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Abstract 

Phytoremediation technologies offer an economical and practical alternative to traditional 

remediation technologies.  This study attempted to quantify and compare the ability of 

DN34 and NM1 varieties of hybrid poplars to phytovolatilize the organic contaminant 

1,4-dioxane.  Research included laboratory experiments and those at an old industrial 

field site containing 1,4-dioxane and other organic contaminants.  Under laboratory 

conditions it was found that when DN34 was exposed to 36 ppm of 1,4-dioxane in 

hydroponic solution it had a significantly higher transpiration rate than NM1.  There were 

no toxic effects of the contaminant on the plants.  Additionally, the DN34 variety was 

able to remove 48.7 ± 11.6 % (mean ± standard error) of the dioxane from aqueous 

solution compared to 41.7 ± 10.0 % removed by NM1.  Water availability at the field site 

had a significant effect on growth rate whereas soil type and contaminant concentration 

did not appear to have any affect.  It was apparent that DN34 had a significantly higher 

transpiration rates than NM1 in a dry, 2007 season, while the opposite was true during a 

wet, 2008 season.  Interestingly, the DN34 variety had lower transpiration rates in the wet 

season than in the dry season.  The presence of the co-contaminant ethylene glycol 

affected transpiration rate in the NM1 variety but not the DN34 variety.  The NM1 

variety had a decrease in transpiration rate of 42 and 30 % when growing in a mid-range 

concentration (≤ 1000 ppm) of ethylene glycol compared to a low concentration (≤ 100 

ppm) of ethylene glycol in the wet and dry seasons, respectively.    Unfortunately, 

detection of 1,4-dioxane removal by trees at the field site was difficult to achieve.   



 

 

 

iii 

Acknowledgements 

I would like to thank my supervisor, Dr. Daniel Lefebvre, for all of his guidance, 

patience, and support throughout this process.  Thank you for making it a positive 

experience and for encouraging me to continue in graduate studies.  I would also like to 

thank the members of my advisory committee, Dr. Heather Jamieson and Dr. Kenton Ko, 

for their insight on this project. 

To all the members of my lab, thank you for all the team building exercises.  To Anthony 

Silva, I do not think that field trips would have been the same without you.  Thank you 

for all your help in the lab and in the field, and for always being there whenever I needed 

support.  Even if it was only because there was nowhere else for you to go, it was greatly 

appreciated.  For help with field work and data collection, especially Chad Edwards, a 

big thanks.  I would never have been able to manually determine the number of leaves on 

a tree without you.   

I would also like to thank my family for all of their encouragement and unconditional 

support, both financial and emotional, without which I would not have gotten to this 

point.   

Finally, a special thanks to the Ontario Centre’s of Excellence Centre for Earth and 

Environmental Technologies for funding this project. 



 

 

 

iv 

Table of Contents 

Abstract .............................................................................................................................. ii 

Acknowledgements .......................................................................................................... iii 

Table of Contents ............................................................................................................. iv 

List of Figures ................................................................................................................... vi 

List of Tables ................................................................................................................... vii 

Chapter 1:  General Introduction and Literature Review ............................................ 1 

1.1 Phytoremediation ................................................................................................................... 1 

1.1.1 Phytodegradation ............................................................................................................ 2 

1.1.2 Phytovolatilization .......................................................................................................... 3 

1.1.3 Phyto-pumping ................................................................................................................ 4 

1.2 Study Species ......................................................................................................................... 5 

1.3 Contaminants of Interest ........................................................................................................ 6 

1.3.1 Dioxane ........................................................................................................................... 6 

1.3.2 Ethylene Glycol ............................................................................................................ 11 

1.4 Research Objectives ............................................................................................................. 15 

Chapter 2:  Materials and Methods .............................................................................. 16 

2.1 Lab Studies .......................................................................................................................... 16 

2.1.1 Plant Maintenance ......................................................................................................... 16 

2.1.2 Transpiration Rate and Chemical Studies ..................................................................... 16 

2.1.3 Chemical Studies .......................................................................................................... 17 

2.1.4 1,4-Dioxane Determination ........................................................................................... 18 

2.2 Field Studies ........................................................................................................................ 19 

2.2.1 Field Site Characteristics .............................................................................................. 19 

contaminants was 100 ppb.  Detailed contaminant concentration maps were obtained from 

Malroz Engineering (Kingston, Ontario). .............................................................................. 21 

2.2.2 Weather Characteristics ................................................................................................ 21 

2.2.3 Growth Rate Studies ..................................................................................................... 21 

2.2.4 Transpiration Rate Studies ............................................................................................ 21 

2.2.5 Chemical Studies .......................................................................................................... 23 



 

 

 

v 

2.3 Statistical Analysis ............................................................................................................... 25 

Chapter 3: Results........................................................................................................... 26 

3.1 Lab Studies .......................................................................................................................... 26 

3.1.1 Transpiration Rate Studies ............................................................................................ 26 

3.1.2 Chemical Studies .......................................................................................................... 29 

3.2 Field Studies ........................................................................................................................ 31 

3.2.1 Weather Characteristics ................................................................................................ 31 

3.2.2 Growth Rate Studies ..................................................................................................... 33 

3.2.3 Transpiration Rate Studies ............................................................................................ 37 

3.2.4 Chemical Studies .......................................................................................................... 40 

Chapter 4: Discussion ..................................................................................................... 42 

4.1 Lab Studies .......................................................................................................................... 42 

4.1.1 Transpiration Rate Studies ............................................................................................ 42 

4.1.2 Chemical Studies .......................................................................................................... 43 

4.2 Field Studies ........................................................................................................................ 44 

4.2.1 Weather Characteristics ................................................................................................ 44 

4.2.2 Growth Rate Studies ..................................................................................................... 45 

4.2.3 Transpiration Rate Studies ............................................................................................ 46 

4.2.4 Chemical Studies .......................................................................................................... 49 

4.3 Comparison of Lab and Field Results .................................................................................. 51 

4.4 Conclusions and Implications .............................................................................................. 52 

Summary .......................................................................................................................... 55 

Literature Cited .............................................................................................................. 58 

Appendix A Laboratory Set-up ..................................................................................... 65 

Appendix B Field Set-up ................................................................................................ 66 

  

  



 

 

 

vi 

List of Figures 

Figure 1:  The chemical structure of 1,4-dioxane and ethylene glycol……………………7 

Figure 2:  Field site map………………………………………………………………… 20 

Figure 3:  Mean daily transpiration rate of DN34 and NM1 hybrid poplars over time…. 27 

Figure 4:  Mean transpiration rate of various varieties of hybrid poplars averaged over 6 

days……………………………………………………………………………….   28 

Figure 5:  The percentage of 1,4-dioxane removed from aqueous solution by two varieties 

of hybrid poplars after 6 days……………………………………………………... 30 

Figure 6: Monthly climate characteristics for two field seasons and historical average 

data………………………………………………………………………………... 32 

Figure 7:  Mean annual tree growth in DN34 and NM1 hybrids grown in amended or 

non-amended soil and combined data for each tree variety………………………. 34 

Figure 8:  Mean annual growth rate of DN34 and NM1 hybrids planted in varying 

concentrations of 1,4-dioxane…………………………………………………….. 35 

Figure 9:  Mean annual growth rate of DN34 and NM1 hybrids grown in varying 

concentrations of ethylene glycol…………………………………………………. 36 

Figure 10:  Mean annual transpiration rates in DN34 and NM1 hybrids grown in amended 

or non-amended soils and combined data for each tree variety……....................... 38 

Figure 11:  Mean transpiration rate of DN34 and NM1 hybrids grown in varying 

concentrations of ethylene glycol…………………………………………………. 39 

   



 

 

 

vii 

List of Tables 

Table 1: Physical and chemical properties of 1,4-dioxane. ............................................................. 9 

Table 2: Physical and chemcial properties of ethylene glycol. ...................................................... 13 

Table 3: Removal rates of 1,4-dioxane in DN34 and NM1 hybrids. ............................................. 41 

 

 

  



 

 

 

1 

Chapter 1 

General Introduction and Literature Review 

1.1 Phytoremediation 

Phytoremediation is a fast growing technology that utilizes plants and their associated 

rhizosphere microorganisms to transform, remove, or contain contaminants found in soil, 

sediments, water and air (Cunningham et al., 1995).  There are many advantages to using 

plant-based remediation technologies including high public acceptability, economic 

viability, and practicality.  The overall cost to use plant-based technologies is generally 

less than half the cost of conventional physical-chemical methods (Macek et al., 2000).   

Some research has estimated that plant-based technologies can be up to 60-80 % less 

costly (Schnoor et al., 1995).   These savings come from reduced energy, chemical, and 

labour costs.  Phytoremediation technologies have been shown to be effective at treating 

a broad range of environmental contaminants including metals, pesticides, and petroleum 

hydrocarbons (Susarla et al., 1999; Dec and Bollag, 1994).  Additionally, there is 

minimal environmental disruption compared to traditional methods involving excavation 

since phytoremediation processes are applied in situ and leave the topsoil intact (Pulford 

and Watson, 2003).  However, the plants must be able to access the contaminants and 

survive at the contaminated site. Therefore, phytoremediation processes are limited to use 

at sites with shallow groundwater and low concentrations of contaminants of low 

toxicity.   Other disadvantages of phytoremediation include the fact that they can take 



 

 

 

2 

longer to remediate than engineered technologies, are limited by the climate at the 

contaminated site, and may release harmful intermediate substances into the environment 

(Morikawa and Erkin, 2003).  Analysis of the metabolic fate of contaminants in plants is 

a necessary step to proving the efficacy of these technologies.  Although most research in 

this area has been conducted in a laboratory setting using hydroponics, ultimately, the 

goal of phytoremediation technologies is to achieve effective in situ remediation at 

contaminated sites.  This may require careful planning based on the contaminant and 

characteristics of each site, as well as the use of monitoring devices to measure the 

release of degradation products.  Phytoremediation employs various methods to 

accomplish successful decontamination.  These include, but are not limited to, 

phytodegradation, phytovolatilization, and phyto-pumping. 

1.1.1 Phytodegradation 

Phytodegradation is the use of plants and their associated microorganisms to degrade or 

transform contaminants (Macek et al., 2000).  Many organic contaminants can be taken 

up, metabolized, and transformed by plants (Ohkawa et al., 1999).  For example, various 

species of plants have been shown to mineralize trichloroethylene (TCE) into CO2 and 

less toxic aerobic metabolites such as trichloroethanol (Newman et al., 1997).  Also, the 

enzymes nitroreductase and laccase that are commonly found in plants are able to break 

down the ammunitions waste 2,4,6-trinitrotoluene (TNT) and incorporate the breakdown 

products into new plant material and soil organic matter (Schnoor et al., 1995).  It is well 

documented that microorganisms are capable of utilizing many organic contaminants as 
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their sole carbon source, degrading the contaminants by incorporation it into their 

metabolism (Dwyer and Tiedje, 1983).  Plants have the ability to enhance this process by 

excreting photosynthates, including sugars and amino acids, into the rhizosphere.  These 

photosynthates stimulate the growth of microorganisms, including bacteria, fungi, and 

protozoa, by providing extra nutrients.  It has been shown that vegetated soil can contain 

up to 4 orders of magnitude more microorganisms than non-vegetated soil (Shimp et al., 

1993).   

1.1.2 Phytovolatilization 

Phytovolatilization is the removal of contaminants from water and soils by roots and their 

subsequent release into the atmosphere through the transpiration stream of plants (Macek 

el al., 2000).  When contaminants come in contact with the roots of the plant they are 

taken up, often with water, carried in the xylem, and eventually released, unchanged, 

from the stomata at the leaves.  Once in the atmosphere contaminants may be degraded 

by hydroxyl radicals or stay in the air as a pollutant depending on the chemical properties 

of the contaminant.  Most phytovolatilization research focuses on chlorinated compounds 

such as trichloroethylene (TCE) (Chappell, 1998; Susarla et al., 2002).  However, 

phytovolatilization of methyl tert-butyl ether, methyl mercury, and selenium from various 

plants has been reported (Newman et al., 1999; Heaton et al. 1998; de Souza et al., 

2000).  Unfortunately, this form of phytoremediation is difficult to quantify in the field.  

For example, Ma and Burken (2003) successfully demonstrated volatilization of TCE 
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from willow cuttings in the laboratory setting, but failed to quantify the same removal at 

a field location.   

1.1.3 Phyto-pumping 

Plants can also be used to attenuate the migration of a contaminant plume by acting as 

living pumps.  This process is known as phyto-pumping and utilizes the transpiration 

process in plants.  As large volumes of water are removed from the groundwater, further 

spread of the chemical plume is prevented by reducing the amount of contaminated water 

that passes by the root zone (Susarla et al., 2002).  Plants that require large volumes of 

water are best suited for this process.  Poplar stands with roots penetrating the 

groundwater table have been shown to cause a depression in the water table ranging from 

a few inches to a few feet which causes the flow of groundwater to be directed toward the 

trees and prevents the movement of the plume (Chappell, 1998).  Unfortunately, 

phytoremediation processes that rely on the transpiration rate of plants are affected by 

environmental stressors that can limit this process.  Approximately 90 % of water 

transpired from a plant is lost through stomata (Raven et al., 2003).  As a result, the 

opening and closing of stomata has a dramatic affect on transpiration rate.  

Environmental factors such as light intensity and temperature are known signals causing 

stomatal closure.  Other environmental factors such as temperature, humidity, and wind 

velocity also affect the rate of transpiration by increasing or decreasing the rate of water 

loss by the plant.   
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Phytoremediation processes often act on contaminants simultaneously.  Although we are 

capable of evaluating the effectiveness of each individual process in controlled laboratory 

settings, it is difficult to determine contaminant removal rates of each process when 

acting in combination or in a field setting.  Future research should focus on the combined 

effects of these processes and the long-term effectiveness of phytoremediation strategies 

in field settings. 

1.2 Study Species 

Poplar (Populus) species have become a model system for fundamental research on trees 

and as a tool for phytoremediation.  This is partly due to the fact that it has a small 

genome size (550 Mb; n = 19 chromosomes) and is amenable to genetic transformation 

(Cervera et al., 2001).  Large expressed sequence tag databases have been created and 

will help to develop efficient functional genomics research in trees (Mellerowicz et al., 

2001).  Outside of molecular biology, poplar species have been selectively bred by 

foresters for many years to obtain hearty and disease, pest, and drought resistant trees that 

can thrive with minimal inputs.  Populus deltoides and Populus nigra are two of the most 

important species for poplar breeding, with many selection and breeding programs 

focused on developing resistance to pathogens and enhanced growth and rooting abilities 

to improve propagation (Ceulemans et al., 1987).  The hybrid DN34 (P. deltoides x P. 

nigra) is somewhat drought tolerant, most likely due to the tolerance derived from the P. 

deltoides species. 
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Hybrid poplars are used in phytoremediation studies because the high volumes of water 

used can provide hydraulic control at a field site.  The roots of poplars have often been 

described as invasive because they grow both vertically and horizontally and can reach a 

depth of 4.5 m (Rock, 2000).  Water uptake rate of trees varies by species, age, size, as 

well as the location and climate.  On average, a 5 year-old hybrid poplar can use 20-51 L 

of water per day and this value will increase as the tree grows (Hinkley et al., 1994).  In 

addition to the fact that poplars are easily propagated, develop deep root systems, and use 

high volumes of water, they are often used in phytoremediation studies because they are 

naturally occurring in many regions around the world and have been shown to be tolerant 

of high concentrations of organic contaminants (Aitchison et al., 2000).  In lab studies, 

hybrid poplars exposed to 60 mg/L each of benzene, carbon tetrachloride, toluene, 

trichloroethylene and other organic compounds displayed no toxic effects (Wichman, 

1990).  Laboratory and field studies using hybrid poplars have shown that this species is 

capable of remediating many organic contaminants including trichloroethylene, benzene, 

and toluene (Newman et al., 1997; Burken and Schnoor, 1998). 

1.3 Contaminants of Interest 

1.3.1 Dioxane 

The chemical1,4-Dioxane (dioxane), is a cyclic ether (Figure 1) that has been receiving 

attention by many government agencies.  Dioxane has been widely used as an industrial 

stabilizer for chlorinated compounds and as a solvent in many chemical mixtures used in  
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A)   B) 

Figure 1:  The chemical structure of A) 1,4-dioxane and B) ethylene glycol.  More 

information on the physical and chemical properties of these compounds is given in 

Table 1 and Table 2.    
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paper, textile, paint, and cosmetics processing (Zenker et al., 2003).  Dioxane is also 

formed as a byproduct during the production of other organic chemicals and surfactants 

(Popoola, 1991; Lanigan, 2000).  Dioxane poses a threat to both surface and groundwater 

supplies due to its extensive use, number of sources, potential toxicity, and persistence in 

the environment.  The United States Environmental Protection Agency (US EPA) 

classifies 1,4-dioxane as a probable human carcinogen (Class B2) based on induction of 

nasal cavity and liver carcinomas in multiple strains of rats, liver carcinomas in mice, and 

gall bladder carcinomas in guinea pigs (National Cancer Institute, 1978; Hoch-Ligeti and 

Argus, 1970).  However, epidemiological data has been inconclusive.   As of 2009 the 

US EPA has not set a reference dose for 1,4-dioxane and   the level of threat that this 

chemical poses is still being debated.  In the United States, drinking water standards for 

this chemical vary from state to state and fall within a range of 5-85 µg/L (Haughton, 

2003).  The current limit for drinking water in Ontario is 20 µg/L, although, most 

municipalities do not require testing for this substance (MOE, 2005).   

Dioxane is highly soluble and mobile in water and has other physical and chemical 

properties that make it resistant to degradation (Table 1).  For this reason, conventional 

methods for treating dioxane contamination have been either ineffective at reducing the 

contaminate concentration to below the desired regulatory levels or are relatively 

expensive to utilize (Aitchison et al., 2000).  For example, it has been shown that due to 

its low Henry’s Law constant and low octanol-water partitioning coefficient (Kow), the 

processes of air-stripping and carbon adsorption are inefficient or incapable of removing 
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Table 1: Physical and chemical properties of 1,4-dioxane. 

Property Value Reference 

Chemical Formula C4H802 

 Molecular Weight 88.1 Budavari et al. (1989) 

Density 1.0329 g/mL Keith and Walters (1985) 

Vapor Pressure 30 mm Hg at 20°C Verschueren (1983) 

Melting Point 11.8°C Howard (1990) 

Boiling Point 101.1°C at 100kPa Howard (1990) 

Water Solubility Miscible Budavari et al. (1989) 

Henry's Law Constant 

4.94 x 10
-4 

kPa-m
3
/mol at 

25°C Hine and Mookerjee (1975) 

Log Kow*
 

-0.27 Howard (1990) 

 

* Octanol/water partitioning coefficient 
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dioxane from soil and water (Zenker et al,. 2003).  Studies investigating the efficiency of 

air-stripping at removing dioxane have shown removal rates as low as 3 % and as high as 

30 % (McGuire et al., 1978; Bowman et al., 2001).  Alternately, advanced oxidative 

processes that use hydroxyl radicals to oxidize dioxane have been shown to be effective 

treatment methods (Zenker et al. 2003).  The application of a combination of hydrogen 

peroxide (H2O2), ozone (O3), and UV radiation can achieve up to a 90 % removal of 

dioxane (Stefan and Bolton, 1998).  However, these methods have very high chemical 

and heating costs which make them too expensive for large scale use (Aitchison et al. 

2000).  Most research into the ability of indigenous microorganisms to mineralize 

dioxane by using it as a sole carbon source predict that this compound is resistant to the 

process of biodegradation (Francis et al., 1980; Howard, 1990).  However, researchers 

have recently discovered some species capable of degrading this contaminant.  The 

fungus Cordyceps sinesis was isolated from soil and shown to be capable of utilizing 1,4-

dioxane as a sole carbon source (Nakamiya et al., 2005).  It has also been found that soil 

augmented with the bacterium Amcolata CB1190 had a significant increase in dioxane 

degradation compared to soil not augmented with the bacterium (Kelley et al., 2001).   

Unfortunately, the degradation pathways in these microbes are not always clear and the 

potential for harmful byproducts of degradation is possible.  Also, in most instances of 

1,4-dioxane degradation by microbes, the degrading species require high temperatures, 

long exposure times, and high initial contaminant concentrations to achieve significant 

removal (Sock, 1993).   These conditions are rarely available in field settings.  Finally, in 

many cases of biodegradation, removal of dioxane was likely caused by co-metabolism 
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(Aitchison et al., 2000).  Co-metabolism is the transformation of a non-growth substrate 

in the obligate presence of a growth substrate (Dalton and Stirling, 1982).  More 

generally, co-metabolism is the simultaneous breakdown of two substrates, the first of 

which provides nutrients for growth, the second of which would not occur without the 

presence of the first.   This process is limited by enzyme production and the availability 

of cofactors, therefore, remediation technologies utilizing these systems would require 

continuous input of the necessary substrates (Aitchison et al. 2000). 

Phytoremediation methods have been more successful than biodegradation at remediating 

dioxane.  In laboratory studies, hybrid poplars have been shown to remove up to 80 % of 

dioxane from soil and 54 % from hydroponics.  After testing for the accumulation of 

dioxane in a plant grown in hydroponics, it was determined that between76 to 83 % of 

the contaminant was transpired from the leaves and little to no dioxane was stored in the 

tissue (Aitchison et al., 2000).  Unfortunately, the combination of phyto- and 

bioremediation technologies does not appear to have additive effects on the degradation 

and removal rate of dioxane.  Research has shown that hybrid poplars grown in soil 

augmented with the dioxane degrading bacteria Amcolata CB1190 are not capable of 

removing more dioxane than poplars grown in non-augmented soil (Kelley et al., 2001).  

1.3.2 Ethylene Glycol 

In field settings, contaminants are almost always found in mixtures.  Since 1,4-dioxane is 

a common byproduct of processes involving other organic compounds, especially 

ethylene glycol (EG), these two chemicals are very common co-contaminants (Popoola, 
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1991).  Ethylene glycol is an alcohol (Figure 1) that is commonly used as an automotive 

anti-freeze, airplane deicer, and as an additive to plastics (Pillard and DuFresne, 1999; 

Kim et al. 1998).  Although there has yet to be a complete evaluation of the potential 

human carcinogenic effects of EG, the US EPA (1989) has set a reference dose of 2 

mg/kg/day for ethylene glycol based on kidney toxicity in rats.  High dose exposure 

(1000 mg/kg/day) of ethylene glycol caused increase mortality, decreased growth, 

increase water intake, and chronic nephritis in rats (DePass et al. 1986).  In plants, 

polyethylene glycols (PEG) are commonly used to induce osmotic stress by reducing the 

osmotic potential of the culture solution.  Those PEG with molecular weights of less than 

200 are easily taken up by plants while PEG with molecular weights of >1000 are taken 

up very slowly (Lawlor, 1970).  Ethylene glycol has a molecular weight of 62.07 and is 

likely easily taken up by plants (Table 2).  Recently, EG concentrations of 50 g/L have 

been shown to prevent germination of seeds and lower concentrations can cause a 

decrease in plant growth (Kim et al. 1998; Pillard and DuFresne, 1999).  Unpublished 

data by Edwards (2006) confirmed this by showing that Arabidopsis thaliana plants 

exposed to 30 g/L of EG show inhibited growth and 40 g/L of EG inhibited germination.  

Another study on the effects of EG on the aquatic angiosperm Lemna gibba (Duckweed) 

discovered that EG can induce other anatomical changes that may not be lethal to the 

plant alone, but these changes could make the plant more susceptible to the toxicity of 

other co-contaminants (Barber et al. 1999).  Edwards (2006) also revealed the combined 

effects of EG and dioxane.  It was discovered that hybrid poplars exposed to both 1,4- 
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Table 2: Physical and chemcial properties of ethylene glycol. 

Property Value Reference 

Chemical Formula C2H6O2 

 Molecular Weight 62.07 CalEPA (2009) 

Density 1.1132 g/mL CalEPA (2009) 

Vapor Pressure 0.06 mm Hg at 20°C Verschueren (1983) 

Melting Point  -13°C Budavari et al. (1989) 

Boiling Point 197.6°C at 100kPa Budavari et al. (1989) 

Water Solubility Miscible Budavari et al. (1989) 

Henry's Law Constant 6.0 x 10
-8

 kPa-m
3
/mol at 25°C CalEPA (2009) 

Log Kow -1.36 CalEPA (2009) 

 

* Octanol/water partitioning coefficient 
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dioxane and EG experienced a significant decrease in transpiration rate, most likely due 

to an induced osmotic stress in plants caused by EG.      

Biodegradation of EG by microorganisms has been shown to be effective.  Many 

microorganisms are able to use EG as a sole carbon source and degrade this chemical by 

incorporating it into their metabolism (Dwyer and Tiedje, 1983).   The aerobic 

metabolism of EG is well documented and the pathways are well known (Staples et al., 

2001; Revitt and Worrall, 2003).  However, there are far fewer examples and proposed 

mechanisms of anaerobic microbial degradation of EG, although a few have been 

reported (Carnegie and Ramsay, 2009).  Due to the lack of anaerobic EG degraders, deep 

rooted plants may be lacking rhizosphere interactions with EG degrading microbes 

making these species more susceptible to the negative effects of EG in the field.   

The combined effects of bio- and phytoremediation strategies are currently being 

examined.  Although there is no evidence to suggest that EG is degraded by plants, 

enhanced biodegradation of EG by microorganisms interacting with the rhizosphere of 

shallow rooted plants such as alfalfa and legumes has been documented (Castro et al., 

2001; Shupack and Anderson, 2000).  Although the microorganisms studied could 

degrade EG independently, these studies suggest greater rates of biodegradation in the 

presence of a rhizosphere.  Until recently these interactions were not studied on deep 

rooted plants.  In 2009, Carnegie and Ramsay demonstrated the ability of native 

anaerobic microbes at a field site to interact with the rhizosphere of poplar and willow 

trees and effectively degrade EG.  
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1.4 Research Objectives 

Phytoremediation is an economical and practical alternative to traditional remediation 

methods.  The purpose of the study presented in this thesis was to quantify and compare 

the ability of two varieties of hybrid poplars, NM1 and DN34, to phytovolatilize 1,4-

dioxane in the lab and at an old industrial waste site.  The field site was contaminated 

with 1,4-dioxane and ethylene glycol, as well as very low concentrations of numerous 

other chemicals.  The field site was located approximately 25 km from Kingston, Ontario.  

Growth and transpiration rates were monitored over two growing seasons as a 

measurement of overall tree health in relation to chemical stress.  Transpirate was also 

collected from the trees to determine the rate of removal of 1,4-dioxane.  The chemical 

1,4-dioxane, was not consistently measured in evapotranspirate of the trees in the field.  

Therefore, bench scale experiments were used to further assess and compare the abilities 

of each tree variety to phytovolatilize the contaminant.  The lab experiments also 

provided a setting in which all variables could be carefully controlled.  This permitted 

comparisons to be made between the tree varieties in the lab and in the field. 
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Chapter 2 

Materials and Methods 

2.1 Lab Studies 

2.1.1 Plant Maintenance 

Hybrid poplar (Populus) trees of the varieties DN34 (P. deltoids x P. nigra) and NM1 (P. 

nigra x P. maximowicii) were obtainned from LandSaga Biogeographical Inc. (New 

Hamburg, Ontario).  The trees were planted in soil in individual 10 cm pots and 

maintained in greenhouse conditions at 23-26°C, 45 % relative humidity and16 h/day of 

light.  The pots were placed in trays and watered from the bottom when needed.  Water 

soluble plant fertilizer of the composition 20-20-20 (N-P-K) plus micronutrients was 

added once per week at a concentration of 1.5g/L (Plant Products Co.  Brampton, 

Ontario). 

2.1.2 Transpiration Rate and Chemical Studies 

For the experiments, 15-20 cm lengths of tree branches were cut off the stock trees and 

the leaves were removed.  The bottom 2 cm of each cutting was dipped in Stim Root
®
 

No. 1 (Plant Products Co. Ltd., Brampton, Ontario).  Each cutting was then placed in an 

individual section of a Root Trainer System (Lee Valley Tools, Ottawa, Ontario) filled 

with general purpose growing medium (PRO-MIX ‘BX’, Premier Horticulture Ltd., Ste. 

Anne, Manitoba) which encouraged roots to grow straight down with no root ball.  

Cuttings were watered from below with RO water as needed.  Cuttings continued to grow 

in these conditions for approximately 6 weeks to allow for root development.  Roots were 
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then separated from the soil and the cuttings were transferred to a hydroponic system 

consisting of a 60 L aerated solution containing MS nutrient solution (Murashige and 

Skoog, 1962).  Each cutting was placed in an individual slot on a black Styrofoam float.  

Cuttings were kept in place by wrapping the branch in polyester spun fiber at the point of 

insertion in the float.  After one week, each cutting was placed into a 500 mL wide-mouth 

polypropylene bottle (Nalgene® Labware, Rochester, New York) containing MS nutrient 

solution and grown under greenhouse conditions at 23-26°C, 20 % relative humidity 

and16h/day of light to acclimate to a non-aerated, low humidity environment.  Nutrient 

solution was replaced as needed.  The bottles were then transferred into a fume hood 

maintained at 26-28°C, 15-17 % relative humidity and16 h/day of light at an intensity of 

420 µE/m
2
/s for one week before use in experiments.   

2.1.3 Chemical Studies 

To measure the removal of 1,4-dioxane the trees were placed in to individual enclosed 

systems for six days.  Each system consisted of a 500 mL polypropylene bottle used as a 

root chamber containing nutrient treatment solution and an inverted 1 L polypropylene 

bottle used as a shoot chamber.  Polypropylene was used because it is nonreactive with 

dioxane (Schweitzer, 2004).  Two 3cm sections of polypropylene tubing with an inner 

diameter of 6 mm (¼ inch) were connected to openings in the shoot chamber.  The first 

was located near the bottom of the shoot chamber and used for air inflow.  The second 

was located near the top of the shoot chamber and was connected to a vacuum line with a 

flow rate of 1.8 L/min.  Charcoal tubes (ORBO 32 Large, Sigma-Aldrich) were used to 
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recover transpired dioxane and were connected between the second opening in the shoot 

chamber and the vacuum line.  The screw-top lids of both bottles were glued together in 

the appropriate top-to-top orientation.   A hole was drilled through the centre of the lids 

to allow for the tree to be inserted and the roots and shoots to be partitioned into the root 

and shoot chambers.  The trees were secured in place using adhesive putty (Office Depot, 

Delray Beach, Florida) which created a non-reactive, air-tight seal inside the chamber.  

Masking tape and Parafilm® M were wrapped around the lids to ensure a secure, air-tight 

seal to the outside.  The roots chambers were covered in aluminum foil to prevent algal 

growth. 

Trees were supplied with 500 mL of nutrient treatment solution consisting of MS nutrient 

solution supplemented with 36 mg/L 1,4-dioxane.  A line was drawn on each bottle to 

mark the starting volume.  To measure transpiration rate the bottom portion of the system 

was disconnected and topped up with the nutrient treatment solution back to the starting 

volume every 24 hours.  The volume of solution required to reestablish the starting 

volume was recorded.  Excised trees lacking roots and shoots which do not transpire were 

used as controls to test for leaks in the seal of the experimental chambers.  The leaf 

surface area (m
2
), fresh weight and dry weight of roots, shoots, upper stem, and lower 

stem were measured and recorded.   

2.1.4 1,4-Dioxane Determination 

The concentration of 1,4-dioxane in the charcoal traps was determined using the National 

Institute for Occupational Safety and Health (NIOSH) Method 1602 (NIOSH Manual of 
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Analytical Methods, 1994).  Briefly, the first bed of the charcoal trap was desorbed in 2 

mL of carbon disulfide and this mixture was put through a gas chromatograph (GS) 

which used a flame ionization device to determine the amount of 1,4-dioxane present 

(Analytical Services Unit, Queen’s University, Kingston, Ontario).  The amount of 

dioxane detected by the GS in each carbon trap and the corresponding amount of 

transpiration recorded for each tree was used to determine the amount of dioxane 

removed by each tree.  This value was recorded as the percent of dioxane removed. 

2.2 Field Studies 

2.2.1 Field Site Characteristics 

The field site for these studies was a former industrial manufacturing dumpsite outside of 

Kingston, Ontario.  The area now contains mainly 1,4-dioxane and ethylene glycol as 

well as low levels of other chemicals.  Two varieties of hybrid poplar were used; DN34 

(Populus deltoids x P. nigra) and NM1 (P. nigra x P. maximowicii).  These trees were 

planted in four rows above the contaminated groundwater plume which was located 

between 0.8 and 1 m below ground surface (Figure 2).  Both the north and south plot 

consisted of two rows of trees.  One row, located to the south, was planted in native (non-

amended) clay based soil, and the other, to the north, was planted in amended soil 

composed of a mixture of gravel, soil, and clay.  The concentration of the contaminants 

of interest varied throughout the plot.  Dioxane was present up to a concentration of 5 

ppm, and ethylene glycol to a concentration of 10,000 ppm.  The detection limit for these  
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Figure 2:  Field site map.  ( ) DN34; ( ) NM1; ( ) Dead tree; (        ) Amended soil; (          ) Non-amended soil.  
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contaminants was 100 ppb.  Detailed contaminant concentration maps were obtained 

from Malroz Engineering (Kingston, Ontario). 

2.2.2 Weather Characteristics  

Weather statistics for the two field seasons (2007 and 2008) were obtained from the 

National Climate Data and Information Archive (Trenton A Station: located at Latitude: 

44° 7.200' N Longitude: 77° 31.800' W Elevation: 86.30 m).  Historical climate data was 

also obtained from this source and is an average of archived data from 1971 to 2000. 

2.2.3 Growth Rate Studies 

Growth rate of the trees at the field site was monitored during the 2007 and 2008 field 

seasons by determining the change in diameter of the trunk of each tree.  The diameter of 

the main trunk of each tree was measured at 30, 50, 100, 105, and 110 cm above ground 

level using digital calipers.  These measurements were averaged for each tree to 

determine overall change in diameter (mm).  The increase in diameter relative to the 

original diameter of the tree was also calculated and converted to percent increase in stem 

area.  For 2007, this data was collected in early May and early November.  For 2008, this 

data was collected in early July and late October.  In 2007, growth was determined from 

the difference in stem area between the early and late readings that year.  In 2008, growth 

was determined from the fall reading in 2007 until the final reading in 2008. 

2.2.4 Transpiration Rate Studies 

Transpiration rate of the trees was measured using the Dynamax Flow4 Datalogging 

system (Dynamax Inc., Houston, Texas).  This system offered a non-invasive way to 
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directly measure water use in plants by monitoring sap flow.  Each sensor consists of a 

foam cylinder lined with thermocouples that conduct heat through the trunk sheath 

applying heat to the stem.  The temperature differences of sap above and below the strip 

heater is used to calculate the sapflow and hence the transpiration rate of the tree.  The 

process is described in greater detail by van Bavel (2006). 

The size of sensor used was determined by measuring the diameter of the tree trunk.  

Before attaching the sensor the bark was coated with a 100 % canola oil spray (Dynamax 

Inc.) to ensure contact of the sensor with the tree while at the same time preventing the 

sensors from becoming affixed to the tree.  The sensor heater was coated with a thin layer 

of Electrical Insulating Compound (Dow Corning
®
, Midland, Michigan) to seal out 

moisture and aid in expansion and contraction of the heater and gauge.  The sensor was 

wrapped around the tree trunk and attached using Velcro
TM

.  Foam cylinders were then 

wrapped around the trunk above and below the sensor.  This area was then covered with a 

layer of reflective bubble wrap to protect the sensor from weather damage.  Bubble wrap 

was secured using electrical tape.  The bubble wrap and the exposed area above and 

below the apparatus was wrapped in no less than three layers of aluminum foil  and 

secured with packing tape to prevent ambient heat from the sun and/or heat loss from the 

thermocouples.  The sensors were connected to the datalogger that was configured based 

on the tree trunk diameter.  Sap flow was recorded every 30 minutes from 5:00 am to 

10:00 pm for up to 14 days. 
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The percentage of the tree sampled was determined by manually counting the number of 

leaves above the sap flow sensor and the number of leaves on the entire tree.  Leaf 

surface area sampled was determined by recording the number of leaves on the tree that 

were small, medium, and large.  An average leaf surface area of 3, 15, and 60 cm
2
 

respectively, for each size category was used to determine the overall leaf surface area of 

the tree.   

2.2.5 Chemical Studies 

To measure the amount of 1,4-dioxane being phytovolatilized by the trees a 1 m section 

of a branch with its leaves was enclosed in a wire cage covered with a large sheet of 

transparent polypropylene plastic.  Polypropylene was chosen based on its non-reactivity 

with 1,4-dioxane.  The ends of the plastic were sealed onto the branch using packing tape 

while ensuring the tape was not exposed to the air inside the bag. 

To prevent the shutdown of leaf transpiration due to high humidity in the bag, air from 

the environment was first passed through a dehumidifier.  Using a vacuum, air was 

passed through 15 m of coiled copper tubing with an inner diameter of 1.3 cm (½ inch) 

surrounded by cold water and ice.  The dehumidified air was then passed through a length 

of 1 cm (
3
/8 inch) polypropylene tubing that entered the bottom of the cage containing the 

tree branch being monitored.  This allowed the same tree to be monitored for up to 3 

days. 

A diffusing ring measuring approximately 30 cm in diameter and made of copper tubing 

with an inner diameter of 1 cm with small holes drilled at regular intervals was placed 
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inside the opposite end of the bag from the inlet for the dehumidified air. This ring was 

connected to another length of polypropylene tubing with an inner diameter of 1 cm that 

led to the condensing unit.  The condenser consisted of 15 m of coiled copper tubing with 

an inner diameter of 1 cm surrounded by cold water and ice.  This terminated in a 500 

mL wide-mouth polypropylene bottle (Nalgene® Labware, Rochester, New York) 

surrounded by cold water and  ice which acted as the sample collecting unit.  The tubing 

was connected to the bottle using silicon adhesive.  An Air Cadet® Pump vacuum (model 

number 420-1901; Barnant Company, Barrington, Illinois) with a maximum flow rate of 

6.5 L/min was connected to the sample bottle with another length of polypropylene 

tubing.  This vacuum provided the air flow through the entire apparatus. 

After two to three days of running the apparatus, 120 mL of the condensed transpirate 

sample was collected and sent to Lancaster Laboratories (Lancaster, Pennsylvania) to test 

for the presence of 1,4-dioxane.  The analysis concentrated the sample using a purge-and-

trap technique and then used gas chromatography/mass spectrometry to detect and 

quantify 1,4-dioxane in the sample (Shirey and Linton, 2006). This method allows for a 

lower detection limit of 0.05 µg/L. 

Temperature and humidity of the air was monitored at three points inside the system 

using wireless temperature and humidity sensors that transmitted data to a home station 

(Cat. No. 14-648-53 and 14-648-52; Fisher Scientific, Ottawa, Ontario).  These readings 

were taken by inserting a 500 mL wide-mouth polypropylene bottle containing a remote 

humidity sensor into the airflow line and allowing half an hour for the sensors to 
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equilibrate in the system.  Point A was located where the air had just passed through the 

dehumidifier.  Point B was located where the air had left the tree-branch cage.  Point C 

was located where the air had passed beyond the condenser and sample collecting bottle.   

To correct for the dilution of the sample due to humidity in the air as well as the 

efficiency of the trapping method the following formula was used; 

X = Y (B/B-A)(B/B-C)  

where, X is the actual transpired concentration of 1,4-dioxane, Y is the detected 

concentration of 1,4-dioxane, A is the relative humidity in the system after passing 

through the dehumidifier, B is the relative humidity in the system after passing through 

the cage, and C is the relative humidity in the system after passing through the final 

condenser.   

2.3 Statistical Analysis 

Mean values and standard error were calculated for all variables measured.  Statistical 

comparisons were made using either student t-tests or one-way ANOVAs with mean 

comparisons tested using the Tukey-Kramer HSD.  All analyses were performed using 

JMP 7.0 (SAS Institute Inc., Canada). 
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Chapter 3 

Results 

3.1 Lab Studies 

3.1.1 Transpiration Rate Studies  

The mean daily transpiration rate for each tree variety over the course of the experiment 

is shown in Figure 3.  There was no change in transpiration rate from time 0 to 144 hours 

(6 days) in either tree variety (ANOVA, p < 0.05, df = 17, 54).  The mean transpiration 

rate of DN34 was significantly higher than the mean transpiration rate of NM1 (ANOVA, 

p < 0.05, df = 2, 15).  When averaged over 6 days, the DN34 variety had a mean 

transpiration rate of 0.45 ± 0.03 L/Day/m
2
 leaf surface area while the NM1variety had a 

mean transpiration rate of 0.37 ± 0.02 L/Day/m
2
 leaf surface area (Figure 4).   
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Figure 3:  Mean daily transpiration rate of different varieties of hybrid poplars over 

time.  (     ) DN34; (    ) NM1; (    ) Control.  Excised and defoliated tree cuttings 

were used as controls.  Vertical error bars represent standard errors. 
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Figure 4:  Mean transpiration rate of various varieties of hybrid poplars averaged 

over 6 days.  Excised and defoliated tree cuttings were used as controls.  Vertical 

error bars represent standard errors.   
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3.1.2 Chemical Studies 

After analyzing the charcoal traps for the presence of 1,4-dioxane, it was found that an 

average of 128 µg of the chemical had been removed in the controls.  This value 

corresponds to less than 1 % removal from the solution.  Dioxane removal values for the 

two varieties of poplars have been corrected for this error.  The percentage of dioxane 

removed from aqueous solution by each variety of trees is shown in Figure 5.  There was 

no significant difference between the amount of 1,4-dioxane removed by the DN34 and 

NM1 varieties (Two sided t-test, p > 0.05, n = 8).  The DN34 was able to remove 48.7 ± 

11.6 % while the NM1 was able to remove between 41.7 ± 10.0 % of the dioxane from 

aqueous solution.    
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Figure 5:  The percentage of 1,4-dioxane removed from aqueous solution by two 

varieties of hybrid poplars after 6 days.  Values have been corrected for controls.  

Vertical error bars represent standard errors. 
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3.2 Field Studies 

3.2.1 Weather Characteristics  

The mean monthly temperature, total monthly precipitation, and mean monthly relative 

humidity measured at 15:00 local standard time for two field seasons as well as historical 

values are presented in Figure 1.  These data were obtained directly from the Canadian 

National Climate Archive.  There was no difference in mean monthly temperature in 

either of the field seasons versus historical average values, although there was a 

difference in mean temperature between the months, with May and October being the 

coolest and July and August being the warmest months (Figure 6A).  There were 

differences between the field seasons when comparing total monthly precipitation.  Total 

monthly precipitation in 2007 was lower compared to both 2008 and the historical values, 

whereas total monthly precipitation in 2008 was elevated when compared to both 2007 

and the historical values (Figure 6B).  Over the course of the 2007 field season there was 

a total of 306 mm of rainfall compared to 579 mm in 2008 and the historical average of 

448 mm.  With only about half the total precipitation of the 2008 season, the 2007 field 

season can be described as a dry season, while the excess rainfall in the 2008 season 

defines it as a wet season.  There was no difference between the two field seasons and 

historical average data, or the study months when comparing the mean monthly relative 

humidity a measured at 15:00 local standard time (LST) (Figure 6C). 
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Figure 6: Monthly climate characteristics for two field seasons and historical 

average data.  A) Mean monthly temperature, B) Total monthly precipitation, C) 

Mean monthly relative humidity measured at 1500 local standard time.  (    ) 2007; 

(    ) 2008; (    ) Historical averages.         
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3.2.2 Growth Rate Studies 

Growth rate, determined by the percentage increase cross section surface area, varied by 

field season but not by tree variety (Figure 7B).  Growth rate was significantly higher in 

the 2008 season compared to the 2007 season in both DN34 and NM1 tree varieties.  

Although, there was no difference between the two species within the same year 

(ANOVA, p < 0.05, df = 3, 59).  Growth rate did not appear to be influenced by soil type 

(Figure 7A).  While there was a significantly higher growth rate in 2008 in both varieties, 

there was no overall difference in growth rate between amended and non-amended soil 

(ANOVA, p <0.05, df = 7, 55).  However, there was a significantly higher growth rate in 

2008 observed in DN34 that were planted in non-amended soil (ANOVA, p <0.05, df = 

7, 53).   

Differences in chemical concentration within the groundwater plume did not appear to 

influence growth rate (Figure 8 and Figure 9).  There was no significant difference 

between tree varieties grown in low (≤ 0.5 ppm), medium (0.5 to 1 ppm), and high (≥ 5 

ppm) concentrations of 1,4-dioxane (ANOVA, p > 0.05, df = 9, 53).  Similarly, there was 

no significant difference between tree varieties grown in low, medium, and high 

concentrations of ethylene glycol except for an increased growth rate observed in 2008 in 

the NM1 variety growing in a high concentration of EG (ANOVA, p > 0.05, df = 11,50).   
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Figure 7:  Mean annual tree growth in A) DN34 and NM1 hybrids grown in 

amended or non-amended soil and B) combined data for each tree variety.       

(    ) 2007; (    ) 2008.  Vertical error bars represent standard errors. 
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Figure 8:  Mean annual growth rate of DN34 and NM1 hybrids planted in varying 

concentrations of 1,4-dioxane.  Low ≤ 0.5 ppm; Medium = 0.5 to 1 ppm; High = 

1to 5 ppm.  (    ) 2007; (    ) 2008.  There was no growth data collected for NM1 

hybrids grown in a medium concentration of dioxane.  Vertical error bars represent 

standard errors.    
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Figure 9:  Mean annual growth rate of DN34 and NM1 hybrids grown in varying 

concentrations of ethylene glycol.  Low ≤ 100 ppm; Medium = 100 to 1000 ppm; 

High ≥ 10,000 ppm.  (    ) 2007; (    ) 2008.  Vertical error bars represent standard 

errors. 
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3.2.3 Transpiration Rate Studies 

Transpiration rate in the two lines of hybrid poplars appeared to be dependent on tree 

variety and weather characteristics (Figure 10B).   The DN34 variety had a significantly 

higher transpiration rate in 2007 than NM1 variety, while in 2008, reverse occurred.  

Additionally, the DN34 variety had a significantly reduced transpiration rate in the 2008 

season compared to the 2007 season while the NM1 variety had a significantly increased 

transpiration rate in the 2008 season compared to the 2007 season (ANOVA, p < 0.05, df 

= 3, 100).  The transpiration rate in DN34 decreased by 80% from 4 ± 0.2 mL/day/m
2
 leaf 

surface area (LSA) in 2007 to 0.8 ± 0.08 mL/day/m
2 

LSA in 2008.  The transpiration rate 

in NM1 increased by 52 % from 1.3 ± 0.1 in 2007 to 2.7 ± 0.1 in 2008.   

Transpiration rates do not appear to be affected by soil type (Figure 11A).  Although the 

DN34 varieties continue to have higher transpiration rates than the NM1 in 2007, and the 

NM1 variety continued to have higher transpiration rates in 2008, there is no significant 

difference between transpiration rates in amended and non-amended soils within either 

tree variety (ANOVA, p < 0.05, df = 5, 127). 

The transpiration rates of the tree varieties grown in varying concentrations of EG are 

shown in Figure 6.  The DN34 variety had higher transpiration rates than the NM1 in 

2007, and the NM1 variety continues to have higher transpiration rates in 2008.  

However, the two varieties appear to be affected by the presence of EG in different ways.  

The DN34 variety does not seem to be influenced by EG concentration since there is no 

difference between the transpiration rates of trees grown in low (≤ 100 ppm) and high (≥ 

10,000 ppm) concentrations.  However, the NM1 variety had a significantly reduced  
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Figure 10:  Mean annual transpiration rates in A) DN34 and NM1 hybrids grown in 

amended or non-amended soils and B) combined data for each tree variety.      

(    ) 2007; (    ) 2008.  Vertical error bars represent standard errors.   
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Figure 11:  Mean transpiration rate of DN34 and NM1 hybrids grown in varying 

concentrations of ethylene glycol.  Low ≤ 100 ppm; Medium = 100 to 1000 ppm; 

High ≥ 10,000 ppm.  (    ) 2007; (    ) 2008.  Transpiration rate was not monitored 

for NM1 hybrids grown in a high concentration of EG.  Vertical error bars 

represent standard error.    
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transpiration rate when grown in a medium concentration of EG (100-1,000 ppm, 1 %) 

compared to a low concentration of EG (ANOVA, p < 0.05, df = 10, 93).  In 2007, 

transpiration rate was reduced by 42 % in the medium EG concentration compared to low 

EG concentration and in 2008 transpiration rate was reduced by 30 % in the medium EG 

concentration compared to the low EG concentration.  Of the trees that were monitored 

for transpiration rate, there was not enough variability in the 1,4-dioxane concentration in 

which trees were grown  to compare the effect of 1,4-dioxane on transpiration rate. 

3.2.4 Chemical Studies 

There is no difference in the ability of NM1 and DN34 varieties to remove 1,4-dioxane in 

the field (Table 3).  Although the NM1 variety removed a larger amount of dioxane, this 

value falls within the standard error of the DN34 removal rate. 
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Table 3: Removal rates of 1,4-dioxane in DN34 and NM1 hybrids. 

Tree Variety Detected [1,4-Dioxane] 1,4-Dioxane Removal Rate* 

  (µg/L ± SE) (µg/L/Day/m
2
 LSA ± SE) 

NM1 0.5 19.50 

DN34 0.80 ± 0.16 16.96 ± 4.24 

*corrected for transpiration rate at time of measurement 
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Chapter 4 

Discussion 

4.1 Lab Studies 

4.1.1 Transpiration Rate Studies 

The amount of water transpired by trees decreases when overall health is affected by 

abiotic stressors (Yeo and Flowers, 1986; Trapp et al., 2000).  Studies have shown that 

up to a 50% decline in transpiration rate occurred in poplar trees that were treated with 5 

ppm trinitrotoluene (Thompson et al., 1998).  In order to ensure that 1,4-dioxane did not 

have any negative effects on the physiology of the trees, the transpiration rate of each tree 

was monitored daily.  There was no difference between the transpiration rates within a 

tree variety at time 0 and 144 hours.  Therefore, cuttings did not exhibit visible toxic 

effects after 6 days when subjected to aqueous concentrations of 36 ppm of dioxane 

(Figure 3).  This is consistent with previous studies demonstrating that poplar cuttings 

had no visible toxic effects when exposed to a concentration of 23 ppm dioxane 

(Aitchison et al., 2000).  There was a significantly higher transpiration rate in DN34 than 

in NM1 when averaged over 6 days (Figure 4).  The variation between the two varieties 

could be a result of the P. deltoides in the DN34 variety being a drought tolerant species 

(Bassman and Zwier, 1991).  DN34 is better adapted to the dry climatic conditions, such 

as low humidity, that are often associated with drought.  When ambient humidity in the 

atmosphere is low, water loss from plants occurs through diffusion of the water vapor 

from intercellular spaces into the atmosphere by way of the stomata (Raven et al., 2003).  
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Stomata have adapted responses to these changes to help lower water loss.  When 

measuring stomatal response to reduced humidity it has been shown that many species of 

plants are able to reduce water loss to the atmosphere by closing stomata when ambient 

humidity is low (Lange et al., 1971).  Plants can then reopen the stomata to allow 

transpiration to occur when ambient humidity is high.  The relative humidity (RH) of the 

air during the laboratory trial was 15-17 % which is much lower than the average daytime 

RH of 83 % that these trees would experience during a regular growing season (National 

Climate Data and Information Archive).   DN34 was probably more able to thrive in 

these dry conditions than the NM1 variety resulting in a significant increase in 

transpiration. 

4.1.2 Chemical Studies 

There was a small amount of dioxane detected in the controls.  Since the controls lacked 

shoots and were therefore unable to transpire, which is confirmed by the fact that there 

was no detected transpiration from these samples, the dioxane measurement suggests that 

the seal separating the root and shoot chambers may have leaked slightly, allowing 

dioxane to volatilize off of the media pass through the interchamber seal and be collected 

in the carbon trap.  The amount of corresponding volume that would have been lost from 

the root chamber falls within the associated transpiration measurement error of ± 2 mL.  

Dioxane removal was corrected for the amount of removal observed in controls.  In the 

future, greater care should be taken to ensure a true air-tight seal between the root and 

shoot chambers.  The amount of dioxane removed in this study was between 41.7 ± 10.0 

% and 48.7 ± 11.6 %.  This is comparable to values reported in similar studies where up 
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to 54 ± 19 % of dioxane was removed from solution after 9 days (Aitchison et al., 2000).  

Prior to this study there was no reason to believe that either DN34 or NM1 tree varieties 

would have increased rates of 1,4-dioxane removal.  This was confirmed by the fact that 

there was no significant difference between the amount of dioxane volatilized from the 

DN34 or NM1 species.  However, a strong linear relationship has been documented 

between the amount of dioxane removed from solution and the corresponding volume of 

water transpired in DN34 hybrids (Aitchison et al., 2000).  In this study, DN34 had a 

higher transpiration rate and more dioxane removal than that observed in the NM1.  

Transpiration rate is therefore a good predictor of dioxane removal.   

4.2 Field Studies 

4.2.1 Weather Characteristics 

Physiological processes in trees, such as transpiration and growth rates, can be affected 

by ambient temperature, water availability, and the difference in moisture content 

between the soil and the atmosphere (Raven et al., 2003).  It is therefore important to 

monitor weather conditions over the course of a field experiment.  In order to determine 

if a particular climatic statistic is normal it can be compared to historical data.  The mean 

monthly temperature and mean monthly relative humidity were not different between the 

two field seasons, and did not deviate from historical data (Figure 6A,C).  However, the 

total monthly precipitation in 2007 was lower than in the 2008 and historical seasons, 

while the total monthly precipitation in 2008 was higher than in the 2007 and historical 

seasons (Figure 6B).  The 2007 season can therefore be described as a dry season, while 
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the 2008 season can be described as a wet season.  The influence this may have had on 

growth, transpiration, and chemical studies will be discussed in detail later. 

4.2.2 Growth Rate Studies 

Growth rate in both DN34 and NM1 tree varieties was affected by water availability 

(Figure 8).  There was no difference between the tree varieties within the same year but 

there was an increase in growth rate in the wet season compared to the dry season for 

both tree varieties.  This was expected due to the fact that tree growth is dependent on 

many factors; one of the most important being adequate access to water and nutrients 

(Trapp et al., 2000).  Due to the fact that Populus deltoides is known to be a drought 

resistant variety of poplar, it was expected that there would be an increase in growth rate 

in the DN34 variety compared to the NM1 variety during the dry season (Bassman and 

Zwier, 1991).  Similarly, since trees planted in amended soil should have had better 

access to water and nutrients compared to trees planted in the non-amended, clay-like 

soil, it was expected that the trees planted in amended soils would have increased growth 

rates.  Perhaps the trees at this field site have now established to a point where they are 

less susceptible to rainfall variance.  The roots of the trees may now reach the water table. 

Differences in chemical concentration did not appear to affect growth rate in either 

variety of poplar (Figure 8 and Figure 9).  Dioxane is not known to induce any 

physiological changes or cause negative effects on plants, in fact, the high miscibility of 

dioxane causes this compound to be easily transported in the xylem and transpired from 

the leaves with little to no dioxane stored in the plant tissue (Aitchison et al., 2000).  
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However, the negative effects of EG have been well documented and include inhibited 

germination and reduced growth rates (Pillard and DuFresne, 1999).   It was therefore 

expected that there would be reduced growth rates at higher concentrations of EG.  It is 

possible that microbial populations capable of degrading EG are present at the field site.  

Recently, Carnegie and Ramsay (2009) isolated microbial species from the rhizosphere of 

poplar and willow trees that were capable of anaerobically degrading 1,4-dioxane.   

These microorganisms might be leavening the toxic effects of EG at the field site by 

degrading this substance before it comes into contact with the roots of the trees.  An even 

more unexpected result was the fact that NM1 had a significantly higher growth rate in 

higher concentrations of EG in the 2008 season compared to all other situations in 2007 

and 2008.  This could be due to the wet season and the associated availability of non-

contaminated surface water.  

4.2.3 Transpiration Rate Studies 

Since transpiration rate is affected by the difference in the moisture content between the 

substrate, soil, and the atmosphere, transpiration rate is influenced by water availability 

(Trapp et al., 2000).  There was variation in the transpiration rates of the two varieties of 

trees.  The DN34 variety had a higher transpiration rate than the NM1 variety in the dry 

2007 season and the NM1 variety had a higher transpiration rate than the DN34 variety in 

the wet 2008 season.  This could be because of the drought tolerance of the P. deltoides 

in the genetic background of DN34 (Bassman and Zwier, 1991).  The mechanism that 

confers drought tolerance may have allowed the DN34 to obtain more water from dry soil 

than NM1.  When comparing each variety to itself, it was noticed that DN34 and NM1 
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had different responses to increased water availability.  NM1 had a higher transpiration 

rate in the 2008 season when water was more available, where as the DN34 had a 

reduced transpiration rate during the same season (Figure 10).    It stands to reason that 

when water availability was not limiting, the NM1 variety would be able to access more 

water and thereby increase transpiration rate.  It is more difficult to understand why the 

DN34 variety would have a reduction in transpiration rate as water availability increased.  

The roots of dry land plant species are often challenged by the oxygen deficiency in the 

rooting zone that occurs with poor drainage and after rainfall events (Drew, 1997).  When 

the soil is warm and the microbial environment is active, depletion of oxygen can occur 

in less than 24 hours causing a complete transition from an oxic to anoxic environment 

(Erdmann and Wiedenroth, 1988; Good and Paetkau, 1992).  Some dry land plant species 

are able to survive temporary anoxic stress by utilizing anaerobic metabolism for up to 15 

hours (Andreev et al., 1991), and wetland species can survive in these conditions for 

weeks or months (Armstrong et al., 1994; Barclay and Crawford, 1982).   However, long 

term anoxia can lead to the accumulation of toxic byproducts of anaerobic metabolism 

and eventual depletion of ATP leading to the injury and death of roots (Drew, 1997).  

Root damage and death would be associated with a decrease in the amount of water taken 

up by the plants and a corresponding reduction in transpiration rate.  It is possible that as 

P. deltoides evolved drought tolerance mechanisms that are necessary for tolerance of 

anoxia were weakened or lost, making DN34 more susceptible to the negative effects of 

water logging than NM1. 
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Soil amendment had no effect on the transpiration rates of either the DN34 or NM1 tree 

varieties.  Similar to the discussion on growth rate, this is likely due to the well 

established state of the trees at the field site with a coinciding decreased susceptibility to 

lack of rainfall.  Since poplar roots are capable of spreading up to 4.5 m both laterally and 

vertically, it is possible that the root zones of these 6 year old trees planted in non-

amended soils now reach down to the water table or even into the amended soil trench 

giving root access to the increased water and nutrient availability (Rock, 2000).     

The effect of ethylene glycol concentration on transpiration rate varied between the tree 

varieties.  In a study by Edwards (2006) it was determined that DN34 and NM1 varieties 

planted in soil exhibited a decreased transpiration rate in response to 10 g/L of EG.  

Ethylene glycol caused a lower transpiration rate in NM1 but had no affect on DN34 in 

the present study (Figure 11).  Although many microbes are known to utilize EG as a sole 

carbon source effectively degrading this contaminant (Dwyer, 1983), it is well 

established that microbial communities are incredibly diverse (Pepper et al., 2002).  It is 

therefore possible that different microbial communities exist in the rhizosphere of each 

tree variety (Dwyer, 1983).   As a result, there may be different rates of EG degradation 

occurring in the root zone of each variety and the effect EG has on the transpiration rate 

of the trees varies.  The microbial community surrounding the roots of the DN34 variety 

may be more efficient at degrading EG than those surrounding the roots of the NM1.  The 

fact that the decrease caused by EG in NM1 transpiration rate was greater in 2007 than 

2008 is indicative of the preferential uptake of surface water by trees (Clinton et al., 

2004).  The NM1 likely took up less contaminated groundwater when there was an 
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abundance of surface water in the 2008 season and as a consequence had less exposure to 

EG thereby reducing the toxic effects of this contaminant. 

4.2.4 Chemical Studies 

Although 1,4-dioxane removal by both varieties of hybrid poplars was easily measured in 

the lab, it was difficult to detect in the field.  This could be due to the fact that the 

concentration of dioxane in lab studies was more than 6 times higher than the 5 ppm 

found at the field site.  Unfortunately, the high concentration in the lab was required due 

to the detection limits of the analytical process that was used.  It would be beneficial to 

monitor phytovolatilization of 1,4-dioxane at field sites containing higher concentrations 

of the contaminant.  It is unlikely that the contaminant was more available to the trees in 

the hydroponic system in the lab than in soil in the field.  Dioxane has a low octanol-

water partitioning coefficient (Howard, 1990).  This makes it highly hydrophillic, and as 

a result, not easily adsorbed on to soil (Briggs et al., 1982).  

The roots of the trees may not have always been exposed to the contaminant at the field 

site.  Edwards (2006) took soil cores at the field site to determine if the tree roots went to 

a depth that would allow them to be exposed to the groundwater.  It was found that the 

roots penetrated the ground equally between species in the amended soil, and also 

appeared to have reached a depth corresponding to the water table (data not shown).  It is 

assumed that the roots were able to come into contact with the contaminants located in 

the groundwater.  Unfortunately, relative uptake of ground and surface water is known to 

be highly variable.  By tracing stable isotopes of hydrogen and oxygen to identify 
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groundwater and surface water it was found that, when available, surface water is 

preferentially taken up by plant roots (Clinton et al., 2004).  Therefore, even though the 

roots of the hybrid poplars used at the field site penetrate to the groundwater, it is 

unlikely that the tree is utilizing this water when alternative surface sources are available.  

To maximize groundwater uptake by the trees downward root growth should be 

promoted.  This can be accomplished in a number of ways including planting the trees in 

plastic tubes that prohibit lateral growth of roots or planting the trees under an 

impermeable barrier that prevents rainwater from percolating through the soil.  Future 

field studies should use one of these methods to ensure that the tree roots come into 

contact with the contaminant-laden groundwater. 

Finally, the field site is known to contain a large number of chemicals while the lab study 

was conducted in the presence of dioxane as a sole contaminant.  It is possible that there 

were interactions between these chemicals that prevented the uptake and removal of 

dioxane.  For example, ethylene glycol is present at the field site at a concentration up to 

10,000 ppm.  In hydroponic studies, Edwards (2006) demonstrated that transpiration rate 

and 1,4-dioxane removal decreased in the presence of 1 % ethylene glycol in both DN34 

and NM1 varieties, with the removal rate of 1,4-dioxane affecting DN34 being more 

affected.  It is possible that a combination of the low concentration of dioxane and the 

high concentration of EG is prohibiting the phytoremediation of dioxane at the field site. 



 

51 

 

4.3 Comparison of Lab and Field Results 

The overall trends in transpiration rates between the two varieties of hybrid poplars are 

similar in the lab and in the field.  In conditions where drought tolerance was beneficial, 

the DN34 variety had significantly increased transpiration rates when compared to the 

NM1.  This correlates to a transpiration rate of 0.45 ± 0.03L/day/m
2
 LSA in DN34 and 

0.37 ± 0.02 L/day/m
2
 LSA in NM1 in the low relative humidity environment of the lab 

and a transpiration rate of 4.05 ± 0.24 L/day/m
2
 LSA in DN34 and 1.34 ± 0.12 L/day/m

2
 

LSA in NM1in the dry soil conditions in the field.  The decrease in transpiration rate 

recorded in the lab compared to the field site for the two varieties could be due to the fact 

that the RH of the air during the lab trial was 15-17 % while the average daytime RH 

during the field trials was 83 %.  Since stomata are known to close in low humidity to 

limit water loss to the atmosphere, it is possible that this is the reason why the 

transpiration rate in the lab was considerably lower than in the field (Raven et al., 2003). 

Field studies demonstrated that in environmental conditions where water availability and 

humidity were not stressors, DN34 had a decreased transpiration rate compared to 

transpiration rate in dry conditions, and NM1 had an increased transpiration rate.  This 

suggests that while lab studies can predict general trends in transpiration rate, 

environmental stressors that may be experienced in the field setting should be studied to 

determine which species is most suited to a particular environment.   

Removal of 1,4-dioxane was hard to detect in the field as discussed above.  Therefore, 

unfortunately, no comparisons can be made between the removal rates between each 

species in the lab and the field.  
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4.4 Conclusions and Implications 

Lab studies have effectively demonstrated the ability of hybrid poplars to phytovolatilize 

the organic contaminant 1,4-dioxane.  However, monitoring the rate of dioxane 

phytovolatilization by trees at a field site proved to be difficult.  There are many 

uncontrolled variables at the field site that might be affecting this including the 

accessibility of the contaminated groundwater plume, climatic conditions, contaminant 

concentration, presence of co-contaminants such as EG, as well as microbial interactions.   

As a result, while lab models may give a good indication of the efficacy of 

phytoremediation projects, only field trials are able to determine the best species to use 

for a specific phytovolatilization project.  It is predicted based on the strong linear 

relationship between dioxane removal and the corresponding transpiration rate 

documented in poplars that if all else is equal, the tree variety with the highest 

transpiration rate will be most effective at removing 1,4-dioxane from the field site 

(Aitchison et al., 2000).  Therefore, species used in field trials should be selected based 

on their ability to transpirate under the specific field conditions.  In this study, it was 

found that the drought tolerant DN34 variety was able to transpire larger volumes of 

water than the NM1 species under drought conditions, but that the reverse occurred in 

wet conditions and that DN34 exhibited suppressed transpiration rates when water 

availability was not a stressor.  Drought tolerance is a trait that should be limited to use at 

dry field sites.  Alternately, a variety of tree varieties that thrive under different 

environmental conditions could be used in combination, thus allowing for maximum 

transpiration under various environmental conditions experienced at any given site.  This 
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might be useful in the future because scientists have predicted an increased frequency of 

extreme weather events such as heat waves, droughts, and floods due to climate change 

(di Norcia, 2008).  

Although the soil type had a strong influence on both growth and transpiration rate in 

2005 (data not shown) there was no difference between these measurements in either the 

2007 or 2008 field seasons at which point the trees had been planted for 6 and 7 years.  

This suggests that once the trees have successfully established at a field site they are less 

susceptible to variability in water and nutrient availability in the soil.  This is important 

for the field of phytoremediation because it suggests that phytoremediation strategies 

may not be as effective in the early years of a project when the trees are becoming 

established at a field site as it is after the trees have successfully established.  This also 

means that soil amendment may be required in the early years of a project to ensure tree 

establishment at a site.  It also suggests that more research needs to be conducted to look 

at the long term efficacy of these technologies.   

The presence of co-contaminants can affect the efficiency of phytoremediation processes.  

For example, ethylene glycol has been shown to reduce the transpiration rate of poplar 

trees as well as inhibit the removal of 1,4-dioxane in laboratory studies (Edwards, 2006).  

Since contaminants are almost always found in mixtures it is important to investigate the 

complex interactions that can occur between the most prevalent contaminants at a given 

field site.  Although, due to the presence of an incredibly diverse microbial community 

surrounding the root-zones of plants the negative effects these co-contaminants may have 
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on the transpiration and contaminant removal rates of the trees may be eliminated.  In the 

case of EG it has been found that the microorganisms found in the rhizosphere of poplar 

and willow trees are capable of anaerobically degrading EG making it less toxic to the 

plants (Carnegie and Ramsay, 2009).  Although biodegradation and phytoremediation 

technologies may not always have cumulative effects (Kelly et al., 2001) it is possible 

that the presence of contaminant degrading microbes can aid in phytoremediation by 

eliminating the toxic effects of co-contaminants.  The complex microbe-rhizosphere 

interactions occurring in the root zone of plants is an area that should continue to be 

explored. 

Phytoremediation offers a good alternative to traditional remediation technologies.  

Phytovolatilization has been shown to be effective at removing many volatile organics 

(Aitchison et al., 2000; Chappell, 1998) and given more research in both a laboratory and 

field setting to further elucidate the efficiency of these processes, as well as the complex 

interactions of co-contaminants and microbial communities, phytoremediation 

technologies could potential replace energetically and chemically expensive techniques 

that are currently used to remediate contaminated field sites. 
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Summary 

1.   DN34 and NM1 hybrids exposed to 36 ppm of 1,4-dioxane exhibited no toxic effects 

after 6 days.  This could be due to the fact that dioxane has a low octanol-water 

partitioning coefficient and is therefore hydrophilic, highly miscible, easily and quickly 

transported in the xylem and transpired from the leaves with little to no dioxane stored in 

the plant tissue.   

2. In hydroponic laboratory studies it was found that the DN34 variety of hybrid poplar 

had a significantly higher transpiration rate than the NM1 variety when the foliage was 

exposed to ambient air of 15-17 % relative humidity.  The genetic contribution of the 

drought tolerant poplar Populus deltoides to the DN34 variety could have given this 

hybrid an increased ability to cope with dry conditions. 

3.  In hydroponic laboratory studies it was found that the DN34 variety of hybrid poplar 

was capable of removing more 1,4-dioxane than the NM1 variety from an aqueous 

solution containing 36 ppm of the contaminant.  Previous research has shown a strong 

linear relationship between transpiration rate and 1,4-dioxane removal rate.  Therefore, an 

increase in transpiration rate should be accompanied by an increase in 1,4-dioxane 

removal. 

4. In field studies conducted during the 2007 dry season the DN34 variety of hybrid 

poplar had a significantly higher transpiration rate than the NM1 variety.  This could be 

due to a drought tolerance mechanisms conferred to the DN34 variety by the genetic 

contribution of the drought tolerant poplar P. deltoides.  
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5.  In field studies conducted during the 2008 wet season the NM1 variety of hybrid 

poplar had a significantly higher transpiration rate than the DN34 variety and the DN34 

variety had a decrease in transpiration rate compared to itself in the dry season.  It stands 

to reason that when water availability was not limiting, the NM1 variety was able to 

utilize more water and increase the rate of transpiration.  Conversely, the mechanism that 

confers drought tolerance to the DN34 variety may have increased this varieties 

susceptibility to water-logging and anoxia stress. 

6.  Tree establishment affects the growth and transpiration rate of both DN34 and NM1 

hybrid varieties growing in the field.  When measuring growth and transpiration rates of 

6 and 7 year old trees, it was found that there was no difference in growth and 

transpiration rate between trees growing in amended and non-amended soil although a 

difference was recorded when the trees were 5 years old.  This suggests that once trees 

have successfully established themselves at a field site they are less susceptible to 

variance in water and nutrient availability and hence are able to thrive in more diverse 

soil conditions.  This implies that there is a point beyond which the trees planted at a field 

site no longer need care through human inputs such as watering. 

7.  The presence of ethylene glycol at a concentration up to 10,000 ppm caused a 

decrease in transpiration rate of the NM1 hybrid variety.  It is assumed that EG causes a 

general osmotic stress to the roots of trees having a negative impact on transpiration rate.   

8.  Although 1,4-dioxane removal via the transpiration stream of both DN34 and NM1 

varieties of hybrid poplars could be easily measured in the laboratory studies, removal at 
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the field site was difficult to detect.  The low concentration of dioxane combined with 

ethylene glycol as a co-contaminants, microbial interactions, and accessibility of the 

contaminant to the roots may have limited the uptake of dioxane in the field. 
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Appendix A 

Laboratory Set-up 
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Appendix B 

Field Set-up 

 

 

 

 


