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Abstract
Phytoremediation is a viable technology that provides a cost-effective and aesthetically
pleasing alternative to traditional remediation technologies. The objective of this study
was to compare the effectiveness of Salix nigra and Populus balsamifera in the
phytovolatilization of 1,4-dioxane. In the growth studies, P. balsamifera had a
significantly decreased growth rate in high concentrations of both 1,4-dioxane and
ethylene glycol, while S. nigra showed no significant difference. No significant change in
growth was noted between the amended and non-amended soil treatments; however S.
nigra trees had a significantly larger size in the amended treatment. S. nigra had a higher
survival rate than P. balsamifera with survival rates of 71% and 19% respectively. Total
tree evapotranspiration rates were significantly higher in S. nigra than P. balsamifera
whereas evapotranspiration rates per m2 of leaf surface area showed the opposite trend.
Variations in seasonal precipitation were seen to affect evapotranspiration rates. During
the dry 2007 season evapotranspiration rates were significantly higher in P. balsamifera
and significantly lower in S. nigra. The opposite trend in evapotranspiration rates was
observed in the wet 2008 season. Amendment of the soil was seen to significantly
increase rates of evapotranspiration in S. nigra. Total tree dioxane removal was
significantly greater in S. nigra than P. balsamifera, while the opposite was observed
when removal was calculated per m2 of leaf surface area. Seasonal variations in
precipitation exhibited the same trend on dioxane removal as was observed with
evapotranspiration. Laboratory studies confirmed S. nigra as an effective species at the
phytovolatilization of both dioxane and MTBE. In conclusion, S. nigra was a more
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effective species in field trials than P. balsamifera for both phytocontainment and
phytovolatilization.
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Chapter 1
General Introduction and Literature Review
1.1 Principles of Phytoremediation
Advances in industrial and manufacturing capabilities, resulting in the introduction of
toxicants and the destruction of many natural ecosystems, has led to a compounding of
anthropogenic ecological disturbances while decreasing ecosystem self-repairing
capabilities. Providing a clean and safe environment for a growing human population
poses a sizeable challenge with the increasing number and variety of contaminated sites,
the rising costs of remediating them, and increasingly stringent regulations.
Phytoremediation is a viable technology that may provide a solution to many current
contamination problems through the use of plants and their rhizospheres to clean-up
environmental contaminants (Alkorta and Garbisu, 2001; Dzantor, 2007; Pilon-Smits,
2005; Susarla et al., 2002). There are several advantages to using phytoremediation over
traditional remediation technologies. The cost of employing phytoremediation
technologies has been estimated to provide savings of 50-80% over traditional
remediation technologies (Schnoor et al., 1995); cost savings are derived primarily from
the reduced labor and energy expenditures utilized while implementing and maintaining
plants for remediation, compared with traditional methods requiring constant energy
supplies and maintenance (Macek et al., 2000). Using plants to remediate industrial sites
also heightens the public‟s acceptance, as trees provide an aesthetically attractive and
long-term option that is more environmentally conscious and less intrusive. Whereas
1

traditional remediation methods require excavation, and many times the removal of
topsoil from the contaminated site, phytoremediation allows for in situ application of
remediation technologies without extensive excavation or soil removal (Pulford and
Watson, 2003).
However, phytoremediation does carry several disadvantages and is not suitable in all
remediation settings. Phytoremediation is an extensive process, and utilization of this
technique may require a longer remediation period as opposed to other more traditional
methods. Contaminants also have the possibility of being re-released into the
environment through either plant decomposition or via an increased solubility of the
contaminants (Macek et al., 2000). Also, the plants must be able to access the
contaminants as well as be able to withstand their toxic effects. Phytoremediation
therefore may need to be limited to sites with lower concentrations of contaminants and
shallow groundwater to increase plant survival while providing ease of contaminant
access.
Phytoremediation is suitable for many classes of chemical compounds, both organic and
inorganic. Some of the major types of phytoremediation include:


Phytoextraction is the uptake of contaminants from the groundwater into the plant
which are then sequestered within the plant tissue. The plant is then harvested and
the contaminant is removed with it.



Phytostabilization is the addition of plants to a contaminated area to stabilize the
soil to prevent erosion as well as allowing for stable mineral deposits to form.
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Phytovolatilization is the uptake of contaminants into the plant through the
transpiration stream which are then released into the atmosphere for
photodegradation.



Phytocontainment is the large uptake of water for transpiration that as a result
stops or slows the flow of groundwater thereby containing the contaminant in
question.



Phytodegradation is the uptake of contaminants which are then metabolized and
sequestered within the plant tissue as less toxic compounds.

While all of the above-mentioned mechanisms of remediation are commonly used in the
treatment of contaminated sites, phytovolatilization, phytocontainment, and
phytodegradation are of greatest interest in the removal of organic contaminants.
1.1.1 Contaminant Uptake

In order for phytovolatilization, phytocontainment, and phytodegradation to occur, the
contaminant in question must enter into the plant to be metabolized or evapotranspired.
The most prevalent way for contaminants to enter a plant is through translocation from
the soil water into the transpiration stream of the plant. The first step in this process is the
sorption (or binding) of the chemical to the roots. When the contaminant enters into
contact with the root it may bind to either the lipid bilayer of the cell membrane or
hemicellulose within the cell wall (Dietz and Schnoor, 2001). The binding of the
contaminant to the root can be measured by the root concentration factor (RCF) which is
the ratio of the contaminant bound to the root surface to the amount in hydroponic
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solution. The RCF is a measure of hydrophobicity as hydrophobic chemicals bind very
effectively to the lipid bilayer of the cell (Briggs et al., 1982).
The log of RCF is correlated with the octanol-water partition coefficient (logKow)
for organic chemicals, and it is the logKow that is most commonly used to determine
whether or not a chemical will be taken up into the plant or not. Contaminants exhibiting
high logKow‟s (> 3.0) favorably sorb to roots (Burken and Schnoor, 1998); however for
this reason, they are not ideal candidates for phytoremediation as they bind too strongly
to the root and cannot be translocated into the plant. Correspondingly, contaminants with
low logKow‟s (< 1.0) are generally not suitable candidates either, as they do not bind
strongly to the roots and cannot be transported through the membrane. In hydroponic
solutions, an optimal range of logKow = 1.5 - 3.0 is where the compounds will be best
transported into the plant. In soil however a logKow = 0.5 – 1.0 appears to be most
effective because it reduces competitive binding from soil particles with the contaminant
allowing for maximal uptake (Dietz and Schnoor, 2001). The translocation of a
compound into the transpiration stream can be measured using the Transpiration Stream
Concentration Factor (TSCF), which is a measure of the plants uptake efficiency: A high
TSCF indicates high uptake efficiency.
These measures listed above, however, do not provide a complete representation,
and there are specific exceptions to be noted. Certain chemicals such as aniline
(aminobenzene) and 2,4,6-trinitrotoluene bind very tightly to the plant roots, which is
thought to be caused by site-specific binding from amine and hydroxyl functional groups
(Hughs et al., 1997). Other hydrophilic compounds with a logKow <1.0, such as 1,4dioxane (dioxane) at -0.27 and methyl-tert-butyl ether (MTBE) at 0.94 that have a high
4

TSCF, are thought to enter the transpiration stream through hydrogen binding with water
molecules instead of by sorption with the cellular membrane (Burken, 2003; Hansch et
al.,1996; Howard, 1990; Rubin and Ramaswami, 2004).
1.1.2 Phytovolatilization

Phytovolatilization is the removal of contaminants from soil and groundwater through the
use of the plant evapotranspiration stream and eventual volatilization of the compound
into the atmosphere (Macek et al., 2000; Alvarez and Illman, 2006). The process of
evapotranspiration involves the uptake of water by the roots into the dead, hollow xylem
cells of the plant vascular system and the upward movement of that water through to the
leaves. This upward flow of water is driven by the tension created by the evaporative
water loss arising from the leaf surface. Phytovolatilization relies on a plant‟s ability to
uptake a contaminant into the transpiration stream and the contaminant‟s ability to be
transported with water to the leaves and to be released un-metabolized in the
evapotranspirate. Once released from the plant, most contaminants are photodegraded by
UV radiation in the atmosphere (Macek et al., 2000).
Chlorinated compounds, such as trichloroethylene TCE, have been the subjects of most
of the research in this field (Susarla et al., 2002; Newmann et al., 1997; Ma and Burken,
2003) with methyl-mercury and selenium having also been investigated (Aitchison et al.,
2000; Bizily et al., 2000). Preliminary studies have considered compounds with logKow„s
<1.0, such as 1,4-dioxane and MTBE, which are of particular interest as they have
properties similar to water and are thought to be excellent candidates for this method of
remediation (Burken, 2003; Rubin and Ramaswami, 2004). Studies thus far have proven,
5

in controlled lab experiments, the theory of phytovolatilization and have been
unsuccessful at demonstrating its effectiveness in a field setting. This is attributed to the
difficulty of measuring chemicals evaporated from a tree and the fact that technology did
not previously exist to do so reliably.
1.1.3 Phytocontainment

Phytocontainment, also referred to as phytopumping, is the process by which a plant acts
as a pump to remove large quantities of water from the groundwater and thus attenuate
the flow of water and contaminants (Pulford and Watson, 2003). This process involves
the uptake of water through the transpiration stream of the plants and is consequently
vulnerable to the numerous stressors that can potentially affect transpiration rates; factors
such as air-temperature, soil-moisture, and relative humidity all affect the rate of
transpiration. High relative humidity, cool temperatures, and low soil moisture all reduce
the transpiration rate and hence the rate of water or contaminant uptake from the soil.
Therefore it follows, that during periods of drought, uptake rates will be slower.
This process differs from phytovolatilization in the sense that it isn‟t necessary for the
contaminants to be taken up into the plant; the contaminant may remain in the soil on
site. This process merely prevents the spread of the contaminant beyond its current
location (Susarla et al., 2002). Although, it should be noted that this process is often used
simultaneously with phytovolatilization, which removes the contaminant from the soil,
providing a more permanent remediation solution.
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1.1.4 Phytodegradation

Phytodegradation involves the metabolic breakdown of xenobiotic compounds into less
or non-toxic compounds. Many plants have the ability to tolerate high concentrations of
xenobiotic chemicals without adverse effects (Burken and Schnoor, 1998). The ability of
a plant to withstand increased concentrations of a xenobiotic chemical while converting
that chemical to a non-toxic metabolite makes it ideal for phytodegradation. The “greenliver” model of phytodegradation is based on the discovery that plant mechanisms of
breakdown for detoxification of chemicals resembles the activity of the hepatic systems
of mammalian systems; both are capable of detoxifying contaminants, both allow for the
removal of compounds from susceptible organelles, and both utilize specific enzymatic
pathways (Dietz and Schnoor, 2001). Unlike animals, plants are photoautotrophs and do
not require the metabolism of many organic compounds for energy. The carbohydrates
made from the fixation of CO2 are used entirely by respiring cells within the plant for
energy and thus further sources are not required. Primary metabolic pathways are not
used in the breakdown of xenobiotics, as would be the case in bioremediation using
microorganisms, as it is ultimately the secondary metabolic pathways of plants in which
xenobiotics are degraded.
The green-liver model consists of four steps: 1) uptake and transport of the
contaminant into the plant, 2) transformation of the contaminant into a metabolite, 3)
conjugation deactivating its function while rendering it more soluble, and 4)
sequestration- the compartmentalization and storage of the conjugated plant metabolites.
Some important enzyme classes carrying out the transformation reactions include
cytochrome-P-450s, peroxidases, glutathione transferases, and glycosyltransferases. The
7

transformation reactions and conjugation steps are analogous between mammalian and
plant systems and it is only in the final step where the difference emerges. Mammals
eliminate their conjugates by excretion whereas plants eliminate their conjugates by
sequestering them in non-metabolic tissues away from sensitive metabolic organelles
(Sandermann, 1994).
1.2 Contaminants of Interest
1.2.1 1,4-Dioxane

1,4-Dioxane (dioxane) is produced in large quantities as an industrial solvent for paper,
cotton, and other textile processing. It is also present in shampoos, cosmetics and
automobile coolant (Tanabe et al., 2006; Zenker et al., 2003). This molecule is a cyclic
ether whose chemical structure is shown in Appendix B. It is extremely miscible in water
with a logKow of -0.27 causing very poor adherence to soil particles. This makes it
incredibly soluble, mobile, and resistant to biodegradation as it can travel through the soil
more quickly than most other contaminants (Howard, 1990; Stickney et al., 2003; Tanabe
et al., 2006); hence, when dioxane is discovered in a contaminant plume, it is considered
a priority contaminant for immediate remediation.
Dioxane has been shown to have a high TSCF of 0.72 ± 0.07 (Aitchison et al., 2000)
which indicates that it moves freely with water into a plant. In a controlled laboratory
experiment, dioxane was shown to not be metabolised (phytodegraded) within trees and
remained in the flow of water traveling through the dead xylem cells (Aitchison et al.,
2000). This indicates that dioxane remains bound to water by hydrogen bonds and does

8

not cross the plant membrane into living tissue, thus preventing dioxane from eliciting
any toxic effects on trees.
Dioxane can enter the human body through inspiration, consumption in water or food, or
by absorption through the skin. This compound does not accumulate in the body; it is
broken down and removed. The harmful effects of dioxane are hotly contested. The
United States Environmental Protection Agency (EPA) has classified dioxane as a Class
B2 probable carcinogen. Although human carcinogenicity data is currently inadequate
with epidemiologic studies presenting inconclusive findings, animal carcinogenicity data
is sufficient to show a correlation between exposure and carcinoma induction (EPA,
1990). Nasal cavity carcinomas have been induced in rats via exposure through
inhalation. Liver carcinomas have been induced in mice and rats, and gall bladder
carcinomas have been induced in guinea pigs following a lifetime of exposure via
ingestion (Kociba et al., 1974; NCI, 1978). Dioxane may potentially cause the same
effects in humans. The regulatory limit for dioxane in drinking water in Ontario is
20µg/L (MOE, 2005).
Dioxane is a chemical commonly found in contaminated groundwater. It is often a
byproduct of processes involving ethylene glycol; accordingly, they are common cocontaminants with ethylene glycol contamination rarely occurring without dioxane as a
co-contaminant (Popoola, 1991). Most traditional methods of remediation are ineffective
at reducing concentrations to the desired levels due to dioxane‟s low logKow (Aitchison et
al., 2000; Bowman et al., 2001; Zencker et al., 2003). Advanced oxidative processes and
enhanced biodegradation are proven to be effective, but are very expensive to implement
9

with the associated high energy and chemical costs (Zencker et al., 2003).
Biodegradation has been investigated considering the augmentation of soil with Amcolata
CB1190, and this was shown to increase dioxane degradation but requires conditions that
are not usually found in a field setting such as high temperatures and very long exposure
times (Kelley et al., 2001). Phytovolatilization of dioxane has also been evaluated with
hybrid poplars in laboratory studies. Aitchison et al. (2000) showed 54% removal of
dioxane from solution through phytovolatilization with up to 83% of that dioxane
released into the atmosphere by evapotranspiration. This toxic molecule has a half-life of
6-10 hours in the atmosphere where it reacts with UV radiation and hydroxyl radicals to
be degraded into non-harmful byproducts (Howard, 1990). Phytovolatilization of dioxane
in a field setting shows promise but has yet to be successfully investigated with only
preliminary field data available in coniferous and deciduous trees (Ferro and Tammi,
2009).
1.2.2 Ethylene Glycol

Ethylene glycol is an alcohol used as an automotive anti-freeze, airplane deicer, and as an
additive to plastics (Kim et al., 2001; Pillard and DuFresne, 1999). It is a common
contaminant and is almost always found with dioxane as a co-contaminant (Popoola,
1991). The chemical structure of ethylene glycol is shown in Appendix B. Human health
risks arise when ethylene glycol is consumed at levels over the EPA recommended
reference dose of 2 mg/kg/day. Observations show that when ingested, ethylene glycol
may lead to impaired central nervous system, heart, and kidney function (EPA, 1989).
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In plants, ethylene glycol is easily taken up and has been shown to inhibit germination at
50 g/L and inhibit growth at even lower concentrations (Kim et al., 2001; Pillard and
DuFresne, 1999). Ethylene glycol has been shown to induce anatomical changes in plants
that could render them more susceptible to the toxicities of other contaminants (Barber et
al., 1999). Edwards (2006) has provided evidence for this. Ethylene glycol was shown to
inhibit germination of Arabidopsis thaliana at 40g/L and inhibit growth at 30g/L. Hybrid
poplars exposed to both ethylene glycol and co-contaminant dioxane showed a significant
decrease in transpiration rates when ethylene glycol was present, and was hypothesized
that this was caused by ethylene glycol induced osmotic stress.
1.2.3 Methyl tert-Butyl Ether

MTBE is an alcohol and is the second most commonly found contaminant in shallow
urban groundwater (Squillace et al., 1996). It was commonly used as a gasoline additive
serving as an oxidative agent to increase the oxygen content of gasoline, making MTBE
an effective anti-knocking agent. Use of MTBE began in 1979 and it became the most
common oxidizing additive used in gasoline until 1999 when, due to contamination of
drinking water sources, it was necessarily phased out. MTBE is of great concern as a
contaminant especially in gasoline spills or leaks from underground storage tanks
containing gasoline, as it has a logKow <1.0, making very mobile (Burken, 2003; Rubin
and Ramaswami, 2004). MTBE is soluble in water and is able to travel very quickly in
groundwater and can therefore quickly contaminate drinking water sources. The chemical
structure of MTBE is shown in Appendix B. There are however no health problems that
have been definitively attributed to MTBE, but the EPA is currently investigating its
11

carcinogenicity (EPA, 1993). MTBE does give water an offensive taste and smell at
concentrations above the objective aesthetic level of 0.015 mg/L recommended by Health
Canada (2006) leaving the water inconsumable. For this reason even if MTBE is shown
to be non-hazardous in regards to human health, it is still a priority contaminant for
remediation. Phytovolatilization laboratory studies using hybrid poplar trees have shown
MTBE to be effectively phytovolatilized (Hong et al., 2001) and field studies using
conifers have demonstrated successful MTBE removal from contaminated groundwater
(Hong et al., 2001).
1.3 Study Species
The most commonly used trees in phytoremediation research are the hybrid poplars as
they have large root systems with very high water uptake (Hinckley et al., 1994). Poplars
have root systems that develop down to the water table early in growth (Burns and
Honkala, 1990), and poplar roots can grow both horizontally and vertically (Hinkley et
al., 1994). They have exhibited a high tolerance to high concentrations of organic
contaminants and are capable of remediating pollutants such as TCE and benzene
(Aitchison et al., 2000; Burken and Schnoor, 1998). The Ontario Balsam Poplar (Populus
balsamifera) is commonly found across Southern Ontario and usually in wet soils.
Geographically native trees have not been extensively utilized in phytoremediation
research thus far.
The Black Willow (Salix nigra) is common across North America and is frequently found
in Southern Ontario along lakes, rivers, floodplains, and in other wet soil conditions.
These trees are not easily damaged by flooding, and the mature Black Willow can
12

generally reach heights between 10-30m or more. Willows traditionally have shallow root
systems, especially in the clay-capped alluvial soils of areas where they are typically
found (Burns and Honkala, 1990). Although the roots are shallow, willows remove water
from the ground at a very high rate and may be successful at phytoremediation if the
roots are able to access the contaminants. Native poplar and willow trees make good
study candidates as they are already known to thrive in their naturally occurring
environments and should require little to no extra maintenance once established within
their geographically native environment.
1.4 Research Objectives
Phytovolatilization is a viable technology that provides a more publicly acceptable and
economical alternative to traditional methods of remediation of contaminated
groundwater. The purpose of the field studies presented was to first confirm the ability of
P. balsamifera and S. nigra to phytovolatilize 1,4-dioxane in a field setting, a task that
had never previously successfully been achieved. The field site was located in Southern
Ontario Canada, approximately 25km from Kingston. The second objective was to
compare the effectiveness of these two tree species in the area of phytoremediation. The
comparison was established using tree survival and growth data, transpiration rate
comparisons, and dioxane removal rates, all of which were measured in the field.
Laboratory studies were performed with 1,4-dioxane to effectively confirm S. nigra‟s
ability to phytovolatilize this compound. Additionally, laboratory studies were also
carried out using MTBE to test the ability of S. nigra in regards to phytovolatilization of
this substance. This research was also used to test the versatility of the apparatus used in
13

the field studies‟ trapping method and whether or not it was effective at detecting MTBE
evapotranspired from trees.
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Chapter 2
Materials and Methods
2.1 Field Studies
2.1.1 Field Site Characteristics

The field site utilised in this study was a former industrial dumpsite for chemicals located
near Kingston, ON, Canada. This dumpsite contains low levels of many contaminants yet
included the two chemicals of concern in this study at higher levels: 1,4-dioxane at
concentrations up to 5 mg/ L and ethylene glycol at concentrations up to 100,000 mg/ L.
Four rows of trees were planted on top of a groundwater chemical plume, originating
from a leaking underground storage tank, located between 0.8 and 1.0 meters below
ground level. Two of the rows were planted in the site‟s native clay soil while the other 2
rows were planted in an amended trench consisting of a mixture of gravel, soil and clay.
The trees were planted along a chemical concentration gradient as seen in Figure 1. Two
species of trees were used: Populus balsamifera (poplar) and Salix nigra (willow).
2.1.2 Tree Growth and Survival

The growth of the trees was assessed by measuring the stem diameter of each tree at 5 set
distances (30, 50, 100, 105, & 110 cm) from ground level using callipers. The means of
these measurements were converted into cross-sectional areas and the percent
incremental increase was determined. Growth was compared between trees based on: 1,4dioxane concentration in the groundwater (5.0-1.0 mg/L and 1.0-0 mg/L), ethylene glycol
concentration (100,000-10,000 mg/L and 10,000-0 mg/L), and whether the tree was
15

a)

b)

Figure 1: Field Site Map Summer 2008

Numbers indicate the a) 1,4-dioxane and b) ethylene glycol concentration (mg/L) along
the associated concentration line.
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planted in amended or non-amended soil. Growth was monitored over the 2 field seasons.
Growth data reported is for one full calendar year from the spring of 2007 to the spring of
2008.
Tree survival was also compared between species, along concentrations of both dioxane
and ethylene glycol, and between amended and non-amended treatments.
2.1.3 Weather characteristics

Weather data were obtained from the National Climate Data and Information Archive.
The data obtained was from both the 2007 and 2008 field seasons as well as historic
weather data for comparison from 1971-2000. The data used were from Trenton A
Station (Latitude: 44° 7.200‟N Longitude: 77° 31.800‟W Elevation: 86.30 m) which is the
nearest weather station to the field site.
2.1.4 Evapotranspiration rate determination

The evapotranspiration rate of the trees was determined using the sap flow monitoring
Flow4 Data logging system (Dynamax Inc., Houston, Texas, USA). This system allows
for sap flow data to be collected from 4 trees simultaneously over several days. The
system functions using non-invasive sap flow sensors which, using thermocouples,
conduct heat through the trunk sheath and then measure the heat loss further up the trunk.
The rate of sap flow is determined, giving the transpiration rate.
These sensors are attached to a foam insulating collar and secured by VelcroTM straps.
The size of the sensor used was determined by the diameter of the stem of the tree. The
tree was sprayed with canola oil to ensure conductivity and the sensor itself was coated
with an Electrical Insulating Silicone Compound (Dow Corning®, Midland, Michigan,
17

USA) to prevent moisture penetration. To further protect the sensors from weather
damage, the sensors and the exposed trunk of the tree above and below the sensor were
wrapped in a weather protective layer of reflective bubble wrap secured with electrical
tape. The top and bottom of the bubble wrap cover were wrapped in no less than 2 layers
of aluminum foils and sealed with packing tape. This prevented heat loss from the
thermocouples and ambient heat gain from the sun. The sensors transmitted data to a
logger where sap flow rates were recorded every 30 min from 05:00 to 22:00 for up to 14
days. The data was then collected by computer via a universal serial bus (USB)
connection. Further information about this process can be found in van Bavel (2005).
As only a percentage of any tree was measured at any given time, total tree transpiration
rates were calculated using manual leaf counts of leaves both above the sap flow sensor
and on the remainder of the tree allowing for extrapolation of the data to the entire tree.
Leaf surface area was determined by measuring leaves of a given species of tree and
calculating the mean leaf surface area for that tree species. Transpiration rates were
compared within and between species at both the total tree and m2 of leaf surface area
levels. They were compared along concentrations of both dioxane and ethylene glycol
and amended vs. non-amended treatments.
2.1.5 Dioxane determination

In order to measure the 1,4-dioxane being evapotranspired by the trees at the field site,
the concentration in the transpirate was required. This was achieved by trapping the
transpirate from a 1.2 m section of a tree, analyzing the transpirate for the concentration
of dioxane present, determining the volume of dioxane removed using the
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evapotranspiration data collected concurrently from the sap flow logger mentioned in
section 2.1.4, and then extrapolating the data to account for the entire tree‟s dioxane
removal. We were also interested in dioxane removal based on leaf surface area. To
remove tree size as a confounding factor and determine dioxane removal based on leaf
surface area, total tree leaf counts were performed, and these values were also calculated
and are reported.
In order to trap the transpirate, a novel apparatus was developed. A cage was constructed
from stainless steel mesh, 1.2 m x 1.2 m, and was rolled into a column. The cage was
then covered with a clear polypropylene sheet held on with clear packing tape and
lowered over a branch on one of the trees to be tested. Polypropylene was chosen based
on its non-reactivity with 1,4-dioxane (Schweitzer, 2004). The cage was held in place by
being hung from a wooden structure built for that purpose and was sealed on both ends
with packing tape.
The apparatus used an Air Cadet® vacuum pump (model 420-1901; Barnant Company,
Barrington, Illinois) with a maximum flow rate of 6.5 L/min to suck out the air in the
cage, containing the transpirate, through a diffusing copper ring of 30 cm in diameter
made of ½” diameter copper tubing with small holes placed at regular intervals. This ring
was located at the top of the cage. The collected air was then pulled through a length of
½” polypropylene tubing and into the condensing chamber. This chamber consisted of
15m of ½” coiled copper tubing, cooled by ice, where the transpirate was condensed and
flowed into a dark collection chamber. The collection chamber was a 500 mL widemouth polypropylene bottle (Nalgene® Labware, Rochester, New York, USA) stored in
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ice. At the end of testing, the collected transpirate was transferred into 3- 40 mL glass
vials and sent to Lancaster Laboratories (Lancaster, Pennsylvania, USA) for analysis.
Dioxane concentration levels in the transpirate were determined by selective ion
monitoring (SIM) gas chromatography/ mass spectrometry (GC/MS) according to the
United States Environmental Protection Agency (EPA) Method 1624 Revision B (EPA,
2009), allowing for a detection limit of 0.05 µ/L.
To prevent transpiration from ceasing due to excessive humidity in the collection cage,
dehumidified ambient air was pumped, using another Air Cadet® pump of the same
model, in the bottom of the cage. This allowed for a tree to be monitored for up to 3 days
at a time. This also prevented the collection of humidity from the ambient air in the
condensing chamber.
Air temperature and humidity were monitored at 3 points within the system as well as in
the ambient air. This was done using wireless temperature and humidity sensors (Cat. No.
14-648-53 and 14-648-52; Fisher Scientific, Ottawa, Ontario) that were inserted into 500
mL wide-mouth polypropylene bottles which were connected inline to the system at 3
points. When attached to the system, the sensors were allowed to stand for 30 min before
readings were taken. The 3 testing points in the system were: A) just after the
dehumidifying chamber, before the cage; B) after the cage, before the condensing
chamber; C) after the collection chamber. These testing sites allowed for the
concentration values to be corrected for the dilution of the sample by ambient air as well
as the loss of humidified air, containing transpirate, due to inefficiency in the system. The
following correction formula was used: X= Y(B/B-A)(B/B-C) where X is the actual
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corrected transpired concentration of 1,4-dioxane, Y is the detected concentration of 1,4dioxane as reported by Lancaster Laboratories, and A, B, and C are the respective relative
humidity values obtained from each aforementioned testing point in the system.
2.2 Lab Studies
2.2.1 Stock Plant Maintenance

Black Willow (Salix nigra) trees were obtained from LandSaga Biogeographical Inc.
(New Hamburg, Ontario). Each tree was planted in an individual 10 cm garden pot with
soil and maintained at greenhouse conditions (23-26°C, 45% humidity, 16 h of light
/day). Pots were placed in watering trays and watered as needed with reverse osmosis
(RO) water and fertilized weekly with a 1.5 g/L concentrated water soluble plant fertilizer
of 20-20-20 (N-P-K) plus micronutrients (Plant Products Co. Brampton, Ontario).
2.2.2 Plant preparation

From the stock trees (section 2.2.1) 15-20 cm long cuttings were taken from new growth
branches and the leaves were not removed. Each cutting was dipped in Stim Root ® No.1
(Plant Products Co. Ltd., Brampton, Ontario) to a depth of 2-3 cm. At this point 2
methods of growing cuttings were attempted.
The first method involved placing the cutting in a Root Trainer System (Lee Valley
Tools, Ottawa, Ontario) designed to promote straight root growth without a root ball. The
growth medium used was PRO-MIX „BX‟ (Premier Horticultural Ltd., Ste. Anne,
Manitoba). Cuttings were watered as needed with RO water and remained in these
conditions for 6 weeks to allow for root development. After 6 weeks most cuttings did
not survive and this method was abandoned.
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In the successful second method, the cuttings were placed in between layers of paper
towel in water on trays angled at 45°. The paper towel and water covered the cuttings to a
depth of 4-5 cm. Cuttings were watered daily using RO water. Cuttings remained in this
treatment in greenhouse conditions until roots began to develop, at which point they were
transferred to a larger hydroponics system. This larger system consisted of a 60 L tank of
1x MS nutrient solution (Murashige and Skoog, 1962) aerated with a large air stone.
Cuttings were floated in holes bored into a Styrofoam pad and held in place by wrapping
the cutting in spun polyester fibre. After 4 weeks, the root systems had developed well
and the cuttings were transferred to 500 mL bottles. These bottles contained 500 mL of
1x MS nutrient solution and were replenished as needed. The cuttings remained in
greenhouse conditions for one week and were then transferred to a fume hood for testing.
Fume hood conditions (26-28 °C, 15-17% humidity, 16 h of light/day, light intensity of
420 µE/m2/s) were of low relative humidity and thus plants were allowed to acclimatize
for 1 week before experiments began.
2.2.3 Dioxane studies

The plants in the fume hood described above were used in the experiments to measure the
removal of 1,4-dioxane by willow trees over 6 days. Polypropylene was chosen as the
material of choice for this experiment as it is non-reactive with 1,4-dioxane (Schweitzer,
2004). The apparatus consisted of a 500 mL wide-mouth polypropylene bottle root
chamber (Nalgene ® Labware, Rochester, New York, USA) covered in aluminum foil to
prevent algal growth and a 1 L wide-mouth polypropylene bottle (Nalgene ® Labware,
Rochester, New York, USA) inverted and used as a shoot chamber. The screw-cap lids of
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both bottles were glued together and a hole was drilled through the middle to allow the
tree to be inserted with roots and shoots separated. The two chambers were sealed off and
the tree held in place with non-reactive adhesive putty (Office Depot, Delray Beach,
Florida). Once the bottles were screwed on, masking tape and Parafilm® M created an
air-tight seal to the outside.
To allow airflow and to collect samples, 2 air ports were created in the shoot chamber
using 3 cm pieces of ¼” polypropylene tubing. The bottom tube allowed for ambient air
to enter the chamber and the tube at the top was attached to a vacuum line with a flow
rate of 1.8 L/min. In the vacuum line, a charcoal tube (ORBO 32 Large, Sigma-Aldrich)
was used to collect the dioxane released in the transpirate.
The 1x MS nutrient solution was supplemented with 36 mg/L 1,4-dioxane at the start of
the experiment and a line was drawn on the bottle to indicate the starting volume of
solution. The bottles were topped up with supplemented solution every 24 hours back to
the starting volume. Transpiration was measured as the volume of solution required to
return to the starting volume in the root chamber. Fresh and dry weight measurements
were taken from roots, leaves, upper stem and lower stem and leaf surface area was
recorded. Control plants (excised trees lacking roots or leaves therefore unable to
evapotranspire) were used to test the chambers for inefficiencies such as possible leaks in
the seal of the chambers.
The analysis of 1,4-dioxane in the charcoal traps was conducted in accordance with the
National Institute for Occupational Safety and Health (NIOSH) Method 1602 (NIOSH
Manual of Analytical Methods, 1994). Only the first of the 2 charcoal beds were used. It
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was desorbed in carbon disulfide and analysed by gas chromatography using flame
ionisation to determine the amount of 1,4-dioxane present in the sample (Analytical
Services Unit, Queen‟s University, Kingston, Ontario). These readings were combined
with the transpiration rates to give dioxane removal rates for each willow tree.
2.2.4 MTBE studies

The plants in the fume hood described above in 2.2.2, were used in the experiments to
measure the removal of MTBE by willow trees over 7 days. Glass was chosen as the
material of choice for the chambers and FEP tubing (Nalgene ® Labware, Rochester,
New York, USA) was used in this experiment as polypropylene is reactive with MTBE
(Schweitzer, 2004). The apparatus consisted of a 500 mL glass root chamber covered in
aluminum foil to prevent algal growth and a 1 L glass shoot chamber. A connection piece
in between the two chambers had a hole which allowed the tree to be inserted with roots
and shoots separated. The two chambers were sealed off and the tree held in place with
non-reactive adhesive putty (Office Depot, Delray Beach, Florida). Once the chambers
were attached, Parafilm® M was wrapped around the connections which created an airtight seal to the outside.
To allow airflow and to collect samples, 2 air ports were present in the shoot chamber.
The bottom port allowed for ambient air to enter the chamber and the top port was
attached to a vacuum line with a flow rate of 1.8 L/min. A glass flask containing 100 mL
of double distilled water, cooled in an ice bath, was inserted inline. This allowed for the
MTBE evapotranspired by the tree to condense and be collected in the water of the flask.
This was done to verify whether the trapping method used in the field studies (2.1.5)
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would be effective at trapping MTBE, a compound with similar properties to 1,4dioxane.
The 1x MS nutrient solution was supplemented with 36 mg/L MTBE at the start of the
experiment and a line was drawn on the bottle to indicate the starting volume of solution.
The bottles were topped up with supplemented solution every 24 hours back to the
starting volume. Transpiration was measured as the volume of solution required to return
to the starting volume in the root chamber. Fresh and dry weight measurements were
taken from roots, leaves, upper stem and lower stem and leaf surface area was recorded.
Control plants (excised trees lacking roots or leaves therefore unable to evapotranspire)
were used to test the chambers for inefficiencies such as possible leaks in the seal of the
chambers.
The analysis of MTBE in the water from the collection flask was analysed by gas
chromatography using flame ionisation to determine the amount of MTBE present in the
sample (Analytical Services Unit, Queen‟s University, Kingston, Ontario). These
readings were combined with the transpiration rates to give MTBE removal rates for each
willow tree.
2.3 Statistical Analyses
The statistical analyses were performed using either using two sided t-tests or one way
ANOVAs with mean comparisons tested using the Tukey-Kramer HSD. Statistical
analyses were performed using JMP 8.0 software (SAS Institute Inc., Cary, North
Carolina, USA).
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Chapter 3
Results
3.1 Field Studies
3.1.1 Tree Growth and Survival

The growth rate of both poplar and willow trees in amended soil, in varying
concentrations of contaminant, were calculated as the percentage increase of cross
sectional area over a one year period. Poplar trees were shown to have reduced growth at
high concentrations of both 1,4-dioxane (5.0 mg/L) and ethylene glycol (100,000-10,000
mg/L) when compared to lower concentrations of 1.0-0 mg/L and 10,000-0 mg/L
respectively (Figure 2). There was no significant difference in growth between willow
trees in high and low concentrations of 1,4-dioxane (Two sided t-test, p>0.05. n=3, 4) or
ethylene glycol (Two sided t-test, p>0.05. n=4, 3) (Figure 3).
Growth in both amended and non-amended treatments were compared between both
species (Figure 4). There was no significant difference found between willows in
amended and non-amended treatments (Two sided t-test, p>0.05. n=7, 3), nor between
willows and poplars in amended treatments (Two sided t-test, p>0.05. n=7, 4).
A comparison of tree size, as measured by mean cross-sectional area at 2 given heights in
October 2008, in willow trees from amended and non-amended treatments was completed
as a second measure of tree health (Figure 5). There was no significant difference
between amended measurements (Two sided t-test, p>0.05. n=8) and non-amended
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Figure 2: Comparison of mean % growth of P. balsamifera

Trees grown in amended soil over 1 year at various concentrations of (a) 1,4-dioxane and
(b) ethylene glycol. In chart (a) n=1 for each concentration. In chart (b) n=1 at
100,000mg/L and n=2 at 10,000 mg/L. Error bars represent standard deviation.
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Figure 3 Comparison of mean % growth in S. nigra in various contaminant concentrations

Trees grown in amended soil over 1 year at concentrations of (a) 1,4-dioxane and (b)
ethylene glycol. In chart (a) n=3 at 5.0-1.0 mg/L and n=4 at 1.0-0 mg/L. In chart (b) n=4
at 100,000 mg/L and n=3 at 1,000 mg/L. Error bars represent standard deviation.

28

Mean % Growth / Year

250
200
150
Willow

100

Poplar
50
0
Amended

Non-Amended
Soil Treatment

Figure 4 Comparison of mean % growth of S. nigra and P. balsamifera in amended or nonamended soil.

Error bars represent standard deviation. Note: n=1 for P. balsamifera in non-amended
treatment.
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Figure 5: Comparison of tree size in S. nigra

Using the October 2008 mean cross sectional area (cm2) of trees grown in amended
(black) and non-amended (grey) soil treatments with readings taken at 30 cm and 50 cm
height from ground level. Error bars represent standard deviation.
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measurements (Two sided t-test, p>0.05. n=3) at 30 cm and 50 cm measurement height.
There was a significant difference between size in amended and non-amended treatments
at both 30 cm measurements (Two sided t-test, p>0.05. n=8, 3) and 50 cm measurements
(Two sided t-test, p>0.05. n=8, 3). This comparative analysis could not be repeated for
the poplar trees as there was only 1 poplar remaining alive in the non-amended treatment.
Tree survival data was collected by observation at the field site. Trees were categorized
as either alive or dead and compared by concentration of 1,4-dioxane, concentration of
ethylene glycol, and amended vs. non-amended (Figure 6). The poplars had a low
survival rate of 19% while the willows had a rate of 71%. The poplars had fewer living
trees at lower concentrations of both chemicals than at higher concentrations while the
opposite is observed in the willows. In the amended treatment the willows had a survival
rate of 100% while non-amended fell to 38%. The poplar trees fared poorly in both
amended and non-amended treatments.
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Figure 6: Comparison of survival of S. nigra and P. balsamifera

Trees compared in high and low concentrations of a) 1,4-dioxane and b) ethylene glycol,
as well as between amended and non-amended treatments.
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3.1.2 Weather Characteristics

Comparisons of mean monthly precipitation, temperature, and relative humidity from the
2007 and 2008 field seasons and historic data were completed with data from the
Canadian National Climate Archive (Figure 7). Total seasonal precipitation varied
between years, with the 2007 season having 299.9 mm of precipitation, 2008 having
558.3 mm, and the historic mean being 448 mm. This can categorize the 2007 season as a
dry season with below average precipitation and the 2008 season as a wet season with
above average precipitation. Monthly precipitation varied between months both
historically and during both field seasons (Figure 7 a). Monthly mean temperatures also
varied between months both historically and during both field seasons as is expected with
normal seasonal temperature change (Figure 7 b). Mean monthly temperatures did not
vary between years (Figure 7 b). Relative humidity remained relatively constant and did
not vary between months or between years (Figure 7 c). The mean relative humidity in
2007 was 55.4% and in 2008 it was 58.8%.
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Figure 7: Comparison of monthly weather data

Data for the 2007 and 2008 field seasons, as well as historic mean weather data for a)
precipitation, b) temperature, and c) relative humidity.
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3.1.3 Evapotranspiration Studies
Evapotranspiration rates were compared between poplar and willow trees over 2 field
seasons both by total tree and corrected for leaf surface area. S. nigra was found to have a
significantly greater mean transpiration rate per tree than P. balsamifera in both 2007
(Two sided t-test, p<0.05. n=4, 2) and 2008 (Two sided t-test, p<0.05. n=4, 2) (Figure 8
a). When calculated for evapotranspiration by leaf surface area, in 2007 P. balsamifera
was significantly greater than S. nigra (Two sided t-test, p<0.05. n=4, 3) while the
opposite was true in 2008 (Two sided t-test, p<0.05. n=4, 2) (Figure 8 b). In comparisons
within species between 2007 and 2008, S. nigra was found to have a significantly higher
transpiration rate in 2008 than 2007 when compared by total tree (Two sided t-test,
p<0.05. n=4) and by leaf surface area (Two sided t-test, p<0.05. n=4). In P. balsamifera
the opposite was found, with 2007 having significantly higher rates than 2008 in both
total tree (Two sided t-test, p>0.05. n=3, 2) and leaf surface area (Two sided t-test,
p>0.05. n=3, 2).
A comparison between transpiration rates in the different soil treatments was undertaken.
Unfortunately there was no transpiration data available from 2008 in either species for
the non-amended treatment as most trees did not survive into the 2008 season. When
comparing by total tree (Figure 9 a) in 2007, S. nigra in amended soil had a significantly
greater mean evapotranspiration rate than P. balsamifera in amended soil and S. nigra in
non-amended soil, while non-amended P. balsamifera was not significantly different than
all others (ANOVA, p<0.05). When comparing years, S. nigra was significantly higher in
2008 than 2007 (Two sided t-test, p<0.05. n=4) and the
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Figure 8: Comparison of the mean evapotranspiration rate in S. nigra and P. balsamifera.

Data from two growing seasons measured in a) L/Day/Tree and b) L/Day/m2 of Leaf
Surface Area. The vertical bars represent standard deviation.
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Figure 9: Comparison of mean evapotranspiration rates in amended and non-amended
treatments.

Rates for S. nigra and P. balsamifera represented as a) evapotranspiration per total tree
and b) evapotranspiration per m2 of leaf surface area. The vertical bars represent standard
deviation.
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opposite was true for P. balsamifera (Two sided t-test, p<0.05. n=2). When comparing
evapotranspiration by leaf surface area (Figure 9 b) in 2007 P. balsamifera in amended
soil was significantly greater than all others with S. nigra in non-amended being
significantly higher than in amended and P. balsamifera in non-amended soil was not
significantly different than all others (ANOVA, p<0.05) exhibiting the opposite trend
from that in total tree comparisons. When comparing between years, S. nigra was
significantly greater in 2008 than in 2007 (Two sided t-test, p<0.05. n=4) while the
opposite was true in P. balsamifera (Two sided t-test, p<0.05. n=2) exhibiting the same
trend as when compared by total tree.
Comparisons were made between evapotranspiration rates based on concentration of
contaminant a tree was exposed to. All S. nigra trees were found in ethylene glycol
concentrations between 100,000-10,000 mg/L, thus no comparison was made. S. nigra
trees were compared based on 1,4-dioxane exposure and were found not to have
significantly different transpiration rates between high (5.0-1.0 mg/L) and low (1.0-0
mg/L) concentrations of dioxane (Two sided t-test, p>0.05. n=35, 13). When examining
P. balsamifera only 1 of the 3 surviving trees was found in a low concentration of both
ethylene glycol and dioxane. This tree had lower transpiration rates than the 2 trees at
higher concentrations. This tree was interestingly found in the non-amended soil
treatment. This shows that amendment of the soil may be a more important factor than
contaminant concentration when comparing transpiration rates.
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3.1.4 Dioxane determination

The 1,4-doxane readings were only taken from trees in the amended soil treatment. The
mean dioxane evapotranspired was compared within and between species based on total
tree and leaf surface area calculations. When comparing total tree dioxane removal
(Figure 10a), S. nigra removed significantly more dioxane than P. balsamifera in both
2007 (Two sided t-test, p<0.05. n=7, 6) and 2008 (Two sided t-test, p<0.05. n=17, 6). In
2007 significantly more dioxane was evapotranspired than in 2008 for P. balsamifera
(Two sided t-test, p<0.05. n=6) and there was no significant difference for S. nigra (Two
sided t-test, p>0.05. n=7, 17).
In the comparison of dioxane evapotranspired per m2 of leaf surface area (Figure 10b), it
was found that in 2007 P. balsamifera had significantly higher removal than S. nigra
(Two sided t-test, p<0.05. n=6, 7) which is the opposite trend observed in the total tree
study. In 2008 S. nigra had significantly higher removal than P. balsamifera (Two sided
t-test, p<0.05. n=17, 6) as P. balsamifera did not have any dioxane evapotranspiration
that was detected. When comparing within species, there was no significant difference
between the 2007 and 2008 data for S. nigra (Two sided t-test, p>0.05. n=7, 17). P.
balsamifera had significantly higher dioxane evapotranspired in 2007 than in 2008 (Two
sided t-test, p<0.05. n=6) once again as no dioxane was detected from P. balsamifera
during the 2008 field season.
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Figure 10: Comparison of mean dioxane evapotranspired by S. nigra and P. balsamifera

Rates measured over two growing seasons in a) µg/day/tree and b) µg/day/m2 of leaf
surface area. The vertical error bars represent standard deviation.
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3.2 Lab Studies
3.2.1 Dioxane Studies

Removal rates for 1,4-dioxane were studied in S. nigra. The levels of evapotranspiration
and the levels of dioxane removed from solution and captured in the charcoal trap are
shown in Table 1. All 4 controls in the study had a transpiration rate of 0 and dioxane
levels of 0mg in the charcoal trap indicating an efficient tree exposure apparatus.
Evapotranspiration rates were low, ranging from 10-117 mL per tree over 6 days. The
mean % of dioxane removed from the solution over 6 days was calculated as 5.6± 3.1%.
To correct for variation in these values, dry weights of different parts of the trees were
measured and compared to dioxane % removal values (Figure 11). Leaf weight correlated
best with the trend in % removal calculated and thus the values were standardized to leaf
dry-weight. Ideally leaf surface area would have been used for this standardisation as it
can be used in field estimates, but this was not measured. The mean % removal was
0.35± 0.13 % mg/ day/ g leaf dry-weight.
3.2.2 MTBE Studies

The ability of willow trees (S. nigra) to phytovolatilize MTBE was tested. The transpirate
measured and MTBE removal rates are listed in Table 2. Evapotranspiration values were
very low for all 3 trees studied with none evapotranspiring more than 100 mL over the
course of the 7 days of the experiment. The mean percent MTBE removed per day per
tree was calculated as 3.0 ± 1.7 %/ day. To correct for tree size variations in the MTBE
removal rates, dry weights of several regions of the plants were measured and compared
to the MTBE % removal per day (Figure 12). Leaf weight was seen to correlate best with
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the trend in removal and was used as a correcting factor to eliminate size variations. The
mean MTBE removed per day, corrected for leaf variation, was found to be 1.40± 0.58
mg/day/g of leaf dry-weight.
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Table 1:Evapotranspiration and 1,4-dioxane removal data for 4 willow trees studied over 6 days in hydroponic conditions exposed to
36mg/L 1,4-dioxane.

Sample
a
b
c
d
Mean
STDEV

Dioxane
detected
(mg)
0.44
0.66
1.8
1.78

Transpirate
(mL)
16
10
117
95

Dioxane removed per day
(mg/day)
0.073
0.11
0.3
0.30
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Dioxane removed
(%)
2.3
3.6
8.1
8.3
5.6
3.1

Dioxane removed
(mg/day/g of leaf dry-weight)
0.16
0.38
0.40
0.47
0.35
0.13

2
1.8

Dry Weight (g)

1.6
1.4
1.2

a: 2.3%

1
0.8

b: 3.6%

0.6

c: 8.1%

0.4

d: 8.3%

0.2
0
Roots

Leaves

Stem

Total

Region of Tree Measured

Figure 11: A comparison of dry weight of the 4 trees involved in lab dioxane studies.

Percentage of 1,4-dioxane removed over 6 days. Dry weight of roots, leaves, stem, and
total dry weight are compared, looking for a correlation between 1,4-dioxane removal
and weight.
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Table 2: Evapotranspiration and MTBE removal data for 3 willow trees studied over 7 days in hydroponic conditions exposed to 36 mg/L
MTBE.

Sample
1
2
3
Mean
STDEV

ug/L
3076
3650
5118

Transpirate
(mL)
30
68
92

Total MTBE
removed
(mg)
1.6
4.5
7.0

MTBE
removed per
day (mg/day)
0.23
0.64
1.00
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Percent of
MTBE removed
per day (%/ day)
1.2
3.1
4.6
3.0
1.7

MTBE Removed
(mg/day/g of leaf dry-weight)
0.74
1.83
1.64
1.40
0.58

3.5

Dry Weight (g)

3
2.5
2
1: 1.2%

1.5

2: 3.1%
1

3: 4.6%

0.5
0
Roots

Leaves

Stem

Total

Region of Tree Measured

Figure 12: A comparison of the dry weight of the 3 trees involved in lab MTBE studies.

Sample names correlate with the percentage of MTBE removed per day. Dry weight of
roots, leaves, stem, and total dry weight are compared, looking for a correlation between
MTBE removal and weight.
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Chapter 4
Discussion
4.1 Field Studies
4.1.1 Tree Growth and Survival

The growth and survival of both S. nigra and P. balsamifera were measured in response
to dioxane and ethylene glycol concentrations as well as soil amendment or nonamendment. Dioxane is not believed to elicit any toxic effects on trees, as it is well bound
to water by hydrogen bonds on uptake, transported through the dead xylem cells of the
transpiration stream, and is not metabolized in trees before being released in the
evapotranspirate (Aitchison et al., 2000). It is in the living tissue of trees where
compounds are metabolized and where metabolites would cause toxic effects (Burken,
2003), as dioxane is not believed to enter the living tissue, it should not elicit any toxic
effects. Concentrations of ethylene glycol under 50 g/ L (Kim et al., 2001; Pillard and
DuFresne, 1999) and under 30 g/ L (Edwards, 2006), when utilized in laboratory
experiments, have exhibited impaired growth in plants. Concentrations at the field site
ranged from 0- 100 g/ L and thus, as expected, growth impairment was significant. In this
study, different factors affected the growth of each species. The growth of the poplar
trees was negatively affected by high concentrations of both dioxane and ethylene glycol
(Figure 2), while willow trees maintained the same levels of growth regardless of the
level of contaminant concentration present (Figure 3). There are several possible
explanations for this. It is possible that the willows are simply more resistant to the toxic
effects of 1,4-dioxane and/ or ethylene glycol, whereas the poplars are more susceptible.
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This is unlikely however, as other poplar species have repeatedly demonstrated an
extremely high tolerance to contaminant toxicity (Aitchison et al., 2000; Burken and
Schnoor, 1998). A more likely explanation is that the willows simply possess a shallower
root system than the poplars. It is characteristic of poplars to establish deep root systems
reaching the water table early in development while willows characteristically have more
shallow systems with a tendency to utilize surface water over groundwater (Burns and
Honkala, 1990). This, in turn, could expose the poplars to increased levels of
contaminants resulting in heightened toxic effects, which would accordingly then lead to
the impaired growth seen in high concentrations of ethylene glycol. Ethylene glycol has
also been shown in laboratory studies to cause anatomical changes in plants that increase
a plant‟s susceptibility to toxic effects of other co-contaminants present in a solution
(Barber et al., 1999). This could explain the decreased growth from dioxane exposure. If
the dioxane was transported into the living plant tissue and metabolized to produce toxic
metabolites, this would most certainly result in injury to the plant‟s cells.
Growth rates for both species were compared in regards to the amended soil treatment
and non-amended treatment (Figure 4). It was expected that trees of both species would
have increased growth rates in amended soil due to increased availability/ access to
nutrients and water over their counterparts in the clay based non-amended treatment; this
trend was not observed in either species, with no significant changes in growth rates
being found between the two treatments. This observation was surprising, as on visual
observation at the field site, amended trees were clearly larger and more robust in
appearance than the non-amended trees in both species. To investigate this further, tree
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size was then measured, in the willows, as cross-sectional area (Figure 5). Cross-sectional
measurements of area revealed the willows in the amended treatment to be substantially
larger than the non-amended willows. At the time growth measurements were taken, the
trees were 5 years old and already well established. It is probable that even though the
growth rates had equalized, tree size still differed leaving those in the amended group
much larger. The trees in the amended treatment were better able to establish themselves
with the increased nutrient and water availability present in the amended soil.
Tree survival data from the field site was also collected and reported as many trees did
not live to the end of the second field season. Chemical concentrations and soil treatment
were compared in terms of the survival data (Figure 6). The willows had a much higher
survival rate than the poplars indicating that they are better suited and have greater
potential for withstanding the conditions present at the field site. The willows‟ survival
was seen to decrease at high concentrations of both dioxane and ethylene glycol
indicating that the contaminants likely had a toxic effect on the trees. However, all
willow deaths recorded were those contained in the non-amended treatment, with no
deaths recorded in the amended treatment, which could indicate that the willows in the
amended treatment, being better established earlier on, may have been more robust by the
time their roots reached the contaminants in the groundwater, conferring to them a
measurable advantage. Out of sixteen poplar trees originally planted, there were only
three surviving poplars by the end of the second field season, and two out of the three
plants were found in low concentrations of both contaminants as well as in amended soil.
A definitive trend cannot be established with the poplars as the number of trees is quite
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low, but it appears they may be following, to a slightly lesser extent, the same trend
observed in the willows.
4.1.2 Weather Characteristics

Weather conditions, including precipitation, temperature, and relative humidity were
obtained from the two field seasons and compared with historic data in order to properly
characterize the conditions the trees were exposed to during experimentation (Figure 7).
It is important to define these weather conditions as factors such as soil moisture, airtemperature, and relative humidity all have the potential to affect the evapotranspiration
rates in trees. Normal seasonal monthly variations in temperature and precipitation were
noted in both 2007 and 2008, and temperature as well as relative humidity did not vary
between the two field seasons and the historic data. The only variation from the mean
historic data was found in the average total monthly precipitation over both field seasons.
The 2007 season had below average precipitation characterizing it as a dry season, while
the 2008 season had above average precipitation designating it as a wet season. These
varying soil moisture characterizations could have potentially influenced both
evapotranspiration rates and thus dioxane removal. The dry 2007 season may also have
had an effect on the low survival rate in poplar trees because many of the non-amended
poplars had died since the beginning of the 2007 field season (data not presented).
Poplars derive most of their water supply from the groundwater, on account of their deep
roots; it is therefore unlikely that the stress experienced in the 2007 season was due to a
simple lack of water availability. It is more probable that a lack of surface water, whose
presence would normally dilute the contaminant load on the tree, produced an increase in
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stress from above average contaminant exposure during that season, culminating in the
eventual progression to plant death.
4.1.3 Evapotranspiration Studies

The evapotranspiration rates of the willow and poplar trees were compared based on total
tree evapotranspiration rates as well as evapotranspiration rates per m2 of leaf surface
area in order to correct for differences in tree size. The comparison of total tree
evapotranspiration rates (Figure 8a) showed the willow trees to have significantly higher
rates of evapotranspiration than the poplar in both 2007 and 2008. Interestingly, the
opposite trend is demonstrated when the 2007 rates are corrected for leaf surface area in
which poplars had significantly higher evapotranspiration rates (Figure 8b). This data
suggests that, at least during a dry season, the poplars have a much higher water uptake
than the willows per unit size of leaf surface area. However, when size is taken into
account, it‟s true that the willows were much larger trees with a lot of leaf surface area
for evapotranspiration to occur, and based on sheer size alone, the willows were able to
remove more water from the soil per tree than the poplars, making them more effective in
regards to both phytocontainment and phytovolatilization.
In a comparison of the 2007 dry season and the 2008 wet season, the willows presented
increased evapotranspiration rates in 2008 as opposed to those in 2007 (Figure 8).
Willows primarily develop shallow root networks (Burns and Honkala, 1990), so their
rate of water intake is affected by surface water availability; increased surface water in
2008, over 2007, correlates well with the increase in evapotranspiration. The poplars
exhibited the opposite trend, with 2007 evapotranspiration rates being higher than the
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values recorded in 2008. This appears to be atypical behavior as Balsam Poplars in
Southern Ontario generally thrive in wet soils (Burns and Honkala, 1990), similarly to the
willows, and would be expected to show an increase in evapotranspiration rates in 2008;
however, Balsam Poplars do not always grow in wet soils. Throughout most of its native
range in North America, Balsam Poplars are found in dry soil conditions (Burns and
Honkala, 1990), and those trees that are adapted to dry soil, encounter oxygen
deficiencies when there isn‟t proper drainage of the root zone, such as after a rainfall
(Drew, 1997). Wetland trees have developed adaptations allowing them to survive anoxic
conditions for days to weeks at a time by switching from aerobic to anaerobic
metabolism. Dry soil trees are only able to continue anaerobic activity for short periods
of several hours at a time (Pezeshki, 1991). In laboratory studies, poplars have been
known to exhibit decreased evapotranspiration rates when exposed to flooding conditions
(Du et al., 2008). Field studies conducted in Alberta, Canada, where Balsam Poplar are
typically found in dry soil, have also shown that transpiration rates in Balsam Poplars
decrease during flooding events (Amlin and Rood, 2007). Subsequently, if the poplars are
considered as a dry soil species, this would explain the trend of decreasing
evapotranspiration rates. Increased surface water presenting over the course of a growing
season would force the trees to switch to anaerobic metabolism for extended periods of
time due to flooding. This would lead to an adenosine triphosphate (ATP) deficit within
the plant, resulting in decreased metabolic activity and a subsequent decrease in
evapotranspiration. Another hypothesis for the decreased evapotranspiration in poplars is
that the toxic effects of the contaminants, notably ethylene glycol, over the course of the
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experiment may have had severe deleterious effects on the trees and the decreased
evapotranspiration rates are a result from injury due to contaminant exposure.
Evaluation of amended and non-amended soil treatments regarding their effect on
evapotranspiration rates (Figure 9) illustrates that the trees in the amended soil treatment
had higher evapotranspiration rates than those in non-amended soil in both total tree
comparisons and leaf surface area calculations as expected, with only one exception. The
willows grown in the non-amended treatment had a higher evapotranspiration rate than
the amended willows per m2 of leaf surface area. The difficulties in explaining this result
arise from the fact that amended willows had significantly greater total tree
evapotranspiration rates, all of the trees were exposed to the same concentrations of
ethylene glycol, and there was no significant difference based on the concentration of
dioxane. It follows that as this anomaly occurred during the dry 2007 season, a lack of
precipitation alone would also not account for this difference in rates. The amended
treatment would be expected to display higher evapotranspiration rates as it would
presumably have a more extensive root system increasingly capable of extracting
groundwater for use.
4.1.4 Dioxane Determination

Dioxane removal rates were calculated from measured transpiration rates and dioxane
captured from the collected transpirate of willow and poplar trees in the amended soil
treatment. When comparing total tree dioxane removal, S. nigra had significantly higher
removal rates than P. balsamifera (Figure 10). Conversely, when comparing dioxane
removal per m2 of leaf surface area, P. balsamifera exhibited significantly higher removal
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rates than S. nigra. This is the same trend observed in the transpiration data in section
4.1.3. It appears that the poplars can more efficiently remove dioxane from the
groundwater, which may be due to their deep root system and increased exposure to the
contaminant, whereas the willows are more effective for phytovolatilization as they can
remove greater amounts of dioxane from the ground water. The willow trees are much
larger and are capable of removing larger volumes of water and dioxane per tree than the
poplar.
The poplars had significantly lower dioxane removal in the 2008 field season than 2007
as no dioxane was observed to be removed in 2008. Transpiration rates for the poplar also
dropped significantly in this period. With a decrease in transpiration, groundwater
containing the contaminant would not be taken up at a high rate, leading to decreased
removal. As 2008 was a wet year, there was a lot of surface water present, and in field
experiments, poplars have been shown to preferentially use surface water over
groundwater (Clinton et al., 2004). The poplars in 2008 would have obtained most of
their water from the surface and were therefore not effective at phytoremediation.
4.2 Laboratory Studies
4.2.1 Dioxane Studies

The laboratory study on 1,4-dioxane removal in willow trees, was undertaken to show
that under controlled conditions S. nigra is able to remove 1,4-dioxane from a solution
and release it via evapotranspiration. Removal of 1,4-dioxane by poplars in the laboratory
had been previously shown, but not in willows (Aitchison et al., 2000). The trapping
apparatus used in this lab experiment was efficient with the controls releasing no dioxane
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into the charcoal trap, showing that all dioxane trapped was evapotranspired by the tree.
The dioxane removed was calculated and expressed per unit dry-weight of the leaves
providing a good standardization. The mean % removal of dioxane per day per gram of
leaf weight was 0.35 ±0.13% and the mean % dioxane removed per day per tree was 5.6
±3.1 %. These rates of removal correspond to those reported in hybrid poplars of 6 %/
day (Aitchison et al., 2000). When compared with the field data, the willows had
significantly lower removal rates than the poplars per m2 of leaf surface area. The
cuttings used in these experiments were small and did not have large leaf surface areas.
At low leaf surface areas, the willows would be expected to have lower dioxane removal
rates. This is consistent with the findings from the laboratory study.
The evapotranspiration rates in this experiment were also very low with 117 mL being
the maximum amount of water evapotranspired over 6 days. With such low transpiration
rates, low removal rates of dioxane are expected. It is possible that the conditions in the
fume hood in which the experiments were conducted were not ideal for the willows
leading to decreased transpiration. It is possible that a sudden decrease in relative
humidity conditions and a slight decrease in temperature caused by moving from the
greenhouse to the fume hood, could have caused transpiration to slow leading to the poor
performance in the experiment. Regardless of poor transpiration, the objective of this
study was successful as it has been shown that S. nigra is capable of the
phytovolatilization of 1,4-dioxane at comparable rates to the commonly used hybrid
poplars. Previous experiments have indicated that ethylene glycol does not affect dioxane
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phytovolatilization and thus a test of the two co-contaminants was not carried out
(Edwards, 2006).
4.2.2 MTBE Studies

The laboratory study on MTBE removal in willow trees, was undertaken to show that
under controlled conditions S. nigra is able to remove MTBE from a solution and release
it via evapotranspiration. MTBE has a logKow <1.0 and is soluble in water like dioxane.
Since willows are capable of removing dioxane from a solution, it would be a logical
extension of this technology to verify the willows‟ ability to phytovolatilize MTBE.
MTBE removal rates were calculated at 3.0 ±1.7% /day. The mean rate of MTBE
removal of 3.0%/day correlates well with previous laboratory studies showing daily
removal rates of 2.8% in hybrid poplars (Hong et al., 2001). S. nigra appear to be as
effective as hybrid poplars at the removal of MTBE from solution and future research
should investigate its effectiveness in a field setting.
The secondary objective of this study was to determine whether the theory used in the
trapping apparatus in the field studies would be effective in trapping MTBE. The MTBE
evapotranspired from the trees was successfully trapped in a laboratory reproduction of
the technique used in the field. The preliminary findings from this study show that the
field apparatus should be effective at trapping MTBE evapotranspired from a tree in a
field setting. This should be investigated further in future studies.
4.3 Conclusions and Implications
Trees have traditionally been selected for use in a phytovolatilization remediation project,
based on laboratory studies that compare contaminant removal rates in small tree
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cuttings. These lab studies provide, at best, an indication of a tree‟s efficiency at
contaminant removal based on a small leaf surface area. These studies do not consider the
size or eventual evapotranspiration rates of the studied trees when they mature.
In this study, S. nigra had the highest rate of evapotranspiration and removed the highest
quantities of dioxane from the groundwater. These trees were also shown to be less
efficient based on leaf surface area than P. balsamifera. S. nigra was therefore more
effective in the tasks of phytocontainment and phytovolatilization compared to P.
balsamifera which had a higher efficiency based on leaf surface area. This demonstrates
that the current method of selecting trees for remediation projects may not be the best
option. The results from this study suggest that a comparison of tree evapotranspiration
rates, in field conditions similar to the proposed remediation site, would be a better
indication of contaminant removal than would be the removal efficiency calculated in a
laboratory setting. Laboratory tests may still be useful to verify a candidate species‟
ability to remove the contaminant from solution or to compare efficiency between two
species with similar evapotranspiration rates in field conditions.
The laboratory studies performed, confirmed S. nigra as an effective species in
phytovolatilization of 1,4-dioxane and MTBE, with results comparable to hybrid poplars
which traditionally have a very high efficiency of contaminant removal (Aitchison et al.,
2000, Hong et al., 2001).
Trees with root networks that extend deep into the soil early in establishment and quickly
reach the water table, have been sought after as desirable species for phytoremediation
projects. As these species reach groundwater quickly, it follows that they will be able to
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begin remediation of the contaminant plume more quickly. In this study P. balsamifera
exhibited the rooting capabilities described above while S. nigra is known to have a
shallow yet extensive root network. S. nigra trees became established more effectively
than P. balsamifera and as a result were much larger trees and exhibited significantly
higher evapotranspiration and dioxane removal rates after 5 years. Early exposure to
contaminated groundwater may have lead to the small size of the poplar trees, their low
survival rate, and their lower rates of evapotranspiration. While it is likely that the poplar
trees were removing contaminants from the groundwater sooner, the willows are much
more effective in the long term and are thus a better option for phytoremediation.
Nutrient and water availability in the soil are essential for tree development and survival.
Amendment of the soil provided trees with increased access to nutrients and water than
did the native clay based soil, and resulted in larger trees in the amended treatment. The
trees in the amended soil also had higher rates of evapotranspiration than in the native
soil; likely due to their increased size. The increase in size is likely due to more
successful establishment as the growth rate of the trees in both soil treatments had
equalized. Soil amendment was shown to enhance the efficacy of trees in
phytoremediation.
Phytoremediation is a viable and cost-effective technology that offers effective
remediation of contamination in groundwater. The final recommendations emerging from
this study for the effective implementation of a phytovolatilization and/ or
phytocontainment project consist of the following:
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-

The suitability of tree species for each site should be determined specifically for
that site and selection should be based on high rates of evapotranspiration and not
based solely on contaminant removal rates from laboratory studies.

-

A variety of tree species should be used on a given site. This will cover variations
in weather patterns and ensure that effective remediation will be occurring at all
times and in all conditions.

-

Soil should be amended in order to expedite establishment, leading to increased
tree size and elevated evapotranspiration rates.
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Summary
1- In growth studies, P. balsamifera was shown to have a decreased growth rate at
high concentrations of both dioxane and ethylene glycol. The growth rate of S.
nigra was not affected by concentration levels of either contaminant. This is
likely due to S. nigra having a shallower root network, reducing the levels of
contaminant exposure and leading to decreased toxic effects.
2- Amended and non-amended soil treatments were compared with their effect on
growth. There was no significant change in growth between the 2 treatments.
There was an increase in tree size in the amended treatment over the nonamended treatment. This can be attributed to the growth rate having equalized
after 5 years. However amended trees were larger and thus likely had a more
successful establishment, conferring to them an advantage.
3- S. nigra had a higher survival rate than P. balsamifera. Survival decreased at
increased concentrations of both dioxane and ethylene glycol in S. nigra and there
were no deaths in the amended treatment. It is likely that the trees in the amended
soil had a more developed root system by the time their roots reached the
contaminant plume, due to increased nutrient and water availability. This would
allow the trees to better resist the toxic effects of the contaminants.
4- S. nigra trees had higher total tree evapotranspiration rates than P. balsamifera
whereas per m2 of leaf surface area, the opposite was true. P. balsamifera had
higher evapotranspiration rates when standardized for tree size, but as S. nigra
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trees were much larger, they were able to remove more water from the soil,
making them more effective for phytocontainment.
5- Comparing evapotranspiration rates from a dry and wet season, S. nigra was
shown to have increased evapotranspiration rates during a wet season. S. nigra
develop shallow root networks and their rate of water intake is affected by surface
water availability. Surface water was more accessible during a wet season,
leading to increased water uptake and an increased evapotranspiration rate.
6- P. balsamifera grown at the study field site, are considered dry soil plants. During
a dry season evapotranspiration rates were higher than during a wet season. With
increased surface water, anoxic conditions likely developed and caused oxidative
damage to the trees leading to decreased evapotranspiration, growth and survival.
7- Evapotranspiration rates were found to be higher in amended soil than in nonamended soil for S. nigra. Amended soil provides increased access to nutrients
and water; trees in this treatment were larger than those in the non-amended
treatment.
8- Dioxane removal was compared between S. nigra and P. balsamifera. Total tree
dioxane removal was highest in S. nigra trees while P. balsamifera had higher
removal rates per m2 of leaf surface area. S. nigra trees were more effective for
phytovolatilization than P. balsamifera, as they were able to remove more
dioxane from the water supply per tree.
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9- Dioxane removal was examined in relation to seasonal weather changes. There
was significantly reduced dioxane removal during the wet season when compared
to the dry season. Trees preferentially use surface water over ground water and a
wet season would result in increased surface water availability. The reduced
dioxane removal is thus likely the result of decreased groundwater uptake.
10- Laboratory studies testing the phytovolatilization ability of S. nigra to remove
dioxane from a solution were successful with S. nigra having removal rates
comparable to previously published data in hybrid poplars. This confirms S. nigra
as an effective phytoremediation species.
11- MTBE was shown to be effectively phytovolatilized by S. nigra in laboratory
studies. The rates of MTBE removal were similar to published data in hybrid
poplars, promoting S. nigra as a good candidate for future field research in MTBE
remediation.
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Appendix A
Diagrammatic Representation of Phytovolatilization
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Appendix B
Chemical Structures of Contaminants
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Appendix C
Tree Species
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Appendix D
Set-up From Field Studies
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Appendix E
List of Abbreviations
ATP – Adenosine triphosphate
Dioxane – 1,4-dioxane
EPA – United States Environmental Protection Agency
log Kow – Octanol-water partition coefficient
MTBE – Methyl tert-butyl ether
RCF – Root concentration factor
RO – Reverse osmosis
TSCF – Transpiration Stream Concentration Factor
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