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ABSTRACT 

THESIS: SCREENING OF GRASSES AND LEGUMES FOR PHYTOREMEDIATION 

OF NITROGLYCERIN IN SOIL 

STUDENT: Jessica Trensey 

DEGREE: Master of Science 

COLLEGE: Sciences and Humanities 

DATE: May, 2013 

PAGES: 91 

Six plant species were screened to determine potential suitability for 

phytoremediation of nitroglycerin (NG), a component in smokeless powders (SP).  Seeds 

of Zea mays (corn), Triticum aestivum (wheat), Medicago sativa (alfalfa), Poa pratensis 

(Kentucky bluegrass), Trifolium pratense (red clover), and Phaseolus vulgaris (common 

bean) were sown into greenhouse mesocosms containing commercially prepared soil 

spiked with 0, 1, and 5% SP (w/w). Soil samples were collected 7, 60, and 90 days after 

seeding, extracted with ethanol, and analyzed for NG using a gas chromatograph with an 

electron capture detector.  Plant growth observations were recorded using a simple 

scoring metric at 7, 14, 30, and 60 days after seeding. Soil nitrate and ammonium, 

potential by-products of NG decomposition, were quantified 90 days after seeding. NG 

disappearance in plant treatments was markedly, although not significantly (p > 0.05), 

higher than control at 1% SP, with legumes being the most successful treatment. Nitrate 

concentrations were significantly (p < 0.05) higher in legume than grass treatments. Soil 

ammonium was not correlated to any plant or SP treatment. Plant uptake of NG was 
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minimal, suggesting a soil microbial effect in NG disappearance. More extensive 

screening studies are needed to determine which plants are the most successful 

remediators of NG.  
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INTRODUCTION 

In the 20
th

 century, the rapid pursuit of economic and technological progress led 

to wider productivity, but also to increased waste generation. Human activities in 

agriculture, transportation, manufacturing, and defense industries have degraded soil 

quality through deposition of organic and inorganic substances including hydrocarbons 

and metals.  Many wastes have been washed into waterways, with consequent damage to 

soil, surface water, and groundwater. Production and release of these substances also 

contributes to pollution of air. Negative environmental and social externalities associated 

with greater economic progress pose threats to public health and the environment.  

Energetic materials (EMs) comprise hydrocarbon substances including explosives 

and propellants. Energetic materials are xenobiotic, recalcitrant (i.e., persistent) 

compounds that are valued for the high-energy functional groups in their molecules. 

Exposure to EMs poses a threat to human health and to other terrestrial and aquatic biota. 

Both acute and chronic effects have been associated with exposure of laboratory animals 

and workers to various energetic materials. Acute health effects include nausea, 

dizziness, skin rashes, etc., and chronic health effects include liver damage, heart 

irregularities, and, in the case of some compounds, cancer and death. 

Thousands of acres of soil in the U.S. and worldwide have become contaminated 

from manufacturing, use, and disposal of EMs. Often, adequate clean-up of residues is 
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not performed on lands used by the military and private firearms users. Proper disposal of 

EM byproducts has not been viewed as a priority until recently; disposal costs were kept 

low, leading to environmentally dangerous practices. Frequently, open lagoons and 

dumps are filled with used materials and byproducts, and residues are left in place on 

training ranges. An increase in the use of munitions and firearms, particularly in the last 

half-century, has led to an increasing number of sites contaminated with energetic 

compounds, including nitroglycerin (NG). Additionally, numerous military conflicts have 

expanded the area of contamination, which could ultimately lead to illness and/or death 

for resident populations. These areas are rarely properly remediated due to monetary and 

political constraints. 

Clean-up of contaminated soil and water supplies is critical to prevent risk to 

populations from exposure to energetic compounds. The most commonly employed 

techniques to detoxify and remediate EM-contaminated soil include excavation followed 

by incineration or disposal, soil solidification/stabilization, chemical oxidation, and 

electrokinetic remediation. Although these techniques have been used with varying 

degrees of success, they also have many disadvantages. For example, disposal of 

contaminated soil is costly and is not a permanent solution, since the contamination is 

simply relocated elsewhere. Physico-chemical remediation systems can be expensive to 

design and to maintain. Treatment chemicals could react with the highly unstable EMs, or 

machinery (e.g., excavators, drill rigs) could detonate unexploded ordnance present on-

site. Therefore, remediation techniques that avoid these unintended consequences are 

being developed to address energetics contamination. 
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Biological remediation of soil employs a combination of plants, and 

microorganisms to decompose hydrocarbon-containing energetic materials. The most 

common types of soil bioremediation are bioslurry, composting, and landfarming, which 

rely primarily on natural decomposition activities performed by microbes, and 

phytoremediation, which employs plants as well as the microbes in the root zone.   

Certain green plants have been demonstrated to decompose hydrocarbon 

compounds within their rhizosphere (root zone). Some plants may be capable of both 

surviving on contaminated soil and decomposing contaminants below levels of regulatory 

and health concern either through rhizosphere degradation or via plant assimilation. The 

most successful species are those which are easy to maintain, thrive on most soil types, 

produce significant biomass (thereby extracting contaminants most effectively), and are 

aesthetically appealing. Thus, grasses and grain crops are commonly viewed as the most 

important phytoremediation plant families. 

Many military, warfare, and private sites are contaminated with NG; in addition, 

inexpensive, effective, and safe remediation techniques are required to clean up the soils.  

The bulk of research in bioremediation of EMs has been performed for 2,4,6-

trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX); very little 

research has been done, especially in recent years, with bioremediation of nitroglycerin. 

The best plants for phytoremediation of NG are unknown, and the tolerance of plants to 

NG contamination is also unknown.  

A research project is reported in which the ability of selected turf and agronomic 

plants to decompose nitroglycerin in soil was assessed. 
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Objectives 

The objective of this study was to assess the viability of phytoremediation of 

nitroglycerin (NG) contamination in unsaturated soil.  Several plant species will be 

screened to determine which are most effective, under the given conditions, in 

phytotreatment of smokeless gunpowder-spiked soil.  Specific goals of the proposed 

study are to: 

(1) Compare plant removal of NG from soil across a variety of species; 

(2) Assess the degree of plant seedling tolerance to NG; 

(3) Describe qualitatively how NG exposure affects plant growth and vigor; and 

(4) Examine rates of plant assimilation and/or storage of NG in above-ground plant 

tissue. 



LITERATURE REVIEW 

Explosives and propellants, collectively termed energetic materials (EMs), have 

been used worldwide for a variety of military and civilian purposes since the 19
th

 century. 

Environmental contamination by EMs is extensive in many industrialized nations 

(Pichtel, 2012).  

When released into the environment, many EMs sorb to soils; many, however, are 

soluble in water and may be somewhat mobile in the soil profile (Bordeleau et al., 2012). 

Exposure to EMs by humans and other organisms through environmental media can 

result in both acute and chronic health effects, including cancer (Hannink et al., 2002). 

Therefore, remediation of contaminated media is required to protect humans and 

ecosystems from exposure. 

Several options are available to remove EMs from soil and groundwater. Most 

conventional techniques require use highly reactive chemicals or complete removal of 

soil (Alkorti and Garbisu, 2001). Often the outcomes are undesirable (e.g., drastic 

chemical or physical changes may be imparted to the soil). Alternative techniques 

utilizing natural attenuation are, therefore, currently being developed. Phytoremediation 

has been successful in the treatment of various contaminants including petroleum 

products and chlorinated hydrocarbons (Frick et al., 1999; Wei and Pan, 2010). However, 

it has not been sufficiently studied with regard to nitroglycerin contamination. 
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Energetic Materials 

The majority of military and commercial energetic materials are nitrogen-

containing organic compounds storing high amounts of energy, which have the potential 

to oxidize and release gaseous molecules (N2, CO2, H2O), with the production of heat, 

flame, and shockwave.   

Energetic materials include explosives, pyrotechnics, and propellants (e.g., 

smokeless gunpowder and rocket fuels). Energetic materials are classified based on speed 

of decomposition (i.e., combustion). Low explosives, which are often used as propellants 

and pyrotechnics, decompose, or deflagrate, at subsonic speeds (< 1130 feet per second 

[fps]). High explosives decompose, or detonate, at supersonic speeds (> 1130 fps). The 

result is a controlled generation of energy for low explosives, and a faster, less controlled 

generation of energy for high explosives (Goebel, 2012). 

Common high explosives include 2,4,6-trinitrotoluene (TNT), Royal Demolition 

Explosive (hexahydro-1,3,5-trinitro-1,3,5-triazine, RDX), High Melting Explosive 

(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, HMX), and pentaerythritol tetranitrate 

(PETN). Common low explosives, which are often employed as propellants, include 

nitrocellulose (NC) and nitroglycerin (NG; glycerol trinitrate GTN). 
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TNT 

TNT was discovered in the 1860s and was used on a wide scale beginning in 

World War I (Goebel, 2012). TNT is used widely in military, mining, quarrying, and 

demolition. It is valued for its insensitivity to shock, which allows for ease of transport 

and handling. TNT has a low melting point and high boiling point, and is therefore 

chemically and thermally stable (Urbanski, 1967). 

With an average KOC of 1,600, TNT is relatively insoluble and immobile in soil 

(NLM, 2007). TNT is degradable to 2,4 dinitrotoluene (2,4-DNT) by (aerobic and 

anaerobic) microbial and abiotic processes (Rylott et al., 2010) (Fig. 2.1.).  

 

 

 

Figure 2.1. Chemical structure of 2,4,6-trinitrotoluene. 
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RDX 

RDX is a nitramine explosive (Fig. 2.2) and has been used on a wide scale in 

military and industry since World War II, usually in mixtures with other explosives. RDX 

is more powerful than TNT and, at room temperature, is highly stable and insensitive to 

shock and friction. RDX is slightly soluble in water, is unlikely to volatilize, and does not 

sorb strongly to soil (Akhavan, 2004).     

 

 

 

Figure 2.2. Chemical structure of hexahydro-1,3,5-trinitro-1,3,5-triazine. 
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HMX 

HMX is a nitramine explosive and is insensitive to shock and friction (Fig. 2.3). It 

is used almost solely for military applications, including detonation of plutonium-based 

implosion nuclear weapons, in mixtures of plastic explosives, and as a rocket propellant. 

HMX has low water solubility, low volatility, and also does not sorb strongly to soil 

(Pike, 1996). 

 

 

 

Figure 2.3. Chemical structure of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine. 
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PETN 

Pentaerythritol tetranitrate (PETN) (Fig. 2.4) is prepared by continuously nitrating 

a mixture of formaldehyde, acetaldehyde and other chemicals. PETN was first patented 

and produced on a large scale by the German government for use in World War I. Valued 

for its high brisance (shattering ability), it is a key ingredient in Semtex plastic explosive, 

as a bursting charge in artillery, and as a gun and rocket propellant. PETN is only slightly 

sensitive to shock, nearly insoluble in water, has low volatility, and has a limited ability 

to sorb to soil (Boileau et al., 2009). 

 

 

 

Figure 2.4. Chemical structure of pentaerythritol tetranitrate. 
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Nitrocellulose 

Nitrocellulose (Fig. 2.5) is a cotton-like polymer produced by treating cellulose 

with nitric and sulfuric acid. Over time its structure deteriorates, releasing nitric acid, and 

producing a flammable powder. Other compounds are incorporated into NC products to 

improve its stability and control its burning rate. Nitrocellulose is also used as a laquer 

and in beauty products (Brown, 1998). 

 

 

 

Figure 2.5. Chemical structure of nitrocellulose. 
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Nitroglycerin 

Nitroglycerin (NG) is an oily, yellow ester of glycerin and nitric acid (Fig. 2.6) 

(Pichtel, 2011). NG has been used since the 19
th

 century in the manufacture of dynamite.  

The water solubility of NG is 1,250 to 1,950 mg/L (Budavari et al., 1996 and 

Burrows et al., 1989). With an organic carbon partition coefficient (Log KOC) of 2.12, NG 

has a low potential for soil adsorption; furthermore, with a Henry’s Law constant (KH) of 

2.71 x 10
7
atm, it is essentially non-volatile. NG is degradable to dinitroglycerin (DNG) 

and mononitroglycerin (MNG), which are also explosive (Brannon et al., 2002). 

 

 

 

Figure 2.6. Chemical structure of nitroglycerin. 
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Table 2.1. Physical and chemical properties of selected energetic compounds (Pichtel, 2012). 

 

 
Compound TNT RDX HMX Nitroglycerin 2,4-DNT 

Molecular formula C7H5N3O6 C3H6N6O6 C4H8N8O8 C3H5(NO3)3 C7H6N2O4 

Molecular weight 227.13 222.26 296.16 227.09 182.15 

Melting point(˚C) 80-82 204 276-286 14 64-66 

Boiling point (˚C) 240 (explodes) 234 (decomposes) 
50-60 

(decomposes) 
300 (decomposes) 

Vapor pressure (20 

˚C, 1 bar) 
7.2 x 10

-9
 5.3 x 10

-12
 4.3 x 10

-17
 2.6 x 10

-4
 2.2 x 10

-4
 (25 ˚C) 

Water solubility 

(mg/L) 
130 42 5 1,250-1,950 270 

Octanol-water 

partition coefficient 

(Log KOW) 

1.86 0.86 0.061 1.62 1.6-1.89 

Henry's Law 

constant (bar m
3
 

mol
-1

) 

4.57 × 10
–7

 to 

1.1 x 10
-8

 

6.3 × 10
–8

 to 

1.96 x 10
-11

 

6.3 × 10
–8

 to 

1.96 x 10
-11

 

2.71 x 10
-7

atm 

m
3
/mole, 25°C 

(est.) 

1.86 x 10
-7

atm 

m
3
/mole, 25°C 

(est.); 1.3 x 10
-7

 

atm m
3
/mole

-1
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Smokeless Gunpowder 

Solid propellants (e.g., smokeless gunpowder) are composed of low explosives 

that deflagrate at a controlled rate in order to propel rockets or to fire ammunition from 

firearms. Nitrocellulose-based solid propellants are classified into three categories based 

on constituents: single-base, double-base, and triple-base. Single-base propellants contain 

mostly NC. Double-base propellants, including smokeless gunpowders, contain NC that 

is gelatinized with NG. 2,4-dinitrotoluene (DNT) may also be added to reduce flash 

(Table 2.1). Triple-base propellants contain NC and NG with nitroguanidine (NQ) to 

reduce flash and deterioration of the gun barrel. Propellants also contain stabilizer 

compounds and various fillers. Smokeless gunpowder granules are manufactured in 

different shapes, including flakes, cylinders, and spheres (or “ball powders”). All ball 

powders are double base, although flakes and cylinders can be either single-, double-, or 

triple-base (Hawks, 2003). 
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Table 2.2. Composition of typical double base smokeless gunpowder. 

Component Name Amount by 

Weight (%) 

Function 

   

Nitroglycerin 4-40% 

Energetic; raises the 

energy content; improves 

physical properties; 

reduces hygroscopicity. 

 

 

 

Rosin 

(Abietic acid) 

 

 

0-4% 

 

 

Deterrents: Coats the 

exterior of the propellant 

granules to reduce the 

initial burning rate on the 

surface and reduce initial 

flame temperature and 

ignitability. 

 

 

Diphenylamine 

 

 

 

0-1% 

 

 

 

Stabilizer: Prevents 

nitrocellulose and 

nitroglycerine from 

decomposing by 

neutralizing nitric and 

nitrous acids. 

 

 

Ethyl centralite 

 

0-1% 

 

Plasticizer: Reduces the 

need for volatile solvents. 

Nitrocellulose 

 

 

 

 

Variable 

 

 

 

Energetic. 
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Environmental Contamination by Energetic Materials 

In the US and worldwide, soil, groundwater, and surface water have been 

contaminated through manufacture, assembly, transport, use, improper storage, disposal, 

and/or accidental release of energetic materials. The United States manufactures the 

majority of explosives and, therefore, is the main generator of energetic waste products. 

In 1998, it was estimated that at least 700,000 tons of soil in the U.S. are contaminated 

with so-called secondary (e.g., TNT, NG) explosives alone (Broder et al., 1998). The 

U.S. Department of Defense (DoD) determined that 28 percent of soil samples collected 

from 52 sites in the U.S. and Canada were contaminated by one or more high explosives 

(Pennington et al., 2004).  

Training activities at firing ranges lead to deposition of unused energetic materials 

into soil (Brannon et al., 2002). Propellant residue may be dispersed when firing 

weapons. Soil deposition rates of propellant materials depend, partially, on the efficiency 

of use. For example, an M136 AT4 rocket was determined to use 73 percent of the 

propellant loaded into the weapon, thereby losing 27 percent to the surrounding 

environment (Walsh, 2011).   

If energetic contaminants do not bind to soil components, contamination of 

groundwater and surface water may occur. For example, at the Iowa Army Ammunition 

Plant, concentrations of TNT and RDX (neither of which readily adsorb to soil) were 

measured at concentrations of 680 and 12,785 µg/L in groundwater, respectively (Best et 

al., 1997).  
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 Nitroglycerin contamination has been discovered at many sites in the U.S. and 

Canada (Table 2.3.). Most studies have shown relatively low concentrations of NG in 

soil, but some have shown significant concentrations. For example, NG concentrations of 

up to 4700 mg/kg were found in soil of the Gagetown Canadian Forces base in New 

Brunswick, Canada (Pennington et al., 2005). In areas cold or dry enough to slow 

biological and geophysical decay mechanisms, NG may accumulate in soils to high 

levels. Although reported concentrations of NG over 1 mg/kg are unusual, these 

situations represent a need for further study of remediation of NG contamination in soil.  
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Table 2.3. Nitroglycerin contamination at selected U.S. and Canadian sites. 

Site 
Nitroglycerin 

Concentration 
Medium Reference 

DuPont 

Barksdale 

Works; 

Barksdale, WI 

2.5 µg/L; 0.25 

µg/L 

Groundwater 

and private 

wells, 

respectively 

Wisconsin 

Department 

of Health and 

Family 

Services, 

2002. 

Cold Lake Air 

Weapons Range, 

Jimmy Lake 

Range; Alberta, 

CAN 

170 to 3590 

µg/kg 
Soil 

Pennington et 

al., 2006 

Cold Lake Air 

Weapons Range, 

Shaver River 

Range; Alberta, 

CAN 

2 µg/kg Soil 
Pennington et 

al., 2006 

Camp Edwards, 

Massachusettes 

Military 

Reservation 

Up to 150 

mg/kg 
Soil 

Pennington et 

al., 2006 

Jefferson 

Proving Ground; 

Madison, IN 

<0.05 mg/kg Soil 
CHPPM, 

2003 

Fort Bliss; NM 0-0.97 mg/kg Soil 
Pennington et 

al., 2003 

CFB Gagetown, 

Wellington 

Anti-tank 

Range; New 

Brunswick, 

CAN 

Up to 4700 

mg/kg; Up to 

2300 mg/kg 

Soil; In front 

of firing line 

and behind 

firing line, 

respectively 

Pennington et 

al., 2005 

Yakima 

Training Center; 

Yakima, WA 

Up to 6.6 mg/kg 

(4.6 mg/kg 

mean) 

Soil at firing 

point 

Jenkins et al., 

2007 
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Environmental Fate and Transport  

Water solubility is the most important variable in determining the fate and 

transport, and therefore risk posed to health and ecosystems, from environmental 

contaminants. After dissolution from the solid phase, the main factors affecting fate and 

transport of contaminants are rate of volatilization, sorption, and geochemical and 

biological transformation (Brannon and Myers, 1997).   

Considerable effort has been devoted to understanding fate and transport of 

energetic materials. However, the majority of the research has been conducted with TNT, 

RDX, and HMX (Pennington et al., 2004). The importance of NG has only recently been 

established, because NG was not previously considered a potential water contaminant on 

training ranges. Since NG is typically encapsulated in an insoluble NC mixture (for 

example, in double-base smokeless powder), it was believed to be insignificant as a 

source of groundwater contamination and was thus overlooked in many studies. 

Consequently, fate and transport mechanisms of NG are poorly understood. 

Recent investigations have reclassified NG from “immobile” to “mobile” in soil.  

Since NG is moderately soluble (1,500 mg/L at 20˚C) (Table 2.1.), it is readily 

transported into groundwater in medium- and coarse-textured soil. High solubility also 

permits NG to be transported into surface water ecosystems when rinse water (for 

example, from explosives manufacture or pharmaceutical facilities) is released down the 

drain or when precipitation carries runoff from NG-contaminated soils (USACHPPM, 

2007). Nitroglycerin transport increases when organic matter (OM) and clay content 

decrease (Clausen et al., 2011).  
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Accashian et al. (2000) posited that NG is a recalcitrant molecule. In a batch 

reactor study, NG was shown to be inhibitory to bacterial decomposition after DNG and 

MNG accumulated to high levels. Since the molecule has a tendency to partition to the 

organic fraction (Log Kow = 1.62), it also tends to partition into the lipid layer of the 

microbial cell membrane. Once it enters the membrane, it was hypothesized that NG can 

cause cell leakage and ultimately cell death. 

Health Risks of Exposure to Energetic Materials 

Many energetic materials are considered to be both acute and chronic human 

health hazards. Prolonged exposure to TNT can cause hyperplasia of bone marrow, which 

may lead to aplastic anemia and loss of large volumes of blood (ATSDR, 1995). Hepatitis 

has also been linked with exposure to TNT, and both TNT and RDX are potentially 

carcinogenic (ATSDR, 1995; 2010). Short-term exposure to large doses of RDX has been 

associated with seizures and central nervous system (CNS) disruption in mice (ATSDR, 

2010). HMX has also been shown to negatively affect the CNS and liver in mice 

(ATSDR, 1997).   

Both NG and PETN are used for medical purposes as vasodilators. Excess 

exposure to NG (i.e., between 0.03 and 0.11 mg NG/kg body weight) leads to headaches 

and irritation in humans. Studies from as early as 1890 have described the adverse health 

impacts of exposure to NG (USACHPPM, 2007). 

 In humans, chronic exposure can lead to tolerance to NG; once tolerance occurs, 

removal from the source of exposure can lead to severe chest pains, heart palpitations, 

headaches, malaise, and sudden death due to withdrawal. Long-term exposure to 
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nitroglycerin affects the blood and can lead to methemoglobinemia (“Blue Baby 

Syndrome”), leukopenia, and liver damage. Animals orally exposed to NG experienced 

similar health outcomes (OSHA, 2012).  

Remediation of Contaminated Soil 

To reduce the likelihood of exposure to toxic materials to humans and 

ecosystems, the U.S. Congress promulgated the Comprehensive Environmental 

Response, Compensation, and Liability Act (CERCLA) in 1980 followed by the 

Superfund Amendments and Reauthorization Act (SARA) in 1986, both of which are 

enforced by the U.S. Environmental Protection Agency (EPA). When a contaminated site 

is discovered, the EPA conducts an assessment. After extensive investigation including 

interviews, data collection, sample collection/analysis, and risk assessment, the EPA may 

order responsible parties to treat or remove the contamination.   

Physical and Chemical Remediation Techniques 

Remediation approaches for cleaning up contaminated soil may be characterized 

as physical, chemical, or biological.   

The most commonly-used physicochemical technologies include soil removal, 

stabilization/solidification (S/S), soil vapor extraction, oxidation, and electrokinetic 

remediation. Benefits to these methods include minimal time commitment, and 

contaminant chemicals can be completely removed, or in the case of S/S, rendered stable. 

Drawbacks to these technologies are that they can be expensive and dangerous, 
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particularly on sites containing unexploded ordnance (UXO). Their implementation may 

result in unforeseen consequences, such as chemical reaction with EMs.   

Soil extraction processes, also referred to as soil washing or soil flushing, involve 

use of water or other solutions to remove contaminants from solids. Contaminants are 

solubilized or desorbed from solid form either in-situ or ex-situ, depending on extent of 

contamination. Extracting solutions include water to remove simple anions, basic 

solutions for metals such as lead or zinc, surfactants for oily non-polar compounds, and 

chelating agents for metallic cations. Once contaminants have become dissolved in the 

washing solution they are treated then either disposed of or, in the case of metals, 

recovered. This technology has been effective for treatment of metal- and hydrocarbon-

contaminated soils (CRA Services, 1999). There are no documented studies of soil 

washing of NG, however.  

In situations where extensive plumes of contamination are present and soil 

washing is not feasible, solidification of the plume in-situ or ex-situ can be achieved by 

mixing the affected soil with a binding agent. Inorganic binders, such as Portland cement 

or powerplant fly ash, are used to stabilize and solidify inorganic contaminants; likewise, 

organic binders, such as bitumen and polyethylene, are used to solidify organic 

contaminant plumes. Contaminants bind and form an impermeable, monolithic block, or 

a granular particulate “solid” with lower surface area than the original plume, from which 

contaminants cannot leach (US EPA, 2006b).  

Chemical oxidation converts hazardous compounds to less toxic, more stable 

compounds. The process involves well-understood oxidation-reduction reactions, where 

and the contaminant molecule is typically oxidized, and an additive (e.g., hydrogen 
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peroxide) or a soil component (e.g., Fe
3+

, organic matter) is concurrently reduced. 

Oxidizers commonly used to degrade contaminants include hydrogen peroxide, ozone, 

and potassium permanganate. Solid oxidizers (e.g., MgO) are incorporated into soil with 

deep augers or backhoes. Liquid oxidizers can be added using wells or via injection. 

Gaseous oxidizers can be added by pressurized injection or with a direct pressure rig 

(Derby, 2009). 

A bench-scale study utilized electrochemical cells to enable transfer of electrons 

from sulfidic soil material to RDX and NG with the intent of chemically reducing both 

compounds (Wenqing et al., 2010). The authors evaluated whether black carbon present 

in sediment accelerated the oxidation-reduction process, or whether it only sequestered 

the EMs from aqueous solution. To simulate graphene portions of black carbon material, 

activated carbon, sheet carbon, and multiwall carbon nanotubes, single-wall carbon 

nanotubes, and diesel soot were used as sources of black carbon. Nitroglycerin decay was 

most successful in multi-wall carbon nanotubes. 

Possibly the most commonly used remediation technique for volatile 

contaminants is soil vapor extraction (SVE). Since the majority of U.S. hazardous waste 

sites contain leaking underground storage tanks (LUSTs), which contain volatile organic 

compounds (VOCs) and semivolatile organic compounds (SVOCs) as primary pollutants, 

this technology has been widely applied. In SVE technology, a vacuum is installed in the 

contaminated soil profile to promote subsurface air flow from the vadose (unsaturated) 

zone. The air carries volatilized contaminants into a treatment compartment (Pichtel, 

2007).   



24 

 

Electrokinetic remediation is an emerging technology used to treat soils, slurries, 

or sediments contaminated with charged species including radionuclides, metals, and 

some organics. Low-intensity, direct currents are applied to soil via electrodes installed in 

the medium either horizontally or vertically, depending on the shape of the contaminant 

plume. Positively charged contaminant species, such as metals and ammonium ions, 

migrate toward the negatively charged cathode, and negatively charged species, such as 

cyanide and nitrate, migrate toward the positively charged anode. Oxidation reactions 

assist the system at the anode, where an “acid front” or pool of positively charged acidic 

solution forms. Reduction reactions dominate at the cathodes, where a “base front” 

forms. Contaminants can be collected from the electrodes by groundwater pumping or 

precipitation on the electrode, following which they are treated and disposed. Soil 

porosity, conductivity, clay mineralogy, and the size, shape, and constituents of the 

plume will determine whether this technology is suitable (Yalcin et al., 1995). 

Biological Techniques 

Biological remediation techniques (bioremediation) are considered the most 

efficient and effective methods of treatment of energetics-contaminated soils (Scalzo et 

al., 1998). The most common biological techniques for remediation include bioslurry, 

composting, landfarming, and phytoremediation. Biological methods are often 

inexpensive, less invasive, with little threat of unforeseen consequences, and (in the case 

of phytoremediation) are more acceptable for use in public areas due to aesthetic appeal. 

Drawbacks to these technologies are that they are slower than conventional methods, 
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with less guarantee of contaminant removal. In addition, organisms may not be capable 

of decomposing the complex molecular structures of certain xenobiotic contaminants. 

Bioslurry systems, or bioreactors, work on the same premises that conventional 

wastewater treatment facilities use. Contaminated soil is collected from the affected site 

and mixed with water. The slurry can be amended with additives to promote microbial 

activity and degradation of the contaminant. The slurry is then agitated or mixed 

continuously and aerated. Krauter et al. (2005) employed a wetland bioreactor consisting 

of four tanks, two 1.9 kL capacity and two 4.2 kL capacity, which were planted with 

sedges (typha sp.) and cattails (cyperus sp.). The system promoted degradation of both 

perchlorate, an oxidizer used in solid propellants, and nitrate, a nutrient and water 

pollutant. Acetic acid was injected into the reactor as a carbon source for 

microorganisms. Perchlorate levels decreased below the method detection limit (MDL) 

after 24 months of operation. 

Biodegradation of both triple- and double-base propellants (M31A1E1 and 

NIOSIH-AA2) was investigated in compost, bioslurry, and liquid culture in a bench-scale 

study (Adrian, 1996). Less than 10 percent of the original quantity of NG remained after 

two weeks in each of the three treatments, but both nitrocellulose and nitroguanadine 

were resistant to biodegradation under all conditions.  

A 6 yd
3
 plot of TNT-, HMX-, and RDX-contaminated soil from Naval Weapons 

Station Yorktown (Yorktown, VA) was used in a pilot study to examine bioremediation 

efficacy. Liquid cultures of Pleurotus ostreatus, white rot fungi, were added to soil and 

amended with a growth substrate mixture including cellulose fiber, Spawn Mate®, 

gypsum, and liquid amendments (molasses and Tween 80, a nonionic surfactant). A 
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second contaminated plot was amended with all materials except the fungus.  

Concentrations of energetics in both plots were significantly reduced; thus, 

bioremediation using white rot fungi was considered effective, and its activity was 

enhanced with application of amendments (Axtell et al., 2000). 

Composting is a bioremediation strategy that also utilizes microbial activity to 

degrade contaminants. This method has been used successfully for remediation of 

explosives at Umatilla Chemical Depot (OR) and Joliet Army Ammunition Plant (IL). 

Composting methods include static piles, windrow, and in-vessel systems. Contaminated 

soil is mixed with bulking agents such as wood shavings, straw, hay, or various grasses 

and then amendments such as cow or chicken manure, food waste, or municipal solid 

waste (MSW) sludge. The mixture is aerated by turning or agitating the compost to 

promote aerobic decomposition of contaminants (USACE, 2011). 

Rezaei et al. (2010) investigated bioremediation of TNT-contaminated soil using 

MSW that consisted of 70% organic matter. Attempts were made to determine optimal 

ratios of contaminated soil, concentration of TNT, concentrations of trace elements in 

solution, chicken manure, cow manure, compost type (anaerobic vs. aerobic), and 

microbes in suspension. Composting with MSW resulted in 99.99 % TNT removal within 

15 days. Optimal conditions for compost included aerobic conditions, 35% soil, 5% cow 

manure, 5% microbial suspension, and < 50,000 mg/kg TNT concentration.   

Bioremediation of nitroglycerin- and perchlorate-contaminated wastewater was 

performed successfully under anaerobic conditions (Attaway, 1994). Nitroglycerin was 

degraded to its precursor compounds; however, physical deterioration, rather than 

enzymatic processes, was responsible for its disappearance. Perchlorate levels also 
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declined, but only after NG and nitrite were degraded and the mixture was reinoculated 

(Attaway, 1994). 

Landfarming is a method of bioremediation in which soil or sediment is excavated 

from the affected site and transferred into lined, flat containers that are similar to raised-

garden beds. The soil is aerated periodically, and amendments such as nutrients, molasses 

(a carbon source), or bulking agents can be added to enhance biological degradation. 

Landfarming was used for bioremediation of an abandoned rail yard in Australia (Line et 

al., 1996). An impermeable clay embankment was filled with contaminated soil and 

nutrient amendments on an 8,000 m
3
 plot, following which it was aerated and watered 

regularly. Over 12 months, hydrocarbon contamination levels decreased linearly from 

over 4,600 mg/kg to less than 100 mg/kg soil. The project was highly successful, 

especially given the low cost (approx. $10/ton soil). 

A range of microbial types may decompose energetic compounds. The primary 

organisms responsible for bioremediation are bacteria, fungi, and actinomycetes. For 

bacteria, the key participants in degradation of varied hydrocarbon compounds, optimal 

soil conditions include pH between 5.5 and 7.5, temperature between 25° and 35°C, 

adequate concentrations of micro- and macro-nutrients, and a C:N ratio of approximately 

10-30:1 (Brady and Weil, 2010). Little has been published on the optimal environmental 

conditions for organisms known specifically to successfully digest energetic materials.
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Phytoremediation  

Phytoremediation uses green plants to remove contamination from soil, sediment, 

and groundwater. This technology is considered an environmentally conscious, cost-

effective, and aesthetically appealing alternative to traditional soil remediation methods. 

Plants remove contaminants from soil and water through a variety of biological and 

chemical mechanisms. Plants are used in rhizofiltration, where roots adsorb or precipitate 

contaminants. Plants capable of using enzymes to uptake and subsequently transpire 

contaminants comprise phytovolatilization. Plants and associated root microorganisms 

which transform contaminants into harmless compounds are used in phytodegradation or 

rhizosphere degradation (Kuiper et al., 2004).   

Rhizosphere Degradation of Nitroglycerin  

Rhizodegradation is a process in which plants assist soil microorganisms by 

providing a habitat (the rhizosphere) which possesses favorable conditions for 

decomposition of contaminants (USEPA, 1999). The rhizosphere, or root zone, is the 

biologically and chemically active region where proliferation of soil bacteria is strongly 

influenced by the presence of active plant roots (Bias et al., 2006). The rhizosphere 

contains a greater total number of microorganisms than non-vegetated, or “bulk” soil. In 

addition, the rhizosphere contains a wider range of microbial genera. 

Rhizodegradation of energetic materials in soils has been performed using various 

cultured bacteria, fungi, and algae. Several studies have focused on microbial 

mechanisms responsible for decomposing energetic compounds. Mechanisms of fungal 



29 

 

decomposition (Ducrocq et al., 1989 and 1990, Servent et al., 1991; 1992; Zhang et al., 

1997) and bacterial decomposition (Wendt et al., 1978; Pesari et al., 1993; Meng et al., 

1995; Binks et al., 1996; French et al., 1996; Blehert et al., 1997) of NG have been 

investigated. In general, these studies have shown that microorganisms, and, in some 

cases plants, are capable of producing enzymes that assist in degrading nitroesters such as 

NG.  

Many of the microorganisms and enzymes associated with decomposition of 

nitroesters are found and/or generated in the rhizosphere. Goel et al. (1997) demonstrated 

that sugar beet (Beta vulgaris) cellular extracts can degrade NG to glycerol, then to 

DNGs and MNGs through a PETN-reductase enzyme (Fig. 2.6.). To encourage nitroester 

decomposition in a plant already known to be an excellent phytoremediation species, 

French et al. (1999) grew tobacco (Nicotiana tabacum) plants which were inoculated 

with a PETN-reductase enzyme gene. These plants degraded nitroesters as well as TNT 

to levels well below those degraded by wild species of tobacco. The authors found that 

the soil bacteria Enterobacter cloacae PB2 utilized PETN-reductase in conjunction with 

NG as its sole N source for decomposition.   
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Figure 2.7. Biological denitration of nitroglycerin (Husserl, 2011). 

 

Four genera of bacteria, i.e., Pseudomonas, Arthrobacter, Klebsiella, and 

Rhodococcus, were found to denitrate NG in wastewater from an NG manufacturing 

facility. Only Rhodococcus was found to completely denitrate NG (Marshall and White, 

2001). After a long lag period, the two strains of Rhodococcus that were isolated (SP2-4 

and SP3-4) rapidly biodegraded NG, and successfully achieved removal of the final nitro 

group from the MNGs produced (see Fig. 2.6). Although other studies reported bacterial 

utilization of NG as the sole energy source (Christodoulatos et al., 1996; Accashian et al., 

1998), this was the first report of a single bacterial species that could denitrate NG 

without addition of a supplemental N source.   
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Recent research has demonstrated that some plants are able to transform NG in 

the rhizosphere. Yellow nutsedge (Cyperus escalantus) and common rush (Juncus 

effuses) incorporated NG into plant biomass. Although yellow foxtail (Setaria glacula) 

did not accumulate NG, it was posited that the plant transformed NG effectively in the 

root zone through enzymatic processes (Reifler and Medina, 2006). Flax seed (Linimum 

usitatissimum) cell cultures accumulated and transformed NG in wastewater within a 20-

day period into DNG isomers 1,2-dinitroglycerin and 1,3-dinitroglycerin (Podlipna et al., 

2008). Perennial ryegrass (Lolium perenne) root exudates transformed NG into DNG in 

the rhizosphere, after which it was taken up into the roots and shoots of the plant 

(Rocheleau et al., 2011).  

Plant Selection for Phytoremediation Projects 

Plant species are selected for use in phytoremediation based on site characteristics 

and the plants’ ability to treat the specific contaminants present at the site. Plants must be 

capable of surviving by adapting to climatic factors and soil characteristics. Preferred 

plant characteristics include the ability to uptake or transform contaminants, rapid 

growth, production of a large quantity of biomass, ease of maintenance, and overall 

hardiness in local conditions. Plants with dense, fibrous root structures, such as grasses, 

are often preferred because they have the ability to house greater numbers of total 

bacteria in their rhizosphere (Kuiper et al., 2004). Plants with nitrogen fixing abilities, 

such as legumes, are desirable since they usually require less input of fertilizers and are 

less likely to compete with soil microorganisms for nutrients (USEPA, 2001).  
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Pradhan et al. (1998) found that alfalfa (Medicago sativa), switchgrass (Panicum 

virgatum), and little bluestem (Schizachyrium scoparium) were good candidates for 

phytoremediation of PAHs in soil at a manufactured gas plant. After a 6-month study, 

total PAH concentrations were reduced from 184.5 to at least 97.1 mg/kg soil for all 

species, and switchgrass removed/transformed contaminants to as low as 79.5 mg /kg 

soil. 

A variety of plants have been investigated in phytoremediation with differing levels 

of success. To screen plants for their abilities to remove EMs from groundwater at Iowa 

Army Ammunition Plant (IAAP), Best et al. (1997) assessed two submersed and eight 

emergent plant species in a phytoremediation pilot study. Submersed species included 

Potamogeton nodosus (American pondweed) and Ceratophyllum demersum (coontail); 

emergent species included Alisma subcordatum (water-plantain), Sagittari latifolia 

(common arrowhead), Carex vulpinoidea (fox sedge), Scirpus cyperinus (wool-grass), 

Eleocharis obtusa (blunt spikerush), Phalaris arundinacea (reed canarygrass), Typha 

angustifolia (narrowleaf cattail), and Myriophyllum aquaticum (parrot-feather). At 25°C 

TNT removal ranged from 94 to 100 percent, while removal in controls was only 62 to 85 

percent. The study also described differences in phytoremediation capabilities between 

wetland submerged and emergent species. Submerged species removed more TNT by 

mass than emergent species, but since emergent species produced more biomass, they 

may be better candidates for field application.    

Following construction of a phytoremediation wetland system for treatment of 

explosives at IAAP, no TNT or RDX concentrations above 0.002 mg/L were measured 

(McCutcheon et al., 2003). However, few studies involving in-situ phytoremediation of 
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soil contaminated with explosives (including nitroglycerin or propellants) have been 

published. The most effective non-transgenic plants for phytoremediation of NG still 

need to be determined, followed by field screening. 
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EXPERIMENTAL METHODS 

Greenhouse Study 

 A study was conducted at the Ball State University greenhouses (Muncie, IN) to 

assess the ability of six plant species to contribute to successful decomposition and/or 

uptake of nitroglycerin (NG). The species used, commercial suppliers, and relevant seed 

variety information are listed in Table 3.1. 

Table 3.1.  Plant species used in the phytoremediation study. 

Common name (botanical 

name) 
Supplier, location Variety 

Kentucky bluegrass (Poa 

pratensis) 

 

The Scott’s Company; Marysville, 

OH 

23% Abbey KB; 15% 

Right KB; 12% Jump 

Start KB; 50% Water 

Smart
® 

coating 

maize (Zea mays) 

 
Burpee Signature; Warminster, PA Early, sweet corn 

common bean or bush 

bean (Phaseolus vulgaris) 

 

Burpee Signature; Warminster, PA Tender bush 

red clover (Trifolium 

pratense) 

 

Todd’s Seeds; Novi, MI 
Red sprouting clover, 

organic 

alfalfa (Medicago sativa) 
Blooms and Things; Angel’s Camp, 

CA 
Organic 

wheat (Triticum aestivu) 

 
Got Sprouts?; Riviera Beach, FL Hard red winter, organic 
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Plants were grown in the greenhouse (12 h light, 12 h dark) in mesocosms (i.e. 

plastic pots) measuring 12.5 cm diameter by 20 cm height. One kg of commercial potting 

soil (GardenSafe™ organic; Milan, IL) was packed into each mesocosm.  

Double-base smokeless gun powder (SP) (Alliant Powder, Radford, VA) was 

applied at concentrations of 0, 1, and 5% (w/w). Soil treatments included: (1) SP-spiked 

mesocosms that were seeded; (2) mesocosms that were seeded but not spiked; and (3) SP-

spiked mesocosms that were not seeded (controls). Four replicates of each treatment were 

used. Smokeless powder was mixed into the top 5-10 cm of soil with a stainless steel 

spoon.   

For alfalfa, wheat, clover, and Kentucky bluegrass, seeds were sprinkled lightly 

over the surface of each mesocosm and covered with a thin layer of soil. For corn and 

bush bean, three seeds were placed approximately 2-5 cm below the soil surface and 4 cm 

apart from each other and covered.   

Samples of the commercial soil were collected directly from each bag and 

analyzed for nitroglycerin contamination using gas chromatography. Soil samples were 

analyzed for particle size distribution using the hydrometer method (Day, 1965). Organic 

matter content was determined by loss on ignition at 425°C overnight (Nelson and 

Sommers, 1982). Soil pH was determined by analyzing a 1:2 (w:v) soil: deionized water 

slurry with an Accumet™ Basic AB15 pH meter. Soil nitrate concentrations were 

determined from commercial soil and at day 90 of the study by extracting 20 g soil with 

50 mL 2M KCl on a reciprocating shaker for 15 min., filtering with Whatman no. 2 filter 

paper, and analyzed using Szechrome reagents (Polysciences; Warrington, PA) in a 

Biotek™ PowerWave XS2 microplate reader. Soil ammonium concentrations were 
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determined at day 90 using a modified method of Sims et al. (1995). In this method, a 1:5 

soil: deionized water slurry was reciprocated for 2 h, filtered with Whatman No. 42 filter 

paper, and appropriate reagents were added to obtain an indophenol blue compound 

which was then quantified using the Biotek™ PowerWave system. 

Treatments were watered with tap water as needed. Soil samples were collected 7, 

60, and 90 days after seeding. All soil samples were removed from the top 5-7 cm of each 

mesocosm. Samples were collected with a stainless steel spatula, placed into paper bags, 

and stored at 4°C until extraction.  

Plant Establishment and Growth 

Plant establishment and growth was assessed throughout the study.  At 7, 14, 30, 

and 60 days after seeding, plant growth in each pot was rated using the following rubric: -

1 = plant tissue is dead or dying (chlorotic), 0 = no growth observed; 1 = growth  <  7.5 

cm, 2 = growth  > 7.5 cm. At 90 days after seeding, above-ground plant tissue was 

collected by cutting approximately 1 g. of tissue above the soil surface. The tissue was 

subsequently extracted and analyzed for the presence of NG (see below). So that in-tact 

plants could be used in a future study, total plant biomass was not determined. 

Gas Chromatograph Analysis  

GC-ECD analysis was performed using a Perkin Elmer Clarus 500 gas 

chromatograph with an electron capture detector (ECD) and a Programmed On-Column 
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(POC) Inlet System. The system included a 6 m Perkin Elmer fused silica capillary 

column measuring 0.53 mm ID with a 1.5 μm film thickness.  

Soil samples and plant tissue were extracted with 92% denatured ethanol (Sigma 

Aldrich®, reagent grade). A total of 5 g of soil or plant tissue was sonicated for 30 min or 

2 hr, respectively, in 25 mL ethanol (Asbaghi and Pichtel, 2012).  The soil and tissue 

slurries were filtered using Whatman no. 2 filter paper.  

Extracted samples were injected into the instrument using the following 

parameters: run time: 9.78 min; injection volume 1.0 µL; helium carrier gas at a 7 ml/min 

flow rate; nitrogen ECD gas at a 30 ml/min flow rate; ECD temperature: 300°C; initial 

temperature: 130°C; maximum temperature: 285°C.  

The GC-ECD was calibrated with a total of six NG standards, which were 0.05, 

0.1, 0.2, 0.5, 1, and 2 mg/L. The 1 and 2 mg/L standards were prepared from a 

commercially obtained 1000 mg/L nitroglycerin (NG) standard in ethanol (AccuStandard, 

Inc.; New Haven, CT), then the 1 mg/L standard was diluted to produce the remaining 

standards. TotalChrom™ Navigator (v. 6.3) (Perkin Elmer, Shelton, CT) was used to 

process and report all chromatographic data. A sample chromatograph appears in Figure 

3.2. 
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Figure 3.2.  Sample nitroglycerin GC-ECD chromatograph (NG concentration = 0.6 

mg/L). 

Quality Control 

Quality control was performed to ensure accuracy and precision of data. Prior to 

each run the wash and waste vials were respectively filled and emptied. Several blanks 

were injected after calibration of the instrument. After every five samples a blank was 

run.  Standards were injected after every eleven samples. Duplicate analyses were 

performed after every fourteen samples. If a blank was found to contain NG 

contamination, the preceding five samples were analyzed again. If the relative percent 

difference of duplicates was >5%, the preceding fourteen samples and the duplicated 

sample were rerun until acceptable precision was obtained. The GC oven temperature 

was periodically increased during down-time to remove any residue remaining in the 
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column. All glassware, bottles, containers, and other laboratory equipment were washed 

with Alconox™ soap and then rinsed with tap water and DI water. 

Statistical Analysis of Results 

Comparison of NG concentrations in soil or plant tissue in the different treatments 

was performed using a repeated measures Analysis of Variance (ANOVA) as well as 

both Dunnett’s test and the Bonferroni Correction when significant differences were 

detected (p < 0.05). One-way ANOVA was used to investigate whether nitrate and 

ammonium concentrations were significantly different from the control for any plant 

species, followed by the post-hoc Bonferroni Correction when significance was found. 

Microsoft Excel 2010 and IBM SPSS® v. 20 on a Windows® format were used for 

statistical analyses.  

Germination Study 

A study was conducted to determine which plant seeds successfully germinated 

between 0 and 2% SP. The species used were alfalfa (Medicago setiva), cowpea (Vigna 

unguiculata), hairy vetch (Vicia villosa), indiangrass (Sorghastrum nutans), Kentucky 

bluegrass (Poa pratensis), sideoats grama (Bouteloua curtipendula), and sunflower 

(Helianthus annuus). All seeds were obtained commercially. Smokeless powder was 

added to 50 g sand in petri dishes at rates of 0 (control), 0.5, 1, and 2% (w/w). Five seeds 

were then added to each petri dish, moistened until damp, and stored in a cool, dark 

environment. Four replicates of each treatment were used.  The petri dishes were wetted 
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as needed to maintain a damp condition. The numbers of germinated seedlings were 

counted 7, 14, and 28 days after seeding.   
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RESULTS AND DISCUSSION 

Characterization of Soil and Smokeless Powder 

The soil used in the current study was slightly acidic (pH =6.5) and high in 

soluble nitrate and ammonium, and organic matter levels (Marx et al., 1999; Bot and 

Benites, 2005) (Table 4.1.). Nitrate and ammonium concentrations for a typical 

Midwestern US soil range from 10-30 mg/kg and 2-10 mg/kg, respectively (Marx et al., 

1999). Based on particle size distribution the soil is classified as a silt loam. The 

smokeless powder (SP) contained a mean nitroglycerin (NG) concentration of 345,160 

mg/kg (34.5%; data not tabulated), which is comparable to that of other double-base 

powders (Reardon et al., 2000; Asbaghi and Pichtel, 2012). 

Table 4.1. Chemical and physical properties of soil used in the current study. 

Parameter Value 

pH 6.5 ± 0.4 

Organic matter (%) 7.7 ± .01 

NO3
- 
(mg/kg) 32.4 ± 6.7 

NH4
+ 

(mg/kg) 6.6 ± 2.6 

Texture (%)   

Sand 26 

Silt 51 

Clay 23 

values= µ ± σ, n= 4 
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Seed Germination 

In the control treatments alfalfa, hairy vetch, and cowpea germinated at ≥ 90% 

(Table 4.2). Alfalfa and hairy vetch germinated at 70 and 80%, respectively, at both the 

0.5 and 1% SP rates. At the highest SP application rate (2%), cowpea germinated at ≥ 

95%, and alfalfa and hairy vetch at 65 and 85%, respectively (Table 4.2). Rocheleau et al. 

(2011) determined that 95 mg/kg NG suppressed alfalfa seedling emergence by 20%. 

Results of the present study showed a much lower tolerance of alfalfa to NG, since the 

effective concentration to inhibit seedling emergence for 30% of alfalfa seeds was 0.5% 

SP (i.e. approximately 1.7 mg NG/kg soil). Different varieties of alfalfa are known to 

respond very differently to hydrocarbon-based contaminants (Wiltse et al., 1998). 

Various studies have assessed germination success of the test species using other 

environmental contaminants. At 28 days after planting, increasing concentrations of 

crude oil in soil from 0 to 10% did not significantly decrease seedling emergence for 

alfalfa or hairy vetch (Issoufi et al., 2006). Njoku et al. (2009) demonstrated the ability of 

cowpea to germinate successfully at up to 80% in the presence of 10 mL of mixed 

petroleum products per kg soil.  
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Table 4.2. Germination success of plant species in SP treatments. 

 

SP 

Rate 

(%) 

Plant Species 

  
Alfalfa 

Hairy 

vetch 
Cowpea Indiangrass 

Sideoats 

grama 

Kentucky 

bluegrass 
Sunflower 

  Percent germinated seeds ± standard deviation (n=4) 

0 95 ± 0.5 90 ± 1.0 100 ± 0 20 ± 0.8 20 ± 0 25 ± 0.5 100 ± 0 

0.05 70 ± 1.3 80 ± 1.4 100 ± 0 5 ± 0.5 15 ± 0.8 0 ± 0 95 ± 0.5 

1 70 ± 1.7 80 ± 2.0 95 ± 0.5 10 ± 0.6 5 ± 0.5 0 ± 0 100 ± 0 

2 65 ± 1.5 85 ± 1.5 95 ± 0.5 5 ± 0.5 0 ± 0 0 ± 0 100 ± 0 
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Indiangrass, sideoats grama, and Kentucky bluegrass experienced poor 

germination success (20-25%) in the control (Table 4.1). Furthermore, germination 

ranged from 0-15 % at all SP rates. Germination of prairie grasses, even under optimum 

conditions, is sometimes difficult (Baskin and Baskin, 2001). Riefler et al. (2007) tested 

the ability of Indiangrass to germinate in 2,4-DNT- (2,4-dinitrotoluene-, a propellant with 

chemical properties similar to NG) spiked soil. Seeds did not germinate at any 2,4-DNT 

application rate. The authors cited poor soil quality (i.e., low organic material, high clay, 

and compaction) as inhibitors to germination success in the study. In contrast, a mix of 

eight prairie grasses, one of which was sideoats grama, was used by Aprill and Sims 

(1999) to phytoremediate soil contamination by four PAHs; the sideoats grama was 

successfully cultivated. Kentucky bluegrass germinated by up to 80% in 1 g creosote/kg 

soil (Huang et al., 2004). In the present study Kentucky bluegrass germinated poorly and 

was completely inhibited at 0.5% SP.  

Sunflower germination was 100% at all SP rates except for the 0.5% SP 

application rate (95% germination) (Table 4.2). In contrast, Asbaghi (2012) observed 

poor germination of sunflower (e.g. 7% success at the 1% SP rate). Variation among seed 

variety could account for the different results. 

A linear relationship was identified between germination success and SP rate with 

alfalfa and sideoats grama; most of the remaining species did not experience reduced 

germination with increasing SP application rate (Table 4.3). The linear relationship of 

sideoats grama with SP rate was statistically significant (p < 0.05) (Table 4.3). 
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Table 4.3. Linear regression of germination success with SP rate. 

Plant R
2
 Linear Equation P-value 

Alfalfa 0.63 y= -0.1257x + 0.86 0.21 

Hairy Vetch 0.06 y= -0.0143x + 0.85 0.75 

Cowpea 0.71 y= -0.0286x + 1 0.51 

Indiangrass 0.48 y= -0.0571x + 0.15 0.31 

Sideoats 

grama 
0.93 y= -0.1029x + 0.19 

0.04 

Kentucky 

bluegrass 
0.47 y= -0.1x + 0.15 

0.32 

Sunflower 0.09 y= 0.0086x + 0.98 0.71 

Plant Growth and Health 

Plant growth and health was qualitatively assessed by rating each treatment 7, 14, 

30, and 60 days after seeding and recording notes on plant condition. Plant growth 

success for all species declined with higher quantities of smokeless powder (Appendix 

H). The species with the highest percentages of survivors were corn, red clover, and bean. 

The majority of corn and bean plants showed symptoms of chlorosis at Days 60 and 90 in 

both SP treatments and controls. Success for all species, measured as a percent of seeded 

mesocosms in which plants grew, was 96% for the control, 54% at the 1% SP rate, and 

4% at the 5% SP rate. Plants in the control were visibly healthier and larger in size than 

plants in the 1% SP treatment, although the final weight of plant matter cultivated was 

not determined.  

 



58 

 

Nitroglycerin Decomposition in Soil 

By Day 7, substantial quantities of NG were released into soil (Fig. 4.1). Current 

studies (Asbaghi and Pichtel, 2012; Schmidt and Pichtel, 2013) reveal that double base 

smokeless powder is relatively soluble in moist soil.  

In the grass/cereal treatments receiving 1% SP, soil NG concentrations decreased 

for bluegrass and wheat from Day 7 to 90 (Fig. 4.1). The wheat treatment experienced the 

greatest decline in NG concentration over the study period, i.e., a 76.8% reduction. 

Wheat is known to tolerate moderate concentrations of petroleum hydrocarbons in soil 

(Frick et al., 1999). It may tolerate NG to a degree, and was somewhat successful in the 

current study. Soil NG concentrations in the corn treatment increased from 8,132 to 

11,558 mg/kg from Day 7 to Day 60, following which concentrations decreased to 3,215 

mg/kg by Day 90. The decline from Day 7 to Day 90 for corn was 60%. 

 

Figure 4.1. Concentration of NG in soil of grass-seeded mesocosms at the 1% SP 

application rate.  
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Soil NG in the control decreased only slightly, i.e, from 10,407 mg/kg at Day 7 to 

9,679 mg/kg at Day 90 (Fig. 4.1), a 6.9% decrease. These data imply an obvious impact 

by the plants and/or their associated rhizospheric microbial consortia in removing and/or 

decomposing soil NG. Control NG concentrations were not significantly different (p < 

0.05) from grass/legume-treated concentrations of NG.  

Asbaghi and Pichtel (2012) found, using oats (Avena sativa) grown on Alliant™ 

smokeless powder, a 48% reduction in soil NG after 60 days. They demonstrated that 

plant/soil microbial activity, rather than sorption, volatilization, photolysis, or other 

abiotic processes, was responsible for NG disappearance. In a study of phytoremediation 

of total petroleum hydrocarbons (TPH) by corn, Kaimi et al. (2007) reported degradation 

rates over 141 days by 56%. These data are comparable to the 48% NG degradation rate 

(at the 1% SP rate) for corn in the present study. Dominguez-Rosado and Pichtel (2004) 

reported that wheat and oats reduced soil oil/grease content to 64% of the initial quantity 

after 100 days.   

In the legume treatments receiving 1% SP, both red clover and alfalfa treatments 

showed drastic declines in soil NG (Fig. 4.2). The alfalfa treatment contained 10,737 

mg/kg at Day 7 which declined to 5,308 mg/kg at Day 90, a reduction of 51%. The red 

clover treatment contained 12,346 mg/kg at Day 7 which declined to 4,197 mg/kg at Day 

90, a reduction of 66% (Fig. 4.2). Soil NG in bean increased from 8,369 mg/kg on Day 7 

to 13,827 mg/kg at Day 60. This effect may indicate rapid dissolution of SP pellets with a 

consequent temporary accumulation of NG. By Day 90, however, soil NG in the bean 

treatment declined to 6,314 mg/kg, which is similar to data for the other two legumes.  
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Figure 4.2. Concentration of NG in legume-seeded treatments at the 1% SP application 

rate.  

 

In contrast to the legume data, soil NG in the control decreased only slightly, from 

10,407) mg/kg at Day 7 to 9,679 mg/kg at Day 60 (Fig. 4.2), a 7% decrease. As was the 

case for the grass/cereal treatment, this data indicates a plant-related effect of NG 

disappearance from soil. 

Dominguez-Rosado and Pichtel (2004) reported that a mixture of clovers reduced 

the content of used motor oil in soil after 50 days to 42% of the original quantity added. 

Kaimi et al. (2007) reported TPH degradation rates similar to those of the present study -- 

TPH concentrations in soil grown to alfalfa and red clover were reduced by 62 and 24%, 

respectively. These data are comparable to NG degradation rates (at the 1% SP rate) of 48 

and 65% for the same plants in the present study. The Kaimi et al. (2007) findings differ 

from the present results in that NG was decomposed optimally in the red clover treatment 

and least effectively in the alfalfa treatment.  
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In the grass/cereal treatments receiving 5% SP, soil NG concentrations for all 

treatments experience a marked decline over 90 d (Fig. 4.3). Soil NG concentrations 

increased for both the control and corn treatments from Day 7 to 60. After Day 60, 

however, all treatments declined in NG concentration. The lowest quantities of soil NG at 

Day 90 were for corn (36,282 mg/kg). The control values were highest at Day 90, i.e., 

53,194 mg/kg, although this difference is not significant (p < 0.05). In unplanted controls, 

soil NG levels decreased by 26.3% over the duration of the study. Data trends for the 

control were very similar to those for the planted treatments; therefore, an influence of 

plants on NG disappearance is not apparent. 

 

Figure 4.3. Concentration of NG in grass-seeded mesocosms at the 5% SP application 

rate.  

 

Statistical significance (p < 0.05) was not identified between NG concentrations 

in control treatments and planted treatments.  Concentrations of NG in all treatments 

0.0

10000.0

20000.0

30000.0

40000.0

50000.0

60000.0

70000.0

80000.0

90000.0

100000.0

0 7 60 90

N
G

 C
o
n
ce

n
tr

at
io

n
 (

m
g
 N

G
/k

g
 s

o
iL

) 

Sampling Date 

Control

Corn

Wheat

Kentucky bluegrass



62 

 

were significantly different between the 1% SP and 5% SP rates, but this was to be 

expected, as the latter group contained approximately five times more NG.  

Riefler and Medina (2006) found that Cyperus esculentus (yellow nutsedge), 

Setaria lutescens (yellow foxtail), and Juncus effusus (common rush) did not significantly 

affect degradation of 2,4-DNT when compared to the unplanted control. Likewise, in the 

current study (5% SP rate only), NG was not degraded at higher levels in grass/cereal 

treatments when compared to control. Rice et al. (1997) found, in a 28-day greenhouse 

study, that 49.6% of ethylene glycol-based fluids were degraded in soil grown to 

Kentucky bluegrass. In the present study, NG was reduced in the Kentucky bluegrass 

treatments by 61.6 and 39.1% at 1 and 5% SP rates, respectively. 

 In the legume treatments receiving 5% SP, soil NG concentrations for all 

treatments experienced a modest initial decline followed by a more rapid decline (Fig. 

4.4). Both the control and bean treatments increased in soil NG from Day 7 to 60; after 

Day 60, however, all treatments declined. Lowest values of soil NG were for red clover 

and bean (31,996 and 33,267 mg/kg, respectively). Red clover and bean experienced the 

greatest decline in NG concentration from Day 7 to 90, with 55% and 53% decreases 

(39,348 and 36,998 mg/kg), respectively.  
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Figure 4.4. Concentration of NG in legume-seeded treatments at the 5% SP application 

rate.  

 

 The control NG values were highest at Day 60, i.e., 81,124 mg/kg, which declined 

to 53,194 mg/kg by Day 90. Data trends for the control were somewhat similar to those 

for the legumes; however, soil NG concentrations in the control were lower, though not 

significantly different (p > 0.05), from those of the legumes. 
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respectively. Rice et al. (1997) found, in a 28-day greenhouse study, that 60.4% of 

ethylene glycol-based fluids were degraded in soil grown to alfalfa. Benzo[a]pyrene in 

soil was degraded by several plants, including bean and alfalfa, at rates ranging from 2-

18% (Durmishidze, 1977). Their study was only 14 days long, however, so plants may 

not have had sufficient time to grow and therefore fully degrade the contaminant 

occurring in their root zones. 

Greenhouse Study Data Interpretation  

Potential error in soil NG concentration data in for the three sampling events was 

investigated by calculating the relative standard deviation (RSD) (Table 4.4). The 

equation for RSD is: 

Relative standard deviation (%) = ( 100 ×[Group standard deviation] ÷ [Group average] ) 

The RSDs calculated for NG data are comparable to other studies using similar 

methods. In a Pennington et al. (2004) study, in which GC-ECD was used to quantify 

energetic materials in soil and water, RSDs of less than 30% for most samples were 

reported; however, RSD values up to 155% were also reported. Asbaghi and Pichtel 

(2012) reported data of NG analysis on GC-ECD from which RSD values of 71% and 

higher can be calculated. The RSDs in this study ranged from 11.8% for the 5% SP rate 

at Day 60 to 65.6% for the 1% SP rate at Day 90. The current findings are therefore 

comparable to previous studies. GC-ECD as an analytical method for NG quantification 

is still currently being developed; therefore, a higher analytical error is to be expected 

than with other more common techniques. 
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Table 4.4. Relative standard deviation and NG statistics overall as functions of SP 

application rate and sampling date.  

SP Rate 
Sampling 

Date 
Average 

Standard 

deviation 

Relative 

standard 

deviation 

(%) 

    mg NG/kg soil; n=4   

  7 10841.8 3353.6 30.9 

1% 60 10036.2 4488.4 44.7 

  90 5274.1 3460.5 65.6 

  7 71542.5 14798.6 20.7 

5% 60 73264.8 8634.4 11.8 

  90 40375.1 21218.1 52.6 

Plant Uptake of Nitroglycerin 

At the 1% SP rate NG concentrations of 6.9, 34.7, and 10.3 mg/kg were measured 

in above-ground tissue for corn, red clover, and bean plants, respectively (Table 4.5). 

Wheat contained 30.1 mg/kg NG. Neither alfalfa nor Kentucky bluegrass produced 

measureable biomass at the 1% SP rate. At the 5 % SP rate, one bean plant contained 3.3 

mg NG/kg soil. Similar to the findings of Asbaghi and Pichtel (2012), plant uptake of NG 

accounted for very little (< 1 %) of total NG removal from soil. Therefore, removal of 

soil NG by the study plants is not a significant mechanism for NG treatment. 
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Table 4.5. Nitroglycerin content of above ground biomass of selected plant species.  

 

Soil Nitrate and Ammonium 

NO3
-
 and NH4

+
 are key plant-available forms of N. Both are water-soluble. NO3

-
, 

in particular, is subject to leaching from irrigation (or, in the present case, watering of 

mesocosms). Concentrations of NO3
-
 and NH4

+
 fluctuate with pH, soil moisture, 

humidity, soil temperature, and biological activity. NH4
+
 does not usually accumulate in 

soil, although the cation binds reversibly to silicate clays and organic matter. Temporal 

variations in NO3
-
 and NH4

+
 may be substantial (Marx et al., 1999).  

Day 90 NO3
- 
concentrations ranged from 13.4 to 25.5 mg/kg (Fig. 4.5.), which is a 

medium to high concentration for adequate plant nutrition (Marx et al., 1999). At the 0% 

SP rate the wheat treatment had lowest NO3
-
 concentrations (16.1 mg/kg) and the red 

clover treatment had the highest (25.5mg/kg). At the 1% SP rate the corn treatment had 

lowest NO3
-
 concentrations (17.4 mg/kg) and red clover the highest (22.5 mg/kg). At the 

5% SP rate, the corn treatment had the lowest NO3
-
 concentration (13.4 mg/kg) and the 

bean treatment the highest (23.5 mg/kg).  

SP Rate 1% 5%

Corn 6.9 ± 9.5 (4) NP

Wheat 7.5 (1) NP

Alfalfa NP NP

Kentucky bluegrass NP NP

Red clover 34.7 ± 63.1 (4) NP

Common bean 10.3  ±  6.4 (4) 13.1 (1)

values= µ  ± σ (n plants)

NP= No plant tissue

mg NG/kg plant tissue
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The treatments with the highest NO3
-
 concentrations comprised leguminous 

species, which are known to harbor N-fixing microorganisms. These treatments may have 

also had an influence in releasing greater quantities of NO3
-
 from NG decomposition, 

although these two effects could not be separated in this study. Microbial decomposition 

of NG includes successive loss of nitrite (NO2
-
) groups to the soil solution (refer to Fig. 

2.6) (White et al., 1996). NO2
-
 is highly labile and is rapidly oxidized to NO3

-
 (Bordeleau 

et al., 2012).  

 

 

Figure 4.5. Day 90 nitrate-N concentrations in study soil as a function of SP application 

rate. 
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At the 0 and 1% SP rates, the corn treatment had lower NO3
-
 concentrations than 

did unplanted controls. Corn has a very high N requirement and likely removed the most 

soil NO3
-
 for this reason. Statistical significance was not detected for SP treatment and 

corresponding NO3
-
 concentrations. The mean concentrations of NO3

-
 for alfalfa, red 

clover, and common bean were significantly different from unplanted treatments (p = 

0.003, 0.001, and 0.016, respectively; α=.95).  

Once NO3
-
 is produced in soil there is the potential for reduction to NH4

+
 (Brady 

and Weil, 2010). Day-90 NH4
+
 concentrations ranged from 6.4 to 16.3 mg/kg, with an 

overall average concentration of 11.9 mg/kg (Fig 4.6). Soil NH4
+
 concentrations for a 

typical US soil range from 2 to 10 mg/kg (Marx et al., 1999). At the 0% SP rate the 

alfalfa treatment contained lowest NH4
+
 concentrations (7.6 mg/kg) and the red clover 

treatment contained the highest (16.1 mg/kg). At the 1% SP rate, the corn treatment 

contained the lowest NH4
+
 concentration (6.4 mg/kg) and the red clover treatment the 

highest (15.7 mg/kg). At the 5% SP rate, the bluegrass treatment contained lowest NH4
+
 

concentration (9.3 mg/kg) and the corn treatment the highest (16.3 mg/kg). Mean 

concentrations of NH4
+ 

were not significantly (p > 0.05) different from controls for any 

SP rate or plant treatment. 
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Figure 4.6. Day 90 ammonium concentrations in study soil as a function of SP 

application rate. 

Multiple regression of NO3
- 
and NG data indicate that the two variables were not 

significantly (α = 0.05) correlated for any plant species. Between NO3
- 
and NG (90 days), 

the most significant linear correlation was between red clover and the 1% SP treatment 

(r
2  

= 0.89, d.f = 2, which is significant at α = 0.11). The most significant linear 

correlation was between NH4
+
 and NG in the 1% SP control treatment (r

2  
= 0.90, d.f = 2, 

which is significant at α = 0.10). Soil NH4
+ 

was not significantly (P > 0.05) correlated to 

NO3
-
 for any treatment.   

In a microcosm study Deni and Penninckx (1999) found that NO3
-
 production was 

2 times higher in soil spiked with diesel fuel than in unspiked agricultural soil.  After 

applying diesel fuel a second time, NO3
-
 production was 30% lower than in unspiked soil. 
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The decrease in nitrification was attributed to immobilization of NH4
+
 through microbial 

activities encouraged by addition of hydrocarbons. Specifically, microbes utilize the 

enzyme ammonia monooxygenase, production of which is supported by high NH4
+
  

concentrations, to oxidize alkanes and alkenes (Hyman et al., 1988). Results from the 

current study do not show the same N dynamics for the plants used. 

Perennial grasses, in general, promote soil conditions that are lower in NO3
-
 and 

higher in NH4
+ 

(Munro, 1966). However, Kentucky bluegrass had higher NO3
-
 than NH4

+
 

concentrations for all treatments. The laboratory setting is likely to attribute to the higher 

NO3
-
 concentrations, however, because soil formation processes such as the build-up of 

plant litter could not naturally occur.  

High NH4
+
 concentrations in the red clover treatment may have been detected 

because it fixes its own N and does not uptake as much from soil as do non-leguminous 

species. Excess concentrations of NO3
-
 which were not be quickly utilized by plants, may 

have contributed to conversion to NH4
+
. Since temporal data over the span of the study is 

not available, it is difficult to determine the quantity of NO3
-
 that was reduced to NH4

+
; 

furthermore, from the data we cannot estimate the quantity of either N species that was 

utilized by plants, leached from pots, or volatilized.  

Summary and Conclusions 

Phytoremediation has been demonstrated to be an effective option for removal of 

several recalcitrant, xenobiotic organic compounds from soil. Managers should consider 

phytoremediation for removal of NG from surface soils at sport and military firing 
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ranges. Phytoremediation is inexpensive and, if grasses or legumes are used, daily range 

operations may continue.  

Phytoremediation of smokeless powder-contaminated soil was investigated in a 

greenhouse environment. Agricultural crops, turf grasses and legumes were grown in soil 

containing fresh SP and the impacts of the plants on soil NG concentrations over time 

were investigated. The reported study is among the first to attempt to screen terrestrial 

plants for their ability to grow on NG-contaminated soil; likewise, this is one of the first 

studies assessing the abilities of various plant rhizospheres to decompose NG. 

Plant uptake was found to serve as a negligible source of removal. Given that NG 

is essentially non-volatile (KH = 2.71 x 10
7
atm), vapor losses are also a negligible source 

of NG loss from soil. Asbaghi and Pichtel (2012) found that photolysis and sorption of 

NG were only minor influences on disappearance from soil. Processes such as microbial 

decomposition, leaching, or geochemical transformation are likely responsible for NG 

losses over the duration of the study.   

Based on the dynamics of NG observed in the present study and the qualitative 

assessment of plant growth and health, the legumes – specifically red clover and bean– 

are considered best suited to study further in phytoremediation of NG. These species 

grew with the best success in the contaminated soil. Frequently, though not always, 

lowest NG concentrations were measured in these treatments. Statistical significance (p < 

0.05) was not detected for the data, however. 
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Recommendations for Future Studies 

Based on the findings, approach, and breadth of the reported study, as well as existing 

published data on phytoremediation of NG, the following recommendations would be 

beneficial to future studies: 

1. Several other plant types in the grass and legume families should be investigated 

for phytoremediation potential. Also, the two “best performing” legumes from 

this study (red clover and bean) should be assessed in future studies. Plants which 

are not genetically engineered are emphasized, since regulations and social 

concern may prohibit use of transgenic plants in the field.  

2. A long-term investigation of phytoremediation of NG in surface soils should be 

undertaken, for example at a military firing range. Several plantings, followed by 

biomass removal, should be used to identify the amount of time required for 

complete NG biodecomposition. To be certain that decomposition has occurred, 

intermediate by-products of decomposition (e.g., mononitroglycerin and 

dinitroglycerin) should be measured in addition to NG. 

3. Field studies should be performed to investigate whether recent studies, which 

have occurred in controlled environments, can be applied to firing ranges. Grasses 

have proven to be relatively effective for phytoremediative purposes, and planting 

of these species would interfere minimally with training activities, so actively-

used firing ranges could be employed. 
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4. Sorption dynamics of NG and smokeless powders affect phytoremediation 

success; therefore, in future studies multiple soil types should be studied to assess 

applicability. 

5. Some microorganisms have been found to use NG as their sole source of C and N 

(Accashian et al., 1998). However, this may not apply to all situations. A study 

should be conducted in which nutrient levels, pH, and total organic carbon content 

are manipulated to determine whether NG is decomposed in one type of soil 

environment more easily than in another. 

6. To investigate the dynamics of plant-available N in phytoremediation of NG, a 

more controlled environment should be used. During such a study, NO3
-
 and NH4

+
 

should be analyzed in regular increments, such as hourly, daily, and/or weekly, to 

assess how NG decomposition affects levels of these nutrients. 

7. Future phytoremediation schemata should include microbial enumeration, 

especially for plant species that are found to be highly successful at reducing NG 

concentrations. 

8. Studies of phyto- and/or bioremediation of the nitrate ester PETN (pentaerythritol 

tetranitrate), a compound similar to NG, are sparse, even though this compound 

undoubtedly contaminates domestic and international military training ranges. A 

plant screening study similar to the one reported, or an investigation of the 

compound’s bioremediation potential, should be undertaken.   

9. In this study, GC-ECD was used for detection of NG in soil. The method should 

be compared with other analytical techniques (e.g., GC-MS, HPLC, etc.) to 

determine its relative effectiveness at detecting and measuring the compound.   
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Appendix A. Average soil NG concentrations for all Treatments. 

Table A.1. Average soil NG concentrations at 1% SP application rate. 

Sampling Dates 7 60 90 

mg NG/kg soil 

Corn 8132.0 ± 5385.7 11588.3 ± 1113.1 3215.0 ± 2511.6 

Wheat 14056.0 ± 1149.8 13558.3 ± 830.5 3307.7 ± 2407.7 

Alfalfa 10736.7 ± 1997.6 6774.5 ± 3672.4 5307.8 ± 2310.2 

Kentucky bluegrass 11779.5 ± 2713.4 8051.1 ± 7358.2 4897.9 ± 4154.5 

Red clover 12411.9 ± 2086.8 6460.4 ± 4809.0 4197.3 ± 1959.0 

Common bean 8369.4 ± 4327.9 13827.4 ± 2237.3 6314.1 ± 4860.9 

Control 10406.8 ± 110.4 10023.4 ± 2887.3 9678.7 ± 2261.1 

values= µ ± σ 

n= 4 

 

 

 

Table A.2. Average soil NG concentrations at 5% SP application rate. 

Sampling Dates 7 60 90 

mg NG/kg soil 

Corn 58560.0 ± 4728.4 68942.2 ± 11385.9 36281.8 ± 26527.5 

Wheat 85718.75 ± 27507.1 71812.1 ± 4848.1 41430.5 ± 22792.9 

Alfalfa 72713.75 ± 9177.8 73202.2 ± 2771.8 42093.8 ± 16718.9 

Kentucky bluegrass 74212.5 ± 4654.0 73250.8 ± 5648.8 44363.0 ± 17972.1 

Red clover 71343.75 ± 8714.0 68585.6 ± 16352.7 31996.3 ± 29516.7 

Common bean 70265 ± 11463.1 75936.5 ± 6349.4 33266.5 ± 29992.6 

Control 73708.8 ± 11151.9 81124.4 ± 4623.3 53193.8 ± 5128.3 

values= µ ± σ 

n= 4 
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Appendix B. Dunnett’s Pairwise Comparison of NG in Soil for All Treatments. 

Table B.1. Pairwise comparison of plant treatments using Dunnett’s test. 

Compared Plant Treatments p-value 

Corn and None 0.195 

Wheat and None 1.000 

Alfalfa and None 1.000 

Kentucky bluegrass and None 1.000 

Red clover and None 0.591 

Common bean and None 1.000 

 

 

Table B.2. Pairwise comparison of SP treatments using Dunnett’s test. 

Compared SP Treatments p-value 

1% SP and 5% SP <0.001 
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Appendix C. Pairwise Comparison (Bonferroni Correction) of NG in Soil at Day 7. 

Table C.1. Pairwise comparison of plant treatments at Day 7 using the Bonferroni 

correction. 

Compared Plants 
p-values 

1% SP 5% SP 

Corn and Wheat 0.250 0.042 

Corn and Alfalfa 1.000 0.944 

Corn and Kentucky bluegrass 1.000 0.677 

Corn and Red clover 1.000 1.000 

Corn and Common bean 1.000 1.000 

Wheat and Alfalfa 1.000 1.000 

Wheat and Kentucky bluegrass 1.000 1.000 

Wheat and Red clover 1.000 1.000 

Wheat and Common bean 0.319 1.000 

Alfalfa and Kentucky bluegrass 1.000 1.000 

Alfalfa and Red clover 1.000 1.000 

Alfalfa and Common bean 1.000 1.000 

Kentucky bluegrass and Red clover 1.000 1.000 

Kentucky bluegrass and Common 

bean 1.000 1.000 

Red clover and Common bean 1.000 1.000 

Corn and None 1.000 0.758 

Wheat and None 1.000 1.000 

Alfalfa and None 1.000 1.000 

Kentucky bluegrass and None 1.000 1.000 

Red clover and None 1.000 1.000 

Common bean and None 1.000 1.000 

Table C.2. Pairwise comparison of SP application rates at Day 7 using the Bonferroni 

correction. 

Compared SP Treatments p-value 

1% SP and 5% SP <0.001 

 



82 

 

Appendix D. Pairwise Comparison (Bonferroni Correction) of NG in Soil at Day 60. 

Table D.1. Pairwise comparison of plant treatments at Day 60 using the Bonferroni 

correction. 

Compared Plants 
p-values 

1% SP 5% SP 

Corn and Wheat 1.000 1.000 

Corn and Alfalfa 1.000 1.000 

Corn and Kentucky bluegrass 1.000 1.000 

Corn and Red clover 1.000 1.000 

Corn and Common bean 1.000 1.000 

Wheat and Alfalfa 0.470 1.000 

Wheat and Kentucky bluegrass 1.000 1.000 

Wheat and Red clover 0.367 1.000 

Wheat and Common bean 0.319 1.000 

Alfalfa and Kentucky bluegrass 1.000 1.000 

Alfalfa and Red clover 0.367 1.000 

Alfalfa and Common bean 0.381 1.000 

Kentucky bluegrass and Red clover 1.000 1.000 

Kentucky bluegrass and Common 

bean 1.000 1.000 

Red clover and Common bean 0.296 1.000 

Corn and None 1.000 1.000 

Wheat and None 1.000 1.000 

Alfalfa and None 1.000 1.000 

Kentucky bluegrass and None 1.000 1.000 

Red clover and None 1.000 1.000 

Common bean and None 1.000 1.000 

Table D.2. Pairwise comparison of SP application rates at Day 60 using the Bonferroni 

correction. 

Compared SP Treatments p-value 

1% SP and 5% SP <0.001 
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Appendix E. Pairwise Comparison (Bonferroni Correction) of NG in Soil at Day 90. 

Table E.1. Pairwise comparison of plant treatments at Day 90 using the Bonferroni 

correction. 

Compared Plants 
p-values 

1% SP 5% SP 

Corn and Wheat 1.000 1.000 

Corn and Alfalfa 1.000 1.000 

Corn and Kentucky bluegrass 1.000 1.000 

Corn and Red clover 1.000 1.000 

Corn and Common bean 1.000 1.000 

Wheat and Alfalfa 1.000 1.000 

Wheat and Kentucky bluegrass 1.000 1.000 

Wheat and Red clover 1.000 1.000 

Wheat and Common bean 1.000 1.000 

Alfalfa and Kentucky bluegrass 1.000 1.000 

Alfalfa and Red clover 1.000 1.000 

Alfalfa and Common bean 1.000 1.000 

Kentucky bluegrass and Red clover 1.000 1.000 

Kentucky bluegrass and Common 

bean 1.000 1.000 

Red clover and Common bean 1.000 1.000 

Corn and None 0.166 1.000 

Wheat and None 0.183 1.000 

Alfalfa and None 1.000 1.000 

Kentucky bluegrass and None 0.873 1.000 

Red clover and None 0.447 1.000 

Common bean and None 1.000 1.000 

Table E.2. Pairwise comparison of SP application rates at Day 90 using the Bonferroni 

correction. 

Compared SP Treatments p-value 

1% SP and 5% SP <0.001 
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Appendix F. NO3
-
 Concentrations at Day 90 and Statistical Data. 

Table F.1. NO3
-
 concentrations in soil as a function of SP application rate. 

 

 

  

SP Rate 0% 1% 5% 

  mg NO3
-
-N/kg soil 

Corn 17.4 ± 4.1 13.4 ± 3.2 18.3 ± 8.7 

Wheat 18.1 ± 5.9 17.1 ± 2.9 16.1 ± 6.6 

Alfalfa 24.1 ± 2.0 22.1 ± 3.7 23.8 ± 3.4 

Kentucky 

bluegrass 18.2 ± 5.7 19.3 ± 7.5 20.5 ± 6.1 

Red clover 23.9 ± 3.5 22.6 ± 6.4 25.5 ± 6.6 

Common bean 22.5 ± 3.4 23.5 ± 7.1 20.1 ± 6.7 

Control 18.6 ± 6.1 14.9 ± 3.4 16.2 ± 3.8 

values= µ ± σ 

n= 4 
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Table F.2. Pairwise comparison of NO3
-
 in plants using the Bonferroni Correction. 

Compared Plant Treatments p-value 

None and Corn 0.926 

None and Wheat 0.799 

None and Alfalfa 0.003 

None and Kentucky bluegrass 0.217 

None and Red clover 0.001 

None and Common bean 0.016 

Corn and Wheat 0.728 

Corn and Alfalfa 0.002 

Corn and Kentucky bluegrass 0.185 

Corn and Red clover 0.001 

Corn and Common bean 0.012 

Wheat and Alfalfa 0.007 

Wheat and Kentucky bluegrass 0.325 

Wheat and Red clover 0.003 

Wheat and Common bean 0.029 

Alfalfa and Kentucky bluegrass 0.075 

Alfalfa and Red clover 0.759 

Alfalfa and Common bean 0.568 

Kentucky bluegrass and Red clover 0.038 

Kentucky bluegrass and Common 

bean 
0.220 

Red clover and Common bean 0.381 
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Appendix G. NH4
+
 Concentrations and Statistical Data. 

Table G.1. NH4
+
 concentrations in soil as a function of SP application rate. 

 
SP Rate 0% 1% 5% 

 
  mg NH4

+
-N/kg soil 

 
Corn 8.9 ± 10.6 6.4 ± 2.5 16.3 ± 10.5 

 
Wheat 14.3 ± 10.3 8.4 ± 5.0 15.6 ± 6.6 

 
Alfalfa 7.6 ± 3.3 12.8 ± 10.1 15.5 ± 7.0 

 

Kentucky 

bluegrass 13.2 ± 8.5 7.7 ± 7.1 9.3 ± 6.6 

 
Red clover 16.1 ± 7.6 15.7 ± 9.7 9.4 ± 4.8 

 
Common bean 12.1 ± 9.8 12.1 ± 6.3 11.6 ± 4.0 

 
Control 15.9 ± 8.5 12.4 ± 4.0 9.6 ± 8.1 

 
values= µ ± σ 

 
n= 4 
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Table G.2. Pairwise comparison of NO3
-
 in plants using the Bonferroni Correction. 

Compared Plant Treatments p-value 

None and Corn 0.541 

None and Wheat 0.933 

None and Alfalfa 0.873 

None and Kentucky bluegrass 0.438 

None and Red clover 0.682 

None and Common bean 0.857 

Corn and Wheat 0.487 

Corn and Alfalfa 0.651 

Corn and Kentucky bluegrass 0.87 

Corn and Red clover 0.308 

Corn and Common bean 0.666 

Wheat and Alfalfa 0.807 

Wheat and Kentucky bluegrass 0.39 

Wheat and Red clover 0.745 

Wheat and Common bean 0.791 

Alfalfa and Kentucky bluegrass 0.538 

Alfalfa and Red clover 0.569 

Alfalfa and Common bean 0.983 

Kentucky bluegrass and Red clover 0.238 

Kentucky bluegrass and Common 

bean 
0.551 

Red clover and Common bean 0.555 
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Appendix H. Plant Establishment and Growth Observations. 

Table H.1. Plant growth and health rating key. 

Rating  Interpretation 

-1 Plant tissue dying, chlorotic 

0 No growth 

1 Above ground biomass < 7.5 cm 

2 Above ground biomass > 7.5 cm 
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Table H.2. Plant establishment and growth by observation date for 0% SP treatments. 

Plant 
Pot 

No. 

Day 

7 

Day 

14 

Day 

30 

Day 

60 
Notes 

Corn 

57 1 1 2 2 
Corn did not produce 

fruit 

58 1 2 2 -1   

59 0 0 0 0   

60 1 2 2 -1   

Wheat 

61 0 1 2 2 Wheat produced fruit 

62 1 1 2 2   

63 1 1 2 -1   

64 0 1 2 2   

Alfalfa 

65 1 1 2 2   

66 1 1 2 2   

67 1 1 2 2   

68 1 2 2 2   

Kentucky 

bluegrass 

69 0 1 1 2   

70 0 0 1 2   

71 0 1 1 2   

72 1 1 1 2   

Red clover 

73 1 1 2 2   

74 1 1 2 2   

75 0 1 2 2   

76 0 1 2 2   

Common 

bean 

77 0 1 2 2 Beans produced fruit 

78 0 1 2 2   

79 0 1 2 2   

80 1 1 2 2   

None 

81 0 0 0 0 Control pots contained a 

greenhouse pest 

clover/legume (probably 

white clover), starting at Day 

14. 

82 0 0 0 0 

83 0 0 0 0 

84 0 0 0 0 
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Table H.3. Plant establishment and growth by observation date for 1% SP treatments. 

Plant 
Pot 

No. 

Day 

7 

Day 

14 

Day 

30 

Day 

60 
Notes 

Corn 

1 1 1 2 -1 

Corn did not produce 

fruit 

2 1 2 2 -1 

3 0 1 2 2 

4 0 1 2 2 

Wheat 

5 0 0 0 0 

Wheat produced fruit 
6 0 0 0 0 

7 0 1 2 2 

8 0 0 0 0 

Alfalfa 

9 0 0 0 0 

  
10 0 0 0 0 

11 0 0 0 0 

12 0 0 0 0 

Kentucky 

bluegrass 

13 0 0 0 0 

  
14 0 0 0 0 

15 0 0 0 0 

16 0 0 0 0 

Red clover 

17 1 2 2 2 

  
18 1 1 2 2 

19 1 1 2 2 

20 1 1 2 2 

Common 

bean 

21 1 2 2 -1 

Bean produced fruit 
22 0 1 2 -1 

23 0 1 2 -1 

24 1 2 2 2 

None 

25 0 0 0 0 

  
26 0 0 0 0 

27 0 0 0 0 

28 0 0 0 0 
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Table H.4. Plant establishment and growth by observation date for 5% SP treatments. 

Plant 
Pot 

No. 

Day 

7 

Day 

14 

Day 

30 

Day 

60 
Notes 

Corn 

29 0 0 0 0 

  
30 0 0 0 0 

31 0 0 0 0 

32 0 0 0 0 

Wheat 

33 0 0 0 0 

  
34 0 0 0 0 

35 0 0 0 0 

36 0 0 0 0 

Alfalfa 

37 0 0 0 0 

  
38 0 0 0 0 

39 0 0 0 0 

40 0 0 0 0 

Kentucky 

bluegrass 

41 0 0 0 0 

  
42 0 0 0 0 

43 0 0 0 0 

44 0 0 0 0 

Red clover 

45 0 0 0 0 

  
46 0 0 0 0 

47 0 0 0 0 

48 0 0 0 0 

Common 

bean 

49 0 1 2 -1 

Bean produced fruit 
50 0 0 0 0 

51 0 0 0 0 

52 0 0 0 0 

None 

53 0 0 0 0 

  
54 0 0 0 0 

55 0 0 0 0 

56 0 0 0 0 

 

 


