.  It  was  concluded  that  even  though  both  cover  soil  systems  offered  high

removal efficiency, that WBS could be considered a “good alternative cover material” as

opposed to the normal LCS due to its “more rapid biotransformation” capabilities.

The main objective of the lab study is to assess the reactivity of H2S by different soil

types  typically  used  in  landfill  cover  construction.   The  reactivity  of  H2S is characterized by

zeroth-order kinetics.  The variation of H2S reactivity with water content is also assessed.

Finally, iron content of soil will be correlated to H2S reactivity.

3.2 Materials and Methods

3.2.1 Soils Type Description

The soil materials were classified using both the USCS and AASHTO classification

systems, and were described by the color and texture. Soil testing was completed in order to

classify each soil type. Wet-sieve analyses were completed in accordance with ASTM D2217-85

(ASTM D2217) as well as the determination of the Atterberg Limits in accordance with ASTM

D4318-10 (ASTM D4318). Four (4) different types of soil materials were used during the

laboratory flask experiments. These four materials and their characteristics are listed below in

Table 3.1.

Table 3.1: Soil material type tested and classification data.

Soil Type USCS AASHTO Description % Passing Atterberg Limits

Clayey Fine Sand SM A-2-4 Red and coarse 29
LL = 18
PI = 5.0

Silty Fine Sand SM A-2-4 Yellow 6 n/a
Fine Sand SP A-1-b White 5 n/a

Compost n/a n/a Black with wood n/a n/a
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3.2.2  Laboratory Experiments

Glass volumetric flasks, Pyrex-1000 ml No. 9 Stopper, were used. Each stopper had an

injection port and a separate extraction port. (See Figure 3.1)

Figure 3.1: Flask experiment apparatus setup

Each port was sealed with two three-way stopcock valves, manufacturer number K-

LL3W, supplied by Cole-Parmer. Before each flask was sealed, soil material was placed in the

flask with a predetermined moisture content. The flask configuration was then connected to the

Tedlar Bag® containing LFG in order to pull in a large amount of LFG at once rather than

injecting multiple smaller samples. Once the gas was pulled into the flask, the concentration

(ppm) of H2S was monitored until it was approximately zero, or until the device was in need of

regeneration. Each flask experiment required a 20-gram sample of whatever soil material that

was being tested at that time. Each soil/cover material was tested at various moisture contents

and a summary of these moisture contents is provided in Table 3.2 below.

Gas Injection/

Extraction

20g Soil
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Table 3.2: Soils materials tested and at which moisture contents they were completed.

Soil Type Moisture Content, w%

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

Silty Fine Sand 0, 10, 20
Fine Sand 0, 10, 20, 30
Compost 0, 5, 10, 15, 25, 33, 45, 60

After each soil was prepared to the desired moisture content, it was placed at the bottom

of the flask. The stopper was then placed, the vacuum connected, and the gas pulled (injected)

into the flask. The flask was then immediately monitored for the change in the hydrogen sulfide

concentration against time. In order to sample the gases during the flask experiment, a 30 ml gas

tight  syringe  was  used  to  extract  samples  during  the  testing  phase  in  order  to  monitor  the

concentration. Each syringe was purged of all air, and then connected to the stop-cock valves

that allowed for easy connection without altering the inside-flask-conditions. A concentration

measurement was manually taken approximately every 2 minutes until the concentration dropped

to approximately zero.

Each Tedlar Bag®, supplied by Restek, Inc., was used for the collection and containment

of LFG from the Leon County Landfill Flare Station. This also allowed safe and easy transport

of the LFG back to the laboratory and safe storage in the laboratory. Once in the laboratory, the

gases were maintained in the Tedlar® Bags until needed. The concentration of the LFG in the

bags was also considered to be maintained for a significant amount of time, which allowed for

storage of LFG for weeks at a time before use. Figure 3.2 shows the concentration of H2S over

the course of 8 days in the Restek Tedlar Bag which shows only a loss of approximately 30 ppm

of H2S.
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Figure 3.2: Bag quality control testing.

The bags were also good for allowing easy dilution of the gases for the testing. Dilution

was required to increase the period of time the Jerome Meter 631-X could be utilized before

regeneration.

3.2.3 Analytical Methods

The Jerome Meter 631-X, supplied by Arizona Instruments, was used to take

concentration readings of the LFG during the experiment. The Jerome Meter 631-X functions by

pulling in atmospheric conditions (Air or Gases), and passing the sampled atmosphere across a

gold  film  sensor  that  has  an  electrical  resistance  that  is  proportional  to  hydrogen  sulfide

concentrations (Xu 2005; Plaza, 2007). The meter can measure concentrations of 0.003 to 50

ppm and when any sample that measures over 50 ppm, it is quickly noted by the machine as

being  too  high  to  measure  which  results  in  the  requirement  of  dilution.  The  meter  is  supplied

with a dilution module of a 1:10 dilution factor for samples that have concentrations higher than

the upper limit.
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As mentioned, the meter requires regeneration after each cycle of measurements. The

meter requires regeneration due to the gold film becoming saturated after consecutive sampling

(Plaza, 2007). Once the gold film is completely saturation with H2S molecules, the system must

be regenerated to clean the gold film and allow for more sampling (Plaza, 2007). Once the

regeneration process is complete, which has an approximate duration of 10 to 15 minutes, the

machine is re-zeroed, and testing can be resumed. The meter has the capability of functioning

using a built in rechargeable battery source, or can be directly connected to a normal 110 circuit

when being used in a laboratory setting. These option provide for great versatility.

3.2.4 Iron Content Testing

The four soil material types were bagged and shipped to Test America to test for iron

content. The testing was completed in accordance with protocol SW846, method 6010B. Method

6010B applies the use of an Inductively Couple Plasma-Atomic Emission Spectrometry (ICP-

AES) to analysis the soil materials for iron content (ALS Environmental). Each sample is first

prepared by solubilizing the sample. Once the sample is prepared it is injected into the

spectrometer and is nebulized into an aerosol. The aerosol is then transported to a plasma torch.

When the aerosol is torched, emission spectra are produced and passed through a spectrometer

and photosensitive devices monitor the intensities. The emission spectra are indicative of the

trace metals that are within the substance.

3.3 Results and Discussions

3.3.1 Presentation of Flask Testing Results

The ppm of H2S in the head space of the flasks was converted to mg/m3 and plotted against

elapsed time. Figure 3.3 shows the results of all the soil types tested at zero percent moisture

content including a control flask that contained no soil.
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Figure 3.3: Flask experiment results for all materials at (0%) moisture content

One  can  see  that  the  clayey  fine  sand  was  the  fastest  soil  material  to  reduce  the

concentration of the hydrogen sulfide in the head space. The other soil materials that were tested

were all very similar in reducing the amount of H2S in the flask except for the clayey fine sand.

The clayey fine sand reduced the total H2S concentration in the flask by approximately 100

percent after about 45 minutes. The other soil materials were only able to reduce the

concentration to about 70 to 75 percent of the original after about one hour. These experiments

were run at zero percent moisture content. The effects of differing water contents will be

addressed in the next section.

3.3.2 Effects of Water Content

For each of the soil materials tested, different moisture contents were introduced in order

to see the effects the water had on the ability of the soil to reduce the H2S in the flask head space.

Figures 3.4 through Figure 3.7 present the results for each of the soil materials that were tested at

different moisture contents.
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Figure 3.4: Mass reduction of H2S by clayey fine sand.

Figure 3.5: Mass reduction of H2S by silty fine sand
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Figure 3.6: Mass reduction of H2S by fine sand

Figure 3.7: Mass reduction of H2S by compost
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addition of moisture. silty fine sand and fine sand exhibited very similar effects to the addition of

moisture. As more water was added, the reaction slowed very little overall. The results were

different for the other soil material types. For clayey fine sand, as more water was added to the

experiment, the reaction slowed and continued to do so until the reaction became very similar to

the control reaction. However, in the case of compost, the effect of water appeared almost as to

cause an inverse reaction of the clayey fine sand. More testing would have to be completed in

order to form a reliable conclusion.

3.3.3 Zeroth-Order Parameter Estimation

Zeroth-Order Kinetic reaction constants were determined for each data set. Figure 3.8

shows an example for clayey fine sand at 0% moisture content. An exponential distribution fit

was performed to find the reaction constant (k) of each soil material investigated during the flask

experimentation. Table 3.3 presents the results for all the other experiments for the reaction

constant determination.

Figure 3.8: Reaction constant (k) of clayey fine sand
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Table 3.3: Reaction constants (k) for each of the soil materials tested at varying moisture

contents.

Soil Material
Moisture Content

(w %)

Reaction Constant

(k, hr-1)

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

Fine Sand 0 1.469

Fine Sand 10 1.16

Fine Sand 20 1.294

Fine Sand 30 1.055
Silty Fine Sand 0 1.644

Silty Fine Sand 10 1.234

Silty Fine Sand 20 0.841

Fine Sand 0 1.469
Fine Sand 10 1.16

Fine Sand 20 1.294

Fine Sand 30 1.055

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
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The reaction constant plots were created by plotting the concentration of H2S as it was

reduced by the soil materials for approximately 1 hour or less in the event the H2S was

completely reduced beforehand. One can see as was discussed previously, that the fine sand and

the silty fine sand had lowest reaction constants whereas the clayey fine sand and the compost

attained high reaction constants. Figure 3.9 shows the reaction constant (k) for each of the

materials tested at differing moisture contents.

Figure 3.9: Reaction constant (k) of all materials at different moisture contents

It is apparent here, that there is a relationship between moisture content and reaction

constant. One other observation that could be made is that for the case of clayey fine sand and

compost that eventually there is an amount of moisture or the lack thereof that the reduction of

H2S levels off for those soil materials; however, extensive testing would have to be completed

while considering many other variables than those considered here. Thus, a conclusion cannot be

drawn at this time.
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3.3.4 Correlation of H2S Attenuation with Iron Content

This  section  will  show  the  results  of  any  correlation  that  may  exist  between  H2S

attenuation and the presence of iron in the soil materials. The soil materials were all taken to Test

America, in Tampa, Florida, for iron content analysis. This iron content analysis was completed

in accordance SW846 protocol, Method 6010B. Table 3.4 summarizes the results of the analysis.

Table 3.4: Iron content analysis 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

Figure  3.10  shows  that  when  there  is  more  iron  content  in  the  soil  material  type,  the

reaction constants increase.

Figure 3.10: Plot of reaction constants in relation to iron content
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3.4 Summary and Conclusions

The reactivity with H2S was determined with four different types of soil materials: clayey

fine  sand,  silty  fine  sand,  fine  sand,  and  compost.  All  of  these  materials  were  tested  for  their

ability to reduce H2S using the flask experiment setup described in this study. The effects of the

presence of moisture content and iron content were both observed and the data was analyzed

using Zeroth-Order Kinetics.

It was found that when moisture was introduced into the system, that all soil types did not

behave similarly. The fine sand and silty fine sand were the two types that did not change very

much. This was assumed to be due to the low level of metallic minerals in either of those soils

and also due to the lower capacity of each of those soils to sorb H2S. The clayey fine sand has

the ability to reduce H2S very quickly at  0% moisture content and due to its  high iron content.

The clayey fine sand lost its effectiveness to reduce H2S due in part to the addition of water. The

compost, acted the opposite to the results of the clayey fine sand. When more water was added to

the material the reaction rate began to increase.  As far as modeling is concerned, it was found

that the data best fit into the category of Zeroth-Order Kinetics, and that zeroth-order kinetics are

best to mathematically describe the reaction of H2S with soils in this case. It is recommended

that soil materials containing clayey soils or composted material, such as were used in this study,

can be used in practiced applications to reduce or attenuate H2S production.
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CHAPTER FOUR

DEVELOPMENT OF METHODS TO PERFORM A (GPPT) TO

MEASURE THE CAPACITY OF SOIL MATERIALS TO

OXIDIZE H2S

4.1 Introduction

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

greater than 50 ppm while H2S concentrations in landfill gas ranges 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.

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, and biofiltration (Ferguson,

1975; Yang and Allen, 1994; Nishimura and Yoda, 1997). 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 compost, fine concrete, and lime-amended
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sandy soils as cover materials using several mechanisms. These mechanisms are as follows: (1)

Hydrogen sulfide is consumed by bacteria found in soil that oxidizes hydrogen sulfide to

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.

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

emissions from landfills, is the lack of a proper techniques to assess the level of H2S oxidation

under field conditions.  Such techniques would allow the estimation of H2S oxidation capacity of

different cover materials and different cover designs, under field conditions.  One of the best

possible techniques is the Gas Push Pull Test (GPPT). To date, the GPPT method has been used

to determine rates of methane oxidation above a contaminated aquifer, in a peat bog, and twice in

landfill cover soils.  GPPT is a single well gas-tracer test in which inert gases are used as non-

reactive tracers for the reactive gas (methane).  During the test, a mixture of tracer and reactive

gases is injected (pushed) into the soil.  During a transition phase, the soil “air” mixes with the

injected gases where it is available to microorganisms.  The mixture of soil “air” and injected gas

is then extracted (pulled) from the same location.  The quantification of oxidation is then based

on the analysis of the breakthrough curves (relative concentrations) of the reactive and the tracer

gases.  It is expected that the tracer concentrations at the injection/extraction points decreases as

a results of physical transport processes, whereas the concentration of the reactive gas can

decrease as a result physical transport processes, chemical reaction, and microbial (and other)

activities.  Interpretation of the concentration data during this technique is straightforward and

does not require additional assumptions of soil properties when the mechanism of transport

during the test are of all gases are governed by advection.  Diffusion of gases in the soil can
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complicate matters, and needs to be evaluated.  The interpretation of GPPT also improves when

the loss of gas due to air-water partitioning of all the gas components is accounted for.

Push–Pull tests were originally used to determine reaction rates for pollutant degradation

in groundwater aquifers (Istok et al., 1997; Haggerty et al., 1998; Snodgrass and Kitanidis, 1998;

Pitterle et al., 2005). Urman et al. (2005) extended the use Push-Pull test and named it the Gas

Push–Pull Test (GPPT) to assess microbial processes in soils.

For the sound implementation of GPPTs in diverse subsurface environments, it is

important to better understand the transport of gaseous components during GPPTs in general and

in particular under conditions in which the transport of tracer and reactant gases is similar (apart

from microbial conversion). Similar transport of gaseous components would be expected under

advection-dispersion-dominated conditions (i.e., when differences in transport due to dissimilar

diffusion coefficients become negligible and components exhibit identical retardation behavior).

It is imperative in understanding transport to understand the conditions under which the flow of

the  gases  is  occurring.  These  in-situ  conditions  or  soil  properties  can  be  difficult  and  time

consuming to measure, thus it is important to use tracer gases to help understand the transport of

the gases in the soil. This is achieved not only by choosing a tracer with similar molecular weight

to that of the reactant gas, but also by trying different tracers and different injection and

extraction flow rates.

There are some underlying issues that need to be resolved to determine whether GPPT

may be a valuable tool for the quantification of H2S microbial activities in soils. One needs to

first choose an appropriate tracer  gas, one that would act similar to the gas in question. Under

these conditions the tracer and reactant breakthrough curve difference can be attributed to

microbial conversion, and microbial activity is then quantifiable.
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The objectives of this field study are to experimentally compare transport of the reactant

gas H2S and tracer gases during GPPTs as a function of varying injection/extraction flow rates in

a porous medium and in the absence of microbial activity.  This will evaluate the relative

importance of molecular diffusion, advection and transfer into the water phase of H2S and tracer

gases during GPPTs.  GPPTs were performed at different gas flow rates and different water

saturations in a large sand-filled tank equipped with vents to simulate an open system. SF6, sulfur

hexafluoride, and CH4, methane were used as tracers.  The second objective of the study is to

experimentally compare transport of the reactant gas H2S  and  tracer  gases  during  GPPTs  as  a

function of varying injection/extraction flow rates to develop a correction ratio that will allow the

use of tracers with dissimilar molecular weights. Thirdly, the developed correction ratio will be

applied to move in the direction of obtaining zeroth-order kinetics constants of H2S reactivity

from GPPTs performed during the testing during this study and thus allowing one to use the

GPPT as a tool to measure the performance of implemented H2S mitigation practices.

4.2 Materials and Methods

4.2.1 Soils Description

The soils used were classified using both the USCS and AASHTO classification systems,

and were described by the color and texture. Soil testing was completed in order to classify each

soil type. Wet-sieve analyses were completed in accordance with ASTM D2217-85 (ASTM

D2217) as well as the determination of the Atterberg Limits in accordance with ASTM D4318-

10 (ASTM D4318). The soils were clayey fine sand and fine sand. The two (2) different types of

soil materials that were used during the field testing and their characteristics can be found the

table that below. (See Table 4.1)
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Table 4.1: Soil material type tested and classification data.

Soil Type USCS AASHTO Description % Pass Atterberg Limits

Clayey Sand SM A-2-4 Red/coarse 29 LL = 18  PI = 5.0
Fine Sand SP A-1-b White 5 n/a

4.2.2 Experimental Set-up

The field experiments were completed just nearby the university where two different soil

types were utilized for the Gas Push Pull  Testing.  The first  soil  type that  was utilized was fine

sand and it was contained inside a concrete block and wood test pit. Before the tested sand was

placed in the pit, an 8” layer of sand was placed on the bottom and then covered by a 1-mil piece

of Visqueen®. This provided a bottom boundary condition on the bottom of the pit which can be

seen in Figure 4.1. The test pit had dimensions of 64” x 60” x 32” (LxWxH) and was open to air

on the top side.

Figure 4.1: Test pit set-up and construction

The injection/extraction tubing was placed in the center of the testing pit at about 20”

deep. In order for the tubing to allow the best possible injection/extraction capabilities, the end of

the tubing port was prepared by melting the end of the port to create a seal and then drilling holes

in the tubing to create an approximate equal flow path in all directions. (See Figure 4.2)



50

Figure 4.2: Tygon® tubing probe tip design

In order to inject and extract the LFG effectively, the tubing was connected to a brushless

pump and an in-line flow meter supplied by Dwyer®. The pump and flow meter allowed for

constant monitoring during the testing phases. Once the pit and pump were connected, a Tedlar®

bag filled with a pre-prepared mixture of LFG and SF6 was connected to the system. Each testing

bag  that  was  used  contained  approximately  50%  LFG,  49%  air,  and  1%  SF6 which was

injected/extracted from the pit for the experiment. This entire setup can been seen in Figure 4.3.

Figure 4.3: GPPT Experimental set-up for field testing on fine sand test pit

The second material that was utilized for the GPPT experiments was clayey fine sand.

The set-up for the test was the same except for the type of probe and insertion method of probe.

The  type  of  probe  that  was  used  was  a  ½”  I.D.  schedule  40  length  of  PVC  pipe.  This  was

connected to a vinyl stem that bridged the connection from probe to Tygon® tubing connected to
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the pump. The probe was inserted into the ground with use of an insertion device that would

push the probe into the ground with minimal disturbance to the ground around the probe. (See

Figure 4.4)

Figure 4.4: Clayey fine sand pvc probe

4.2.3 Analytical Methods

The Jerome Meter 631-X, supplied by Arizona Instruments (Figure 4.5), was used to take

concentration readings of the LFG during the experiment.

Figure 4.5: Jerome meter 631-X of Arizona Test Instruments, Inc.

The Jerome Meter 631-X functions by pulling in atmospheric conditions (Air or Gases),

and passing the sampled atmosphere across a gold film sensor that has an electrical resistance
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that is proportional to hydrogen sulfide concentrations (Xu, 2005; Plaza, 2007). The meter can

measure concentrations of 0.003 to 50 ppm and when any sample that measures over 50 ppm, the

machine notes this as being too high to measure, which results in the requirement of dilution.

The  meter  is  supplied  with  a  dilution  module  of  a  1:10  dilution  factor  for  samples  that  have

concentrations higher than the upper limit.

As mentioned, the meter requires regeneration after each cycle of measurements. The

meter requires regeneration due to the gold film becoming saturated after consecutive sampling

(Plaza, 2007). Once the gold film is completely saturation with H2S molecules, the system must

be regenerated to clean the gold film and allow for more sampling (Plaza, 2007). Once the

regeneration process is complete, which has an approximate duration of 10 to 15 minutes, the

machine is re-zeroed, and testing can be resumed. The meter has the capability of functioning

using a built-in battery source or can be directly connected to a normal 110 circuit when being

used in a laboratory setting. This provides for great versatility.

As well as measuring H2S, both methane and sulfur-hexafluoride were measured during

the testing. Gas chromatography was used to measure both of these gases. The gas samples are

injected into the gas chromatographs and carried through the apparatus by a carrier gas which for

both GC’s was helium. As the gas moves through the device, the gas in question is heated to

certain temperature within a column in the device. In both cases, the gases remain on that column

for a certain period. This time allows the machine to create “peaks” or spikes in what would be

an average horizontal line. The peaks are integrated and the area under those peaks is compared

with the peaks of known concentrations or standards. Figure 4.6-Left shows the GC for the SF6

and Figure 4.6-Right shows the GC for the CH4. The GC for the SF6 produces measurements at

a much faster rate than the GC for the Methane. This timing difference allowed for one to be able



53

to take measurements for both sulfur hexafluoride and methane simultaneously. This

simultaneous data recovery made possible the many iteration of the test. Later will be discussed

just how many test were able to be run.

Figure 4.6: Gas chromatographs for the measurement of hydrogen sulfide (left), and

methane (right)

4.2.4 Data Reduction

The data for each test was taken and manipulated in various facets to gain knowledge of

what was occurring during each test of the GPPT experiments. Each experiment was completed

under several different circumstances that allowed for a wide range of results. These results will

be presented later in this paper. For each test, breakthrough curves were plotted to see both the

percent loss/reduction of each gas that was measured and to be able to compare the reaction
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constants of each tests to see the effects of various parameters that will be later discussed. The

reduction of the gases with time can shed light on what is occurring in-situ during the testing.

Data analysis for the experimentation will follow very closely the analysis developed by

Yang et al. (2007), and which was later used for the analysis that was used in the work of

Streese-Kleeburg (2011). Yang et al. (2007) developed a method of analysis that introduced a

“new chemical entity” into the work done by Haggerty and others (1998) and Snodgrass and

Kitanidis (1998). This method was also said to not only apply to zeroth-order, but to first-order

kinetics as well. According to Yang et al. (2007), it states, “in situ zeroth-order reaction rates can

be obtained through the linear regression of the net mass transfer of reactive solutes versus time,

which is found using the following equation:

C^ = C − f ∗ C + 	(1 − f) ∗ C
f = 	C

C

Where: C  is the initial tracer injection concentration

C  is the background concentration which is neglected as zero

C  is the initial injection concentration and

C  is the current tracer concentration during the test

Thus, for the purposes of this paper, the analysis will follow that same analysis that was

used by Streese-Kleeburg (2011) for developing a method to find the oxidation rates of the gases

in the GPPT tests. This will be done in hope to be able to further develop the Gas Push Pull Test

for measuring the performance of in place practices.
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4.3 Results and Discussions

4.3.1 Presentation of GPPT Results

In order to understand how the GPPT functions without the reactivity of the gases, inert

gases were used. For the field experiments that were conducted, two inert tracer gases were used.

These gases were SF6 and  CH4. CH4 is only considered inert here due to the soil type and

assumed soil sterility. More testing would have to be completed to better understand the use of

methane in a soil media that was not sterile. For the purposes of this research, that was not

completed. The gases that were used and the characteristics of those gases can been seen in

Table 4.2.

Table 4.2: Tracer gases and gas characteristics

Tracer Gas Density (kg/m3) Molecular Weight (g/mol)

Methane (CH4) 0.66 16.04

Sulfur Hexafluoride (SF6) 6.17 146.06

Table 4.3 shows the combination of tests that were performed during this study. As

shown in Table 4.3, different pushing/pulling flow rates were used. Figure 4.7 shows the results

for breakthrough curves, of one of the tests, obtained during each of the tests shown in Table 4.3.

Breakthrough curves are a representation of the relative concentrations (C/Co) of one of the gases

plotted against time. Therefore, each time a measurement was taken; the measurement was

divided by the original injected concentration and plotted against time. This also can be viewed

as Cpulled/Cpushed. Breakthrough curves for a test from sand (Top) and one from clayey fine sand

(Bottom) can be seen in Figure 4.7
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Table 4.3: Completed field experiments and testing parameters

No. Test Date
Soil

Material of
Test

Soil Material
Density (lb/ft3)

Approximate
Moisture Content

w%

Flow Rate
(Injection)

(L/min)

Flow Rate
(Extraction)

(L/min)

2 3/2013 Fine Sand 100 3.5 2.5 0.5

4 3/2013 Fine Sand 100 2.33 3.0 0.5

5 3/2013 Fine Sand 100 2.33 3.0 0.5

6 4/5/2013 Fine Sand 100 2.33 1.0 0.5

7 4/5/2013 Fine Sand 100 2.33 0.5 0.25

8 4/28/2013 Fine Sand 100 2.33 0.5 0.25

9 4/25/2013 Fine Sand 100 11.22 3.0 3.0

10 5/2/2013 Fine Sand 100 2.33 1.0 0.5

11 5/2/2013 Fine Sand 100 2.33 2.0 0.5

12 5/7/2013 Fine Sand 100 2.33 2.0 0.5

13 5/7/2013 Fine Sand 100 2.33 1.0 0.5

14 4/25/2013 Fine Sand 100 11.22 3.0 1.5

15 4/25/2013 Fine Sand 100 11.22 3.0 3.0

16 4/25/2013 Fine Sand 100 11.22 3.0 1.5

17 4/5/2013 Clay 90 8.0 2.0 0.5

18 4/9/2013 Clay 90 8.0 3.0 0.5

19 4/9/2013 Clay 90 8.0 3.0 0.5

20 5/1/2013 Clay 90 7.92 0.5 0.25

21 5/1/2013 Clay 90 7.92 0.5 0.25

22 5/1/2013 Clay 90 7.92 1.0 0.25

23 5/1/2013 Clay 90 7.92 1.5 0.75

24 5/3/2013 Clay 90 8.0 3.0 3.0

25 5/3/2013 Clay 90 8.0 3.0 3.0

26 5/7/2013 Clay 90 8.8 3.0 0.5
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Figure 4.7: Tracer breakthrough curves: fine sand (top) and clayey fine sand (bottom)

The difference that can be seen in Figure 4.7 between SF6 and CH4 breakthrough curves

must be due to the transport properties of each gas since both gases are not reacting with sand

and the clayey fine sand. However, one can see in the Figure 4.7 (Bottom) that the breakthrough

curves are much different, signifying that there may be other workings at play for the clayey fine

sand. These workings were considered to be a boundary condition issue which will later be
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discussed. The difference in breakthrough curves for both soil materials was also considered to

be associated with the difference in molecular mass. Figure 4.8 shows the same breakthrough

curves in Figure 4.7 but now includes H2S  next  to  CH4 and  SF6.  Since  H2S has as higher

molecular weight than CH4, one should expect its’ breakthrough curve to be between CH4 and

SF6; however, the H2S breakthrough curve is below the one for CH4,  which is  an indication of

additional reactivity of H2S with the sand and the clay. Again, one can see that the breakthrough

curves are very different due to what was considered to be a boundary condition issue for the

clay (Bottom).

Figure 4.8: Tracer and H2S breakthrough curves for fine sand (top) and clayey fine sand

(bottom)
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4.3.2 Relative Tracer Concentrations as a Constant or Function of Time

The ratio between the breakthrough curves for both the CH4 and  SF6 below, was

calculated for each data point of all tests that are shown in Table 4.3.

C	
C 	
C
C 	

Figure 4.9: Relative tracer concentrations for fine sand and clayey fine sand

For every test this ratio was plotted with time and each had a similar curve to that shown

in Figure 4.9 for sand (Top) and clay (Bottom). It appears that the ratios of SF6 and CH4 increase
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with time. Even though the curves appear to be sloping up, a consideration of the fact that the

relative tracer concentration ratio from measurement to measurement may be constant was

addressed as well. This section discusses these considerations of the ratio and a statistical

analysis was completed to supply histograms and normal distributions to see if either said

consideration might hold true. (See Figure 4.10)

Figure 4.10: Histograms for statistical justification for use of the average ratio
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The histogram for sand (Figure 4.11 -Top) shows that most of the values for the ratios of

SF6 to CH4 are between 1 and 3. In order to find the mean and standard deviation, a histogram

for sand was created and it appeared to follow a normal distribution. Thus, one can consider the

difference in the breakthrough curves to be somewhat constant, meaning one can simply take the

average of the relative tracer concentration ratios as a favorable mean and standard deviation.

The mean and standard deviation value for the ratios of sand was 1.73 ± 0.70. A histogram for

clay  (Figure  4.11-Bottom)  shows that  the  values  for  the  ratios  of  SF6 to  CH4 seem to have no

rhyme or reason and have a normal distribution that is skewed left. The mean and standard

deviation  for  the  ratios  of  SF6 to  CH4 for clayey fine sand is 8.07 ± 9.10. These results are

summarized in Table 4.4.

Table 4.4: Mean and standard deviation of the relative tracer concentration ratios

Soil Material Mean Standard Deviation

Fine Sand 1.73 0.70

Clayey Fine Sand 8.07 9.10

In the case of the clay, it was concluded that the depth of the probe had a great deal to do

with affecting the results of the tests. The depth of the probe was nearly half as deep, 8 inches, as

the probe for the sand. This led to the hypothesis that there was a boundary condition problem

associated with the clay probe, i.e., air being pulled between the probe and the soil. This led to

producing lower values for the breakthrough curves for clay. This hypothesis is based on the fact

that two of the tests, No. 18 and No. 19, were ran at 12 inches deep instead of 8 inches and

produced results that appeared to have similar ratio values of SF6 to CH4 to those of the fine sand
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results (See Figure 4.11). Those two tests appear to maintain the tracer gases during the test and

not the reactive gas H2S, which may be just the reaction that occurs so quickly with the clay.

Figure 4.11: Test no. 18 and test no. 19

Thus, it appears that depth plays a major role in avoiding boundary condition issues and

providing favorable results. Since the results for clay seem to have a boundary condition issue,

the data analysis will not continue for the clay. For every test, an average relative tracer

concentration ratio was calculated and the results are presented in Table 4.5. Notice the values

that have been corrected or not included in calculations. Those values not included for

calculation were left out due to the boundary condition that was previously explained and the

consideration  of  those  results  to  be  outliers.  As  mentioned  previously,  a  ratio  of  the  relative
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tracer concentration ratio of SF6 to  CH4 as a function of time was also considered. The ratio

between the breakthrough curves for both the CH4 and SF6 were calculated for each data point of

all tests that are shown in Table 4.3.

C	
C 	 (t)

C
C 	 (t)

Table 4.5: Average tracer ratios and testing parameters

No.
Soil

Material

Average
Tracer

Concentration
Ratio

Soil
Material
Density
(lb/ft3)

Approximate
Moisture
Content

w%

Flow Rate
(Injection)

L/min

Flow Rate
(Extraction)

L/min

2 Fine Sand 1.72 100 3.5 2.5 0.5
4 Fine Sand 1.55 100 2.33 3.0 0.5
5 Fine Sand 1.69 100 2.33 3.0 0.5
6 Fine Sand 2.11 100 2.33 1.0 0.5
7 Fine Sand 2.16 100 2.33 0.5 0.25
8 Fine Sand 1.25* 100 2.33 0.5 0.25
9 Fine Sand 1.23 100 11.22 3.0 3.0
10 Fine Sand 2.76* 100 2.33 1.0 0.5
11 Fine Sand 2.16* 100 2.33 2.0 0.5
12 Fine Sand 36.77*† 100 2.33 2.0 0.5
13 Fine Sand 10.88† 100 2.33 1.0 0.5
14 Fine Sand 1.67 100 11.22 3.0 1.5
15 Fine Sand 1.27 100 11.22 3.0 3.0
16 Fine Sand 1.29 100 11.22 3.0 1.5
17 Clay 4.77 90 8.0 2.0 0.5
18 Clay 1.85 90 8.0 3.0 0.5
19 Clay 1.37 90 8.0 3.0 0.5
20 Clay 10.28 90 7.92 0.5 0.25
21 Clay 18.72* 90 7.92 0.5 0.25
22 Clay 15.70 90 7.92 1.0 0.25
23 Clay 8.72 90 7.92 1.5 0.75
24 Clay 7.55* 90 8.0 3.0 3.0
25 Clay 6.53 90 8.0 3.0 3.0
26 Clay 5.14 90 8.8 3.0 0.5

*Corrected Values   †Not used in calculation
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The function of time for the relative tracer concentration ratios of each test was

developed to see how each test functioned individually and whether or not a linear distribution or

an exponential distribution fit the data better. After this analysis was completed, a function was

developed for the data specific to the ratio of SF6 to CH4 as a whole for fine sand. This function

can be seen in Table 4.6.

Table 4.6: Overall function for the relative tracer concentration ratio for fine sand

Soil Material Overall Function

Fine Sand y = 0.0178x + 1.537

Once the above considerations were completed, both cases were applied to the tracer

breakthrough curves for consideration of which may be better. In order to apply the two

considerations, one must correct the CH4 breakthrough curves using the overall average relative

tracer concentration ratio and using the overall function supplied above. Figure 4.12 shows the

application of both the overall average ratio and overall function to the CH4 breakthrough curves.

Figure 4.12: Application of average relative tracer concentration ratio and overall function

to CH4 breakthrough curves
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From the above results it may be concluded that using the application of the function and

not the average produces slightly better results. The constant moves the breakthrough curve for

CH4 higher than it should be at the beginning, whereas the function does not do that.

A concern that was mention previously, was why the breakthrough curve for H2S fell

below CH4 and not between SF6 and CH4. Since H2S has as higher molecular weight than CH4,

one should expect its’ breakthrough curve to be between CH4 and  SF6; however, the H2S

breakthrough curve is below the one for CH4,  which is  an indication of additional reactivity of

H2S with the sand. Another concern is that the molecular weight of SF6 is much larger than the

molecular weight of H2S, and thus providing an argument that it could not be used as a suitable

tracer. In order to show that SF6 is a suitable tracer, a ratio of the molecular weights of SF6 to

CH4 was calculated and compared to the mean of the ratios of the relative tracer concentrations

ratios of the GPPT testing. This ratio is to be called the Gas Density Index (GDI).

4.3.3  Gas Density Index and Application as Correction Factor

As mentioned,  the  GDI  is  a  ratio  of  the  molecular  weights  of  SF6 to  CH4. This section

focuses on the comparison of this ratio to the average ratio and function of the relative

concentrations of the breakthrough curves for the tracer gases. A similar methodology is used to

correct the H2S breakthrough curves. This correction will hopefully allow for one to see the loss

of H2S due to oxidation without having to use a tracer gas of similar molecular weight.

In order to calculate the Gas Density Index (GDI), the forth root of the ratio of the molar

weights of SF6 to CH4 is calculated. The formula below that is used for this calculation is listed:

MW

MW
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Before one can apply this GDI to the H2S GPPT results, the GDI must be compared to the

ratio of the relative concentrations SF6 to CH4 to see if it can match closely with what happened

in during the testing. This will allow for one to know if this is plausible. The GDI for SF6 to CH4,

from the equation above, is equal to 1.737. This value happens to not only be within one standard

deviation of the mean of the ratios of the relative tracer concentrations for the tracer

breakthrough curves, but is also almost exactly the same as the overall mean. Figure 4.13 shows

the use of the function, applied earlier, in comparison to the GDI.

Figure 4.13: Comparison of the overall tracer concentration ratio function to the GDI of

SF6 and CH4

Notice that the GDI curve falls almost directly on top of the “function” corrected curve

for CH4. This indicates that the GDI gives very similar results to the function of the overall data

set for sand. This also indicates that one can now assume that any tracer can be used regardless

of its molecular mass. This assumption; however, must be further tested by applying the GDI to

correct the H2S GPPT results. This GDI will be applied using both SF6 and CH4; however in the

case of CH4, the inverse will be used as CH4 is lighter than H2S.

The application of this GDI using SF6 and CH4 is formulated below:
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MW

MW
																														 1

MW
MW

								
The GDI using SF6 produces a value of 1.439 and the GDI using CH4 produces a value of

1.207. The application of these factors to the H2S GPPT results can be seen in Figure 4.14 where

H2S results were corrected using SF6 (Top) and CH4 (Bottom).

Figure 4.14: Correction of H2S GPPT results using the SF6-H2S GDI and the CH4-H2S

GDI.
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The above results indicate that the hypothesis that any tracer gas can be used in a GPPT

with the application of the GDI can be considered correct. Further testing will need to be

completed to form a stronger conclusion based on consistency and statistical significance. This

can be done by the continuation of testing and amassing a much larger data set.

4.3.4  Proper GPPT Flow Rate and Zeroth-Order Kinetics Constant

The GPPT testing that was completed was ran at various different flow rates. Table 4.7

shows the different tests that were run along with the injection and extraction flow rates. In order

to investigate the effect, each injection/extraction flow rate scenario was compared to both the

average relative tracer concentration ratio and tracer concentration function that was presented

earlier.

Table 4.7: Flow rate scenarios for the GPPT testing

No. Soil Material Flow (Injection) (l/min) Flow (Extraction) L/min)

2 Fine Sand 2.5 0.5
4 Fine Sand 3.0 0.5
5 Fine Sand 3.0 0.5
6 Fine Sand 1.0 0.5
7 Fine Sand 0.5 0.25
8 Fine Sand 0.5 0.25
9 Fine Sand 3.0 3.0

10 Fine Sand 1.0 0.5
11 Fine Sand 2.0 0.5
14 Fine Sand 3.0 1.5
15 Fine Sand 3.0 3.0
16 Fine Sand 3.0 1.5

The interest lies in seeing which of the scenarios provides for the relative tracer

concentration ratio to be approximately unity, or provides the proper coverage of values close to

unity in considering the tracer concentration function. As for the ratio, one can see in Figure

4.15-Top that for various extraction rates, the best/most consistent injection rates appear, due the
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ratios being close to unity, to be on the higher side. The lower injection rates seem to have values

less consistent and move away from unity. When the ratios are close to unity the gas movement

can be said to be governed by advection, the weights don’t matter, and when the rates are lower,

the gas movement can be said to be governed by diffusion. Additionally, in considering the

function that was presented earlier, that is specific to the ratio of the relative tracer concectration

ratios of SF6 to CH4, the same indication is presented in that the higher injection/extraction flow

rates produce results that have ratios closer to unity than the results of the tests with lower

injection/extraction flow rates. Since the test produces better results at higher injection/extraction

flow rates, it would be necessary to have a stronger pump which would require more power.

With that in mind, more power would require a more powerful source but could possibly be

heavier and make the test less portable and time effeective. It is the desire to keep this test as

portable as possible, and thus, it would be recommended that a portable power source that can

produce higher injection and extraction rates be utilized during the GPPT. More over it was

concluded that the ideal injection/extraction scenario was to have a high injection rate and equal

high extraction rate.

Figure 4.15: Investigation of flow rate scenarios for the GPPT testing results
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In consideration of finding the oxidation rate of H2S, Streese-Kleeburg (2011), use the

method set forth by Yang, (2007). This method was described and presented above and is

discussed here. Now that the breakthrough curve has been corrected for the difference in the

molecular weights of the tracer and reactive gases, one can move forward in developing the

correction for the physical properties of the soils and thus bringing the development of this test

one-step closer to being applied to find the oxidation rate of H2S as Streese and Kleeburg (2011)

did for methane.

4.4  Summary and Conclusions

This chapter concentrated on the development of methods to perform a (GPPT) to

measure the capacity of soil materials to oxidize H2S. Two soils were used during the

experimental  phase  of  this  research.  These  two soils  were  fine  sand  and  clayey  fine  sand.  The

objectives of this field study were to experimentally compare transport of the reactant gas H2S

and tracer gases during GPPTs as a function of varying injection/extraction flow rates in a

porous medium and in the absence of microbial activity.  This was done to evaluate the relative

importance of molecular diffusion, advection and transfer into the water phase of H2S and tracer

gases during GPPTs.  GPPTs were performed at different gas flow rates and different water
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saturations in a large sand-filled tank equipped with vents to simulate an open system. SF6, sulfur

hexafluoride, and CH4, methane were used as tracers.  The second objective of the study was to

experimentally compare transport of the reactant gas H2S  and  tracer  gases  during  GPPTs  as  a

function of varying injection/extraction flow rates to develop a correction ratio that would allow

the use of tracers with dissimilar molecular weights. Thirdly, the developed correction ratio

would be applied to move forward in finding the zeroth-order kinetics constants of H2S reactivity

from GPPTs performed during the testing during this study. These results could then be used to

measure the performance of in practice applications of H2S emission mitigations.

It was concluded that all objectives for this chapter were met. Several tests were run at

varying injection/extraction flow rates and it was discovered that the best injection/extraction

rate that one should use, is both a high injection rate and a high extraction rate. A ratio of the

molecular weights, or gas density index (GDI), of the tracer gases and reactive gas was

calculated and compared to the average of the relative tracer concentration ratios and the overall

tracer concentration function. It was concluded that the GDI, for this particular data set, was

considered a statistically significant value and that it could be applied as a correction factor to

GPPTs where gases of dissimilar molecular weights are used. Finally, it was concluded that the

corrected breakthrough curves for H2S could be used in finding the zeroth-order reaction

constant by using the linear regression of the net mass transfer described by Yang (2007), and

that this test could possibly be used in measuring the performance of in practice applications of

H2S emission mitigations as better test methods are developed.
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CHAPTER FIVE

SUMMARY AND CONCLUSIONS

This thesis had the purpose of developing methods that would allow one to apply the use

of  the  Gas  Push  Pull  Test  to  measure  the  capacity  of  soil  materials  to  oxidize  H2S. The thesis

began  with  an  overall  look  at  the  waste  handling  within  the  United  States.  The  different

processes that are in place for reducing or discarding of the different types of waste were

described. A more specific discussion on landfills was had along with a discussion concerning

the main components of landfills. Additionally, the processes by which hydrogen sulfide can be

attenuated or inhibited were described along with an introduction into gas push pull testing.

Chapter 3 discussed a laboratory study that was completed to study the capabilities of the soil

materials to attenuate H2S. It was found that when moisture was introduced into the system, that

all soil types behaved differently. The fine sand and silty fine sand were the two types that did

not change very much which was assumed to be due to the low level of metallic minerals in

either of those soils  and also due to the lower capacity of each of those soils  to sorb H2S. The

clayey fine sand was found to have the ability to reduce H2S very quickly at 0% moisture content

and due to its high iron content. The clayey fine sand assumedly lost its effectiveness to reduce

H2S due to the addition of water. The compost assumedly acted opposite to the results of the

clayey fine sand. When more water was added to the material, the reaction rate began to

increase.  As far as modeling is concerned, it was found that the data could fit into the category

of zeroth-order kinetics, and that zeroth-order kinetics could mathematically describe the

reaction of H2S with the soils  in this study. It  was recommended that  soil  materials containing

clayey soils or composted material, such as were used in this study could be used in other various

applications to reduce or attenuate H2S  production.  Chapter  4  discussed  the  application  of  the
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GPPT to find the capacity of soil materials to oxidize H2S and the need to develop proper

methods  to  perform  a  (GPPT)  for  said  gas.  The  objectives  of  the  field  study  were  to

experimentally compare transport of the reactant gas H2S  and  tracer  gases  during  GPPTs  as  a

function of varying injection/extraction flow rates in a porous medium and in the absence of

microbial activity.  This was done to evaluate the relative importance of molecular diffusion,

advection, and transfer into the water phase of H2S and tracer gases during GPPTs.  GPPTs were

performed at different gas flow rates and different water saturations in a large sand-filled tank

equipped  with  vents  to  simulate  an  open  system.  SF6, sulfur hexafluoride, and CH4, methane

were used as tracers. The second objective of the study was to experimentally compare transport

of the reactant gas H2S and tracer gases during GPPTs as a function of varying

injection/extraction flow rates to develop a correction ratio that will allow the use of tracers with

dissimilar molecular weights. Thirdly, the developed correction ratio was discussed as a means

of obtaining the zeroth-order kinetics constants of H2S reactivity from GPPTs performed during

the testing during this study. Finally, investigation of the GPPT to measure the performance of in

practice applications of H2S emission mitigations was considered. It was concluded that all four

objectives for chapter 4 were met. Several tests were run at varying injection/extraction flow

rates and it was discovered that the best injection/extraction rate that one should use, is both a

high injection rate and a high extraction rate. A ratio of the molecular weights, or gas density

index (GDI), of the tracer gases and reactive gas was calculated and compared to the average of

the relative tracer concentration ratios and the overall tracer concentration function. It was

concluded that the GDI, for this particular data set, was considered a statistically significant

value and that it could be applied as a correction factor to GPPT tests where the use of gases are

dissimilar in molecular weights. Finally, it was concluded that the corrected breakthrough curves



74

for  H2S could eventually be used to find the zeroth-order reaction constant by moving further

and finding the correction for the physical properties of the soil, and that this test could possibly

be used in measuring the performance of in practice applications of H2S emission mitigations as

better test methods are developed.

Overall,  this  thesis  offers  great  insight  into  the  world  of  gas  push  pull  testing  in  that  it

allows the possible application of a simple ratio of tracer and reactive gas molecular weights to

be able to correct the breakthrough curves of the gas that is in question. Along with the

application of the simple ratio, one can also use the findings of the different flow rate scenarios

to set-up the test  to inject  and extract  at  higher speeds as to be able to provide the best  results

before correction is applied. Finally, once the molecular weights and soil properties corrections

have been applied, the net mass transfer could be calculated to provide the zeroth-order reaction

constant. It is concluded that the GPPT could be used to quantify the capacity of a soil material

to oxidize H2S, and that the GPPT, for H2S in particular, has been somewhat developed in that a

particular flow rate of injection/extraction can be chosen, that a gas density index developed

herein can be used to correct breakthrough curves for gas properties, and that the application of

the GDI to H2S breakthrough curves is one step closer in providing for the quantification of the

oxidation rate/reaction constant of H2S by applying zeroth-order kinetics.
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