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ABSTRACT
EFFICIENCY OF OZONE-BASED ADVANCED OXIDATION PROCESSES IN
TREATING RECIRCULATING IRRIGATION WATER

Brenden J. Bertrand
University of Guelph, 2019

Advisor(s):
Dr. Mike Dixon
Dr. Thomas Graham

The efficacy of using ozone, ultraviolet, and an ozone/UV-based advanced
oxidation process (AOP) for the remediation of recycled greenhouse irrigation water was
examined. Begonia x heimalis and Gerbera jamesonii were grown for a full crop cycle –
no differences were found between the treatments. Lemna minor was used as a bioassay
surrogate for vascular plants and cultured in Hoagland’s solution containing various
concentrations of glyphosate and paclobutrazol to determine an EC50. Lemna were then
cultured in solution drawn from the treatment system reservoirs spiked with the EC50
dose of glyphosate during an irrigation cycle. Recovery of some metrics was observed in
O3 and AOP treatments. A dose of 0.78mL L-1 glyphosate was applied to the irrigation
reservoirs at the start of a plant growth cycle of Salvia splendens. The systems were not
able to protect from the challenge at the rates of herbicide applied.
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DEDICATION

“It is not the critic who counts; not the man who points out how the strong man
stumbles, or where the doer of deeds could have done them better. The credit belongs
to the man who is actually in the arena, whose face is marred by dust and sweat and
blood; who strives valiantly; who errs, who comes short again and again, because there
is no effort without error and shortcoming; but who does actually strive to do the deeds;
who knows great enthusiasms, the great devotions; who spends himself in a worthy
cause; who at the best knows in the end the triumph of high achievement, and who at
the worst, if he fails, at least fails while daring greatly, so that his place shall never be
with those cold and timid souls who neither know victory nor defeat.”

― Theodore Roosevelt
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Introduction
Life as we know it is dependent on liquid water for existence. Exponential growth
of the human population since the industrial revolution has increased demands for fresh
water and has contributed to water scarcity around the globe (WWAP, 2018). At the
time of writing, more than 1 in 5 people on Earth experience some form of water scarcity
and trends continue toward increasing numbers of people without access to clean
running water. Pressure from these combined stressors will require development of
practices and technologies that will preserve, conserve, and maintain our water
resources. It is especially imperative to develop technologies which can cost effectively
remediate water for systems that are limited in their initial water input (e.g.
greenhouses, in drought-heavy areas, in space) (Grigoriev et al., 2011; Jones and Kliss,
2010; Lazarova, 2001; Rijsberman, 2006).
Agriculture is responsible for between 70 to 85% of the consumption of global
fresh water – as global populations increase, the demand for fresh water will rise
accordingly (Molden, 2007; Pfister et al., 2011). Yield and water use efficiency are
important factors in measuring the productivity of agriculture. Studies have shown
increased productivity in greenhouse space versus field grown crops and flowers
(Ferreira et al., 1994; Munoz et al., 2007). As water resources become increasingly
taxed, the high productivity of greenhouse spaces in conjunction with water recycling
technology will allow growers to reduce environmental impact and maintain or improve
their efficiency.
Several treatment technologies have been developed for recycling water, some
of which have been used for treating municipal water for decades. Frequently used
technologies for disinfecting and sanitizing water include: heat, filtration through sand or
activated carbon, ozonation, ultraviolet (UV) radiation, electrolysis, and advanced
oxidation processes (AOP) (Beltran, 2004; Stewart-Wade, 2011). Water recycling
technologies for use in the greenhouse environment are often foregone due to high
costs of installation of recycling systems or low realized losses in the event of crop
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failure. Advanced treatment technologies at an affordable cost will improve opportunities
for growers to recycle their water.
It is hypothesized that AOP systems may be more effective than either ozone or
UV radiation alone at remediating horticultural wastewater. Use of AOPs for commercial
plant production has not been thoroughly examined in literature thus far. The overall
objective of the studies presented herein was to compare the effects of ozone, UV, and
AOP treated water on hydroponically grown crops. This was examined from the
standpoint:
1) Are AOP treatment systems safe to use for the duration of a full crop
cycle?
2) How does the protection of AOP treatment differ from that of UV or ozone
individually?
To answer these questions, a prototype greenhouse testbed was built and
experiments were conducted that examined:
1) AOP function during a complete crop cycle
2) AOP treatment of glyphosate & paclobutrazol contaminated growth
medium in a Lemna minor bioassay
3) AOP treatment of glyphosate contaminated irrigation solution during
production of Salvia splendens

3

1

Literature Review

1.1

Greenhouse Land and Water Use
The greenhouse structure allows control of the growing environment and

protection from pests and the elements. Yields are often higher under greenhouse
conditions due to tightly controlled irrigation measures, irradiation supplementation, and
shielding from the elements provided by the greenhouse structure (Cakmakci et al.,
2006; Niedz and Bauscher 2002). Technology and practices which conserve water are
more easily implemented in greenhouses compared to field agriculture. Capture and
reuse of up to 80% of irrigation water inputs from a crop cycle has been achieved when
using sealed greenhouses (Zaragosa and Buchholz 2008). These characteristics make
greenhouse growing a favourable practice for horticultural vegetables, high intensity
urban agriculture, and specialty crops which require precise environmental conditions
(McDougall et al. 2019).
The Canadian greenhouse industry generated 2.8 billion dollars in farm gate
value in 2018, with ornamental plants accounting for the majority of those sales at 2.4
billion dollars retail (Stats Canada, 2015). Over 21 million square meters are used for
greenhouse production in Canada, split almost evenly between glass and plastic
covered structures (Stats Canada, Table 32-10-0019-01). Ontario floriculture production
is centered in the Niagara region with over 10 million square metres; Quebec and British
Columbia have over a million square metres of greenhouse.
Canadian floriculture greenhouses use over 6 million m3 of irrigation water per
year; sources include city water (44%), rainwater (22%), well/ground -water (17%),
rivers or lakes (14%), or ponds (3%) (Deloitte Consulting, 2009). It was reported that
over 75% of Ontario greenhouses sourced their water from rivers, lakes, or groundwater
(De Loe et al. 2001). Due to the repeated exposure of horticultural crops to
contaminants in recirculated irrigation solution, contamination of these water sources
may prohibit use by growers who plan to recirculate their irrigation solution.
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Remediation of contaminated irrigation solution is often less cost effective than sourcing
water from nearby sources.
Canadian growers have the option of recycling water used for irrigation though
the rate of adoption is low due to issues such as high start-up costs, specialized labour
and maintenance requirements, nutrient imbalance, risk of pathogen proliferation, and
chemical contamination (DeVincentis, 2015; Hong and Moorman, 2007; Stewart-Wade,
2011). This leads to the need for disposal and sourcing of water with each irrigation
cycle.

1.2

Environmental Concerns Regarding Greenhouse Water Use
The commercial floriculture industry, like many other agricultural sectors,

commonly uses inputs of inorganic fertilizers and other chemicals such as pesticides
and growth regulators to achieve high quality crops (Massa et al., 2010; Pardossi et al.,
2009). The amount of nitrogen- based fertilizer produced is expected to nearly double
by the year 2030 (Smith et al., 1999). Reporting in 2011 showed that smaller Canadian
farms were declining in fertilizer use while large farms were increasing, suggesting that
the accuracy of techniques used for application of chemicals on smaller farms and for
horticulture (drippers etc.) can reduce the overall need for these chemicals (Statistics
Canada, 2016). Use of these products poses health risks and reproductive issues to
humans if untreated irrigation water is discharged into surrounding water bodies, i.e.
nitrates causing blue- baby syndrome in infants, higher instances of certain cancers,
mental defects in proximity to agricultural areas, and endocrine disruption (Gasnier et
al., 2009; Reynolds et al., 2004; Townsend et al., 2003).
The amount of dissolved oxygen (DO) in rivers or lakes generally varies with
environmental conditions; however, a minimum of 4-5 mg L-1 DO is required for most
forms of aquatic life (Davis, 1975). Discharged irrigation solution high in nutrients can
lead to eutrophication, which can cause algal blooms, oxygen depletion, fish kills, and
loss of potential usability for economic, domestic, and recreational purposes (Smith et
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al., 1999). Negligent discharge of nutrient laden water promotes this phenomenon.
Federal and provincial regulations restrict uptake and discharge of water as well
as set standards for the quality of returned water to Canadian water reserves (Canada
Water Act, 1985; Nutrient Management Act, 2002; Ontario Water Resource Act, 1990;
Ontario Clean Water Act, 2006). This legislative body restricts daily volume of uptake,
limit the amount of fertilizer returned to water sources, and bar agriculture operations
from disposing of chemicals and growth regulators with their wastewater. Moving toward
a zero-discharge system is beneficial for both reducing input costs and protecting
ecosystems near to agricultural operations.

1.3

Irrigation Methods for Greenhouse production

1.3.1 Surface Irrigation
The most common form of irrigation worldwide is surface irrigation or using
gravity to flood the desired irrigation area. Surface irrigation is used for economically
valuable crops such as rice, cotton, sugar cane, and various horticultural crops though
the water use efficiency of this type of irrigation is low compared to other forms of
irrigation (Howell, 2003; Moya et al., 2004; Smith et al., 2005). For small greenhouses,
surface irrigation may be applied by hand through the use of watering cans or hoses.
Overhead sprinklers and movable sprayers on tracks allow growers to irrigate a certain
area of greenhouse space from above. This method is inexpensive in terms of labour
and installation however overhead irrigation methods wet foliage during application,
increasing likelihood of foliar diseases. Over application leading to waste of irrigation
solution is likely due to even but indiscriminate output which may not account for
spacing between containers being watered (Ahmed et al. 2000).
1.3.2 Subirrigation
Subirrigation is an irrigation method that involves wetting the growing medium
from the bottom using capillary action to draw the solution up through the media
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(Schmal et al., 2011). Common methods employed for subirrigating greenhouse plants
include capillary mats, trough irrigation, and flood floors (Hamrick 2003). This method
ensures direct contact between the irrigation solution and the media in order to
maximize the evenness of irrigation as each plant is exposed to the irrigation solution
for roughly the same amount of time. Subirrigation also effectively reduces the risk of
foliar, stem, and crown diseases transmitted through splashed water from overhead
irrigation (Schmal et al., 2011). These processes have been demonstrated to both
reduce water use during irrigation and produce higher quality plants with more
uniformity as compared to overhead irrigation (Dumroese et al., 2006; Morvant et al.,
2001). A review by Ferrarezi et al., 2015 details several genera of plants such as
Petunia x hybrida., Salvia splendens, Begonia x heimalis as well as various poinsettia
and cyclamen species which have been successfully grown using subirrigation
(Ferrarezi et al., 2015).
The correct porosity and media constituents are important for maintaining
adequate soil moisture when employing subirrigation – too much water holding capacity
will starve roots of oxygen and promote disease causing conditions such as hypoxia
(Barrett-Lennard 2003), while too much drainage will cause difficulty in rewetting the
medium once dry (OMAFRA 2014). Fertilizer management in subirrigation also requires
an understanding of the deposition of soluble fertilizer salts due to evaporation. In
overhead irrigation, water moves salts downward through the media and distributes
salts evenly throughout the soil. This results in uniform salt concentration with a
possibility for increased concentrations in the lower third of the pot (Morvant et al.,
1997). Conversely, subirrigation is driven by capillary water and salt movement through
surface evaporation (Schmal et al., 2011). Once at the surface, the water evaporates
leaving behind the formerly dissolved salts. This can result in a significant concentration
of salts near/on the surface of the soil that can disrupt root growth near the surface but
generally does not hamper overall plant health unless these accumulated salts are
washed downward during an irregular adjustment to the plants’ irrigation regime, e.g.
upon first watering by the consumer (Argo et al., 1995; Morvant et al., 1997).
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1.4

Concerns Regarding Recirculating Irrigation Systems
With the numerous economic and environmental advantages available to

growers who recycle their water, development of well-designed water reclamation
technology will help alleviate standing concerns with degraded irrigation water
(Schnitzler et. al 2003). Risks that must be managed in order to avoid issues include
fertilizer imbalance, salt deposition, chemical contamination, and pest proliferation
(Steward-Wade 2011). When deciding on sources of irrigation water, greenhouses may
choose to avoid recycling techniques due to concerns with recirculated irrigation water
containing pathogens or chemical contamination (Deloitte Consulting, 2009; Hong and
Moorman, 2009; Stewart-Wade 2011). Commercial greenhouse operators with
established irrigation systems may choose not to retrofit their irrigation management
systems due to potentially high capital requirements.
The following sections will briefly delineate issues that may arise from
substandard conditions in irrigation water recycling systems.
1.4.1 Nutrient Content
Fertilizer is often applied as a mixture containing the macronutrients nitrogen,
phosphorus, calcium, magnesium, and potassium as well as micronutrients including
but not limited to: iron, zinc, copper, manganese, molybdenum and boron. Plants
consume individual nutrients from the irrigation solution at different rates. This may lead
to over addition of nutrients that are consumed at a slow rate and insufficient supply of
nutrients that are consumed at a fast rate when the overall EC of the irrigation solution
is replenished (Bennett, 1996). The simplest way to manage EC is through dilution.
Growers who have the means may use reverse osmosis, though this practice is often
not economically feasible (Hillel, 2000).
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1.4.1.1 Quantification of Nutrient Content
Media and irrigation solution salt concentrations can be quantified by measuring
total electrical conductivity (EC) – which is the sum of the electrical conductivity of
individual ionic species in a solution. Measurement of EC allows growers to estimate the
total concentration of salts in a sample but does not provide information regarding
specific components of the sample (Hamrick, 2003). Some specific irrigation solution
contents can be quantified using handheld methods such as colorimetry or by more
specific laboratory methods such as high-performance liquid chromatography (HPLC).
1.4.1.2 Influence of pH on Nutrient Availability
Controlling media pH is critical as nutrient mobility and availability is dependent
on pH (Wilkins and Dole, 1999). Iron deficiency is common at high substrate pH, while
low substrate pH may cause a decrease in availability of calcium, magnesium, and
phosphorus (Hamrick, 2003). Most greenhouse floriculture species grow well between
pH 5.6 and 6.6 (Wilkins and Dole, 1999). Nutrient availability at various pH is shown in
Figure 1.1.
Issues with pH can arise due to interactions by either plants or water treatment
systems with the nutrient solution. Certain water treatment systems, such as ozone and
UV based systems, may raise pH by interacting with iron and manganese components
of the fertilizer solution.
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Figure 1.1: Availability of nutrients essential to plant growth in soil at various pH. From Roques et
al., 2013.

1.4.2 Oxygen Content of Irrigation Water
Oxygen content of water held for long periods will decrease due to microbial
oxygen consumption or elevated temperatures (Tchobanoglous, 2003). It has been
shown that plants watered with poorly oxygenated water have reduced growth and
increased susceptibility to disease such as Pythium (Sutton et al., 2005). Common
remedies for hypoxic greenhouse water include applying hydrogen peroxide, air
pump/diffuser combinations, and venturi injection directly into the irrigation stream
(Dramm, 2014).
Suyantohadi et al., 2010 found that high levels of dissolved oxygen were
beneficial to hydroponically grown lettuce. Experiments involving cucumbers and
peppers had relatively little success improving the fruit yield of plants grown when
exposed to increased DO in the irrigation solution (Ehret et al., 2010). Dissolved oxygen

10
concentrations over 30 mg L−1 were shown to be detrimental to plant production when
applied to tomato plants in a hydroponic system (Zheng et al., 2007).
1.4.3 Microbial Contaminants of Irrigation Water
Improper maintenance of irrigation water and its application to growing crops
may lead to a variety of crop health issues such as nutrient deficiency or proliferation of
pathogens (Ehret et al., 2005). Species of microbial pathogens which may be found in
recirculating water include, but are not limited to, the oomycetes such as Pythium and
Phytophtora, fungi such as Botrytis and Rhizoctonia, and bacteria such as Erwinia and
Xanthamonas (Hong and Moorman 2005). A review of the pathogenic microorganisms
most relevant to greenhouse crop production as well as their common sources of
inoculation was compiled by Stewart-Wade 2011. In order to prevent the entry of
pathogens into the greenhouse environment, it is generally recommended that proper
care be taken to sanitize infrastructure, tools, growing medium, and other latent sources
of inoculum.
In recirculating hydroponic systems, the irrigation solution may become
contaminated with pathogenic microbes due to dissemination of spores or other means
of inoculation; this in turn can be spread to other plants which are exposed to the
irrigation solution until it is treated (Stewart-Wade 2011). Due to this pathway for
disease transfer, it is considered necessary to employ prophylactic management
techniques ranging from scouting for disease and removing infected plants to employing
irrigation water treatment systems.
1.4.4 Chemical Contaminants of Irrigation Water
Growers who draw water from sources such as ponds, lakes, and streams are at
risk for chemical contamination from industrial and agricultural runoff or deposition
which can negatively impact production (Richardson and Ternes, 2018). Contamination
may be due to poor treatment of greenhouse irrigation solution discharge (plant growth
regulators), overspray (herbicides), negligence, or other reasons. A biennial review of
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relevant contaminants, which may put Ontario greenhouse operators at risk, was
compiled by Richardson and Ternes (2018). Contaminants which may be harmful to
both crops and greenhouse operators if encountered in irrigation solution include:
hormones such as testosterone and estriadol, volatile organic compounds such as
bromochloromethane used in fire extinguishers, and heavy metals such as cobalt and
strontium (Richardson and Ternes, 2018).
Plants root exudates are released into the rhizosphere during growth; these
exudates can then be washed into the irrigation solution during irrigation. These
compounds pose risks for growers using hydroponic systems as root exudates can be
detrimental to crop productivity, even at low doses (Graham, 2001). Some exudates
also provoke responses from pathogenic microbes such as spore germination and
colony growth.
The following sections will give a detailed overview of two chemicals with
relevance to Ontario floriculture; glyphosate and paclobutrazol. Combined or in
isolation, these compounds may affect crop production operations if present in irrigation
water.
1.4.4.1 Glyphosate
Glyphosate (N-phosphonomethylglycine) (Figure 1.1) is an herbicide which
affects a wide variety of plants through inhibition of the production of aromatic amino
acids (Rubin et al., 1982). Glyphosate is translocated through the phloem and acts at
metabolic sinks such as meristems, root nodules, and reproductive structures (Amrhein
et al., 1980). Glyphosate irreversibly binds to the enzyme 5-enolpyruvylshikimic-3phosphate synthase (ESPS), blocking metabolites from reaching the shikimate
pathway, thereby hindering formation of aromatic amino acids (Jensen 1986). It has
been shown that glyphosate application to both foliar and root tissue will cause damage
to plants (Saunders et al., 2013).
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Figure 1.2: Chemical Structure of Glyphosate (N-phosphonomethylglycine). From Prasad et al.,
2009).

Glyphosate is sold commercially in mixtures under the trade name Round-Up® by
Monsanto and Touchdown® by Syngenta as well as by other companies. Pure
glyphosate has a relatively short half-life in soil of three days at standard ambient
temperature and pressure; however, some of the degradation by-products such as
amino- methyl-phosphonic acid (AMPA) may persist for upwards of a year in the
environment and are known to be phytotoxic at environmentally relevant doses (Assalin
et al., 2010). Glyphosate is one of the most commonly used herbicides and overspray
during field application is common (Degenhardt et al. 2012). Overspray can lead to
contamination of nearby irrigation source water or greenhouse ridge vents and therefore
could be introduced to the greenhouse production system and impact plant productivity
(Degenhardt et al. 2012).
1.4.4.2 Paclobutrazol
Paclobutrazol (PBZ) is a growth regulator and a fungicide, sold under the trade
name Bonzi (Syngenta, Basel, Switzerland), which is primarily used for controlling the
growth of ornamental plants, shrubs and trees. The main mode of action of PBZ is as an
antagonist of gibberellic acid and inhibitor of sterol synthesis - inhibition of these
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pathways leads to desirable characteristics for floriculture production such as
compactness, increased flower number, and greener plants (Bultynck and Lambers,
2004; Haughan, 1988; Lenton et al., 1994; Mazher et al., 2014).
There are two resolved enantiomers of paclobutrazol (Fig. 1.2), which differ in their
regulatory effects on plants. The first, (R*,R*)-paclobutrazol (Fig. 1.2A) has stronger
effects on reducing root growth, while (S*,S*)-paclobutrazol (Fig. 1.2B) is more effective
at reducing shoot growth (Lenton et al., 1994). The right-handed enantiomer is typically
found in commercial products. Paclobutrazol has a half-life of 20 to 30 days in soil and
over a year under anaerobic conditions (Liu et al., 2015; Wu et al., 2013). Paclobutrazol
thus poses a risk to growers who irrigate with untreated water or use recirculating
systems in conjunction with biologically inactive growing mediums. For example, a
grower with a single main reservoir for irrigation water may want to use PBZ in one
section of the greenhouse but have concerns about PBZ affecting plants in another
section of their hydroponic setup at a later time.

Figure 1.3: Chemical Structure of both resolved enantiomers of paclobutrazol. a) (2S, 3S)
paclobutrazol b) (2R, 3R) Paclobutrazol (Li et al., 2017)
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1.5

Irrigation Water Treatment Technologies

Despite the aforementioned drawbacks mentioned in section 1.4, many treatment
options are available to growers for maintaining irrigation water quality when employing
recirculating systems. These include, but are not limited to: chlorination, slow sand
filtration, ultraviolet light, and ozonation. Different treatment systems have varying
capital and operational costs as well as strengths and limitations as to what types of
contamination they can manage (Raudales et al., 2014, Raudales et al., 2016). For
example, ultraviolet light may be effective at inactivating or killing microorganisms but
the wavelengths of UV light used may not be effective at degrading certain chemical
contaminants (Masschelein 2002). Municipally treated water may contain residual free
chlorine, chlorides, or fluorides which act as a residual sanitizer but can build up with
repeated application. While the common option for growers is to dilute or remove
excess chlorides, some electrochemical treatment systems can make use of these
chlorine residuals for disinfection of pathogens such as Rhizoctonia solanii (Cayanan et
al., 2008, Levesque et al., 2019). Some treatment systems may leave a residual that
poses risks to plant health (chlorination, UV degradation by-products) or may alter
irrigation water parameters, such as pH or fertilizer content, rendering the water unfit for
irrigation (Stewart-Wade 2011). Table 1.1 details several treatment methods for
recycling irrigation water as well as some of their benefits and drawbacks. The following
section will describe commonly used greenhouse water treatment technologies as well
as discuss some of the advantages and disadvantages of each. Furthermore, the
technologies: ultraviolet radiation, aqueous ozone, and advanced oxidation processes,
the treatment systems used in the experiments to follow, will be described in detail.
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Table 1.1: Various treatment methods for recycling irrigation water as well as some of their
advantages, disadvantages and costs (adapted from Tchobanoglous et al., 2009).

Treatment Options

Advantages

Disadvantages

Costs

Membrane Filtration

-Effective versus
microorganism of
appropriate physical
size

-Dependant on type
of filter and frequency
of replacement

Biofilters

-Useful for removal of
specific contaminants

Chlorination

-Efficient versus a
wide variety of
pathogens

-High level of
maintenance
-Ineffective versus
most chemical
contaminants
-High level of
maintenance
-Incompatible with
certain chemical
contaminants and
treatment methods
-Residual Chlorine
toxic at high
concentration

UV

Efficient versus many
microorganisms and
some chemicals

-Not effective versus
chemicals whose
absorbtion spectrum
do not match
wavelength used for
disinfection (254nm)

-Install and bulb
replacement may be
costly, operation is
low cost

-Expensive in terms
of installation,
maintenance, and
skilled labour
required
-Addition costs low,
removal may be
costly

-Impact on
components of the
nutrient solution
Ozone

Advanced Oxidation

-Effective versus a
wide variety of
pathogens

-Phytotoxic and
harmful to workers in
the gaseous state

-Effective versus a
wide variety of
chemicals

-Impact on
components of the
nutrient solution

-Combination of two
treatment
technologies
(synergy)

-Solution parameters
may require
extensive
pretreatment

-High installation and
operation costs

-High due to
specialized
technology, treatment
cost, and operational
cost
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1.5.1 Ultraviolet Radiation (UV)
Ultraviolet radiation is the portion of the electromagnetic spectrum from 400 down
to 100 nm and can be used as a water treatment method in hydroponic systems (Turtoi
et al., 2013). The wavelength typically used for microbial disinfection (germicidal UV) is
254nm, in the UV-C wavelength range. Ultraviolet radiation for disinfection is generally
produced by mercury vapour lamps and more recently by LED lights (Chen et al., 2017;
Song et al., 2016). Research into safe and cost eﬀective use of polychromatic UV lamps
for irrigation water treatment is a current topic of research.
The transmissivity of water to be treated with UV light greatly impacts treatment
efficacy. The solution must not be turbid or opaque to UV light in order to ensure
eﬃcient and thorough removal of the desired contaminants (Huﬀ et al., 1965).
Components of growing media or other irrigation solution additives must also not be
highly absorptive of UV light. Lamp designs which increase surface area (i.e. multiple
smaller lamps) available to the irrigation solution, as well as lamps designed with inlets
and outlets at 90° to the lamp increase the eﬃciency of UV disinfection (Johnson and
Mehrvar, 2008; Sozzi and Taghipour, 2006).
1.5.1.1 Ultraviolet light as treatment of microbial contaminants
The ability of UV radiation to non-selectively neutralize various microorganisms
as well as the low likelihood of resistance due to the general pathway of action has led
to widespread commercial adoption of UV water treatment systems. The UV dose
required to inactivate the replication and pathogenicity of a particular species of
microorganism is often unique, though some generalizations can be made. Doses of UV
radiation are measured as the accumulation of UV energy applied to a target organism
over a period of time (Masschelein, 2002). A thorough guide to doses required to
inactivate various microorganisms was compiled by Chevrefils et al., 2000. Some
examples of doses required to inactive several types of microorganisms are shown in
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Table 1.3. Radiation in the UV range disrupts the structure of nucleic acids by forming
dimers of pyrimidine bases on DNA strands (Britt 1995, Song et al., 2016). This
dimerization interrupts proper replication of genetic material by impeding proper function
of DNA polymerases (Douki, 2017). Exposure to UV light also causes the generation of
free radicals within the cell, which are capable of causing oxidative damage (Cabiscol et
al., 2000). It has been demonstrated that some microbes are able to use blue light to
repair damage caused by UV light (Sancar, 2003).
Table 1.2: UV dose required to inactivate various types of microorganisms which may be found in
wastewater. The examples chosen were all performed using low pressure mercury lamps. (Adapted
from Chevreﬁls et al., 2000)

Name of Organism

Type of Organism

UV Dose (mJ cm2) required to achieve a
given Log reduction

Log Reduction

1

2

3

4

Bacillus subtilis

Bacterial Spore

24

25

47

79

Escheria coli

Bacterium

4

6

8

9

Cryptosporidium parvum

Protozoan

1

2

3

4

Adenovirus type 2

Virus

20

45

80

110

Poliovirus 1

Virus

7

17

28

37

1.5.1.2 Ultraviolet light as treatment of chemical contaminants
Pharmaceuticals (Pannekins et al., 2015), antibiotics (Adams et al., 2002),
pesticides (Sanches et al., 2010), and other chemicals have been shown to be sensitive
to UV light with varying degrees of success. In order for UV treatment of chemical
contaminants to be successful, the absorption spectrum of the contaminant must match
the wavelength applied. This method of treatment is not often used for control of
chemical contaminants.
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1.5.2 Aqueous Ozone
Ozone (O3) is a reactive, unstable allotrope of oxygen and a powerful oxidizing
agent with an oxidation potential of 2.075 eV (Beltran 2003). This property makes
aqueous ozone a versatile water treatment technology due to its ability to degrade both
biological and chemical contaminants. Historically, ozone has been employed for
municipal water sanitation since the early 20th century; it also has been used for Fe/Mn
management in drinking water (Gottschalk et al., 2009). Another conspicuous use of
ozone is for the preparation of bottled water. Ozone is an attractive treatment option for
growers as it is capable of dealing with a wide variety of both chemical and microbial
contaminants, as well as leaving no residual products due to its decomposition into
oxygen gas.
1.5.2.1

Generation of Ozone

Due to a short half-life, ozone is not stored and therefore must be made on
demand. The most common method of production of ozone is through the use of corona
discharge. This method dissipates an electrical charge from a high voltage source in
order to ionize the air in the chamber. This method requires dry air due to reduced
production of ozone under humid conditions as well as formation of corrosive nitrogen
oxides (Harrison 2004).
Formation of ozone through electrolytic methods occur when sufficiently high
potential is applied to high purity water using specific, catalyst coated cathodes and
anodes. This type of system is often limited in application by solution parameter
requirements (high purity, free of contaminants which may interfere with generation of
ozone, etc.)(Harrison 2004).
Ozone can be generated through application of UV or other high energy radiation
sources. Wavelengths above 200nm are more likely to contribute to breakdown of
ozone rather than formation and are not used to produce ozone (Harrison 2004).
Though less efficient than corona discharge, formation of ozone using UV light does not
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require the same intensity of feed gas conditioning and are therefore more suitable for
use in small-scale applications.
All three methods of ozone generation are based on splitting diatomic oxygen.
This atomic oxygen is then free to react with diatomic oxygen to form ozone, or atomic
oxygen to reform diatomic oxygen (Harrison 2004).
1.5.2.2

Aqueous ozone dynamics in recirculating hydroponics

A commonly prescribed disinfection guideline for ozone treatment is generating a
residual of at least 0.4 mg L-1 for at least 5 minutes, (Bidhendi et al. 2013). Lag time
before an O3(aq) residual is built occurs due to nonselective reactions with irrigation
solution components (Fertilizer, organics, microbes and biofilms, contaminants, etc.). It
is known that applying ozone to irrigation solution impacts the iron and manganese
content of the solution, potentially making these elements unavailable to plants (Raub et
al., 2001). This requires growers to monitor levels of these nutrients and supplement as
necessary. Ozonation of fertilizer chelates causes degradation of metal chelate
complexes and may render the previously chelated nutrient unavailable to a crop
(Morooka et al., 1986). Rate constants for degradation of chelates increase with pH
(Morooka et al., 1986). Applying ozone to greenhouse irrigation water is therefore a
balance between applying enough ozone to treat desired contaminants without heavily
interfering with the nutrient solution. Removal of nutrients inaccessible to the plants
must also be monitored to prevent build up to toxic levels.
Wastewater to be treated by aqueous ozone requires specific solution
characteristics which favour ozone dissolution and stability. Lower pH, solution
temperature, and concentrations of salts favour dissolution and/or stability of ozone in
an aqueous medium (Sotello et al., 1989; Turner and Rawling, 2001). An advantage
that has piqued interest in using ozone as treatment for irrigation water over methods
such as chlorination is that ozone decays to oxygen and as such does not necessitate
the removal of residual treatment chemical (Beltran, 2003). Both chlorine and ozone
produce disinfection by-products (DBP) and research is ongoing to identify and
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characterize common and harmful DPBs produced by these water treatment systems. It
is important to note that the residual in chlorination treatment is often used as a
maintenance step in some water treatment systems, though it may not be preferred in a
greenhouse setting (Copes et al., 2003).
An ancillary benefit to the production of ozone is that oxygen not consumed in
the process can be used to saturate the irrigation solution, which may prevent disease
due to inhibition of pathogenic organisms that favour anoxic conditions. There may be
some marginal benefits to crop growth of certain species growth using irrigation solution
saturated with oxygen (Zheng et al., 2007).
1.5.2.3 Direct and Indirect Ozonation
Direct ozonation is the reaction of the ozone molecule itself with contaminating
compounds in a medium. Direct ozonation favours attack of electron rich structures in
target compounds and is far more selective than the indirect pathway (Gottschalk et al.,
2009; Chiang et al. 2006). Structures prone to degradation by ozonation include
aromatic rings, amines and unsaturated carbon bonds, the most prevalent model
mechanism for direct ozonation is the Criegee mechanism (Figure 1.4) (Donahue et al.,
2011).
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Figure 1.4: Ozone reaction pathways for saturated carbon bonds and aromatic structures.
a) The degradation pathway of saturated carbon bonds by ozonation. This reaction pathway is
termed the Creigee mechanism
b) The degradation pathway of aromatic structure by ozonation. This pathway is referred to as
electrophilic reaction (Adapted from Langlais et al. 1991).
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The indirect pathway relies on the production of hydroxyl radicals which in turn
react with organic molecules (Gottschalk et al., 2009). Hydroxide ions react with ozone
to produce hydroxyl radicals; this is termed initiation. In the absence of scavenger
compounds (compounds other than reactive oxygen species which react with hydroxyl
radicals), a self-sustaining decomposition of ozone by hydroxyl radicals will continue
(propagation). The termination step occurs when hydroxyl radicals react with scavenger
species. Degradation of target molecules is accomplished through reactions with radical
species formed during ozone degradation.
Solutions that favour decomposition of ozone into its radical components (high
pH, temperature, salt content) increase the rate of indirect pathway reactions. Indirect
ozonation is the predominant reaction in solutions with high pH as high concentrations
of hydroxyl ions favour the initiation step of the indirect pathway and lead to direct
ozonation. It has been shown that these two processes differ in their ability to degrade
contaminants, therefore awareness of whether ozone is more eﬀective at degrading a
target molecule using either direct or indirect pathways is important when setting water
quality parameters for treatment (Chiang et al., 2006).
1.5.2.4

Aqueous ozone as treatment for chemical contaminants

Ozone has been shown to be eﬀective at degrading a large variety of chemical
compounds such as dyes (Khadhraoui et al., 2009), pharmaceuticals (Huber et al.,
2003; Zweiner and Frimmel 2000), mycotoxins (Proctor et al., 2004; Young et al., 2006),
and pesticides and herbicides (Ikehata and El-Din, 2005a; Ikehata and El-Din, 2005b). It
has also been shown to be eﬀective against a wide variety of microorganisms (Selma et
al., 2008, Stewart-Wade 2011, Yamamoto 1990).
1.5.2.5

Aqueous ozone as treatment for microbial contaminants

Aqueous ozone is non-selective in its degradation of biological contaminants and
is therefore likely to be both eﬀective against a wide variety of microbes as well as being
non-soliciting of speciﬁc immunity, which may deter the development of resistance (Hoﬀ

23
and Akin, 1986). Ozone’s primary method of reducing microbial activity is through lysis
of the cell. There is evidence that exposure to ozone aﬀects the cell membrane of
microorganisms and disrupts, among other vital functions, the selective permeability of
the target organism (Zhang et al., 2011). Exposure to ozone results in involuntary
transfer of material both in and out of the cell, severely hampering cell function.
1.5.2.6 Ozone/Plant Interactions

Extensive research has shown that exposure to ozone gas is detrimental to the
productivity of plants (Chameldes 1989, Pell et al., 1997, Agathokleous et al. 2018).
Plants exposed to acute or sustained lower doses may exhibit stunted growth, chlorosis,
bleaching, and necrosis. In order to use ozone as a treatment strategy for maintaining
greenhouse wastewater, eﬀorts must be made to prevent ozone damage to plants.
Models which describe the relationship between ozone exposure and plant growth
reduction often utilize a threshold value below which the plant is not significantly
affected (Lefohn and Runeckles 1987). When applying ozone to an irrigation solution,
escape of ozone to the gas phase is unavoidable, however studies have demonstrated
that ozonation of the irrigation solution directly prior to application does not negatively
impact crop performance below a cultivar speciﬁc-threshold (Graham et al., 2009;
Graham et al., 2012; Ohashi-Kaneko et al., 2009; Sloan and Engelke, 2005). Ozone gas
is consumed by organic as well as iron and silicate components of the growing medium
(Yu et al. 2005). Additional barriers to damage are the plant cuticle and anti-oxidants in
interstitial fluid once the gas has entered the stomata (Pell et al. 1997).
1.5.3 Ozone/UV Advanced Oxidative Processes
A technology class that is currently being developed for irrigation water
remediation are the advanced oxidation processes (AOPs) (Tichonovas et al., 2017).
Advanced oxidation processes refer to the production of hydroxyl radicals (OH⸰).
Production of OH⸰ can be accomplished by stimulating the degradation pathway of
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ozone and/or hydrogen peroxide using catalysts such as UV light, Iron or Titanium
(Krishnan, 2017, Table 1.2). This study will focus primarily on the UV/O 3 AOPs.

Table 1.3: Common Advanced Oxidation Processes. Adapted from Andreozzi et al. 1999.

Type

Name

H2O2 / Fe +2

Fenton

H2O2 / Fe +3

Fenton-like

H2O2 / Fe +2/3 / UV

Photo-assisted Fenton

Mn+2 / Oxalic Acid / Ozone

Manganese catalyzed ozonation

TiO2 / UV /O2

Titanium (di)Oxide Photocatalysis

O3 + H2O2

Ozone/Hydrogen peroxide

H2O2 + UV

Hydrogen peroxide/UV

O3 + UV

Ozone/UV
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1.5.3.1 Catalytic degradation of ozone using UV

Application of UV radiation to aqueous ozone expedites the breakdown of ozone
and leads to the concentrated production of highly reactive radical species, primarily
hydroxyl radicals (OH⸰), which have also been shown to be effective for the remediation
of wastewater (Andreozzi et al., 1999). The UV mediated decomposition pathway of
ozone is unresolved however the accepted pathway is presented in figure 1.5.

O3 + hν → O⸰ + O2

[Eq. 1.1]

O⸰ + H2O → H2O2

[Eq. 1.2]

H2O2 hν →HO⸰ + ⸰ OH

[Eq. 1.3]

Figure 1.5: Catalytic decomposition pathway of ozone by ultraviolet light (Andreozzi et al., 1999)

Similar to treatment with ozone, UV/O3 AOPs are more eﬀective at low pH and
cooler water temperatures (Tichonovas et al., 2017). Eﬃciency of AOPs depend on
optimizing the availability of reagents (O 3, H2O2, etc.) to be converted to radical species
and then fully quenching the reagents using the second input (UV, Ti, Fe+2). Ozone
decomposition is spontaneous in solution as discussed in section 1.5.2.3, however this
rate of decomposition is mediated by the presence of scavenger molecules. Stimulating
the reaction pathway with catalysts results in a higher concentration of radical species
which react with recalcitrant species at much higher rates (Andreozzi et al. 1999).
Essentially, AOPs provide the required energy to refocus the energy required to sustain
decomposition of ozone towards the decomposition of target contaminants while
increasing the speed and intensity of the reaction. The eﬃciency of AOP systems can

26
quantified by the amount of contaminant removed versus the amount of energy
consumed to power the system (Bolton et al., 2001).
1.5.3.2 Degradation of chemical contaminants using AOPs
Oller et al., (2011) compiled a review of studies that focused on treatment of
various wastewater with AOP systems. These treatment methods were found to be
eﬀective at partially or completely treating water contaminated with pesticides,
herbicides, dyes, and pharmaceuticals as well as industrial wastewater from paper mills,
wineries, and landﬁlls (Huber et al., 2003, Lucas et al., 2010, Oller et al., 2011).
It has not been thoroughly examined if AOP systems can be eﬀective with current
technology at large scale applications such as greenhouse irrigation due to their
complexity, requirement of specific solution parameters and high costs of installations
and maintenance. Research is underway to develop methodology to integrate AOPs in
recirculating hydroponic systems in order to improve the eﬃciency of greenhouse and
nursery operations.
1.5.3.3 Degradation of microbial contaminants using AOPs
In a laboratory setting, AOPs have been widely demonstrated as effective in
reducing and inactivating microbial populations (Diaz et al., 2001; Khalil and Abussaud,
2013; Wu et al., 2016). Similar to aqueous ozone, the main mode of microbial
inactivation by UV/ozone AOPs is through destruction of components of the cell
membrane, allowing uncontrolled leakage of cellular contents (Wu et al. 2016; Zhang et
al., 2011).
Some methods by which microbes may develop resistance to oxidative
disinfection processes include eﬄux pumps, pigments, antioxidant enzymes, and heatshock proteins (Kashef and Hamblin, 2017). These processes allow microbes to shield
themselves, expel toxins, and mitigate damage caused by oxidative stress. As with
other non-selective methods of disinfection, the chance for developed resistance in
microbes is small.

27

1.6

Objectives

The overall objective of the studies presented herein was to examine the effects
of ozone, UV, and AOP treated water on hydroponically grown crops.
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2

Systems Design and Validation

2.1

Introduction
Design, installation, and validation of a testbed containing all three treatment

technologies and a control was required prior to conducting the principal production
experiments. The systems were developed in order to compare and contrast the
eﬃcacy of the ozone, UV, and O3/UV AOP treatment systems against an untreated
control in terms of their ability to irrigate a healthy crop as well as handle pathogen and
chemical contaminant control.

2.2

Objectives
To fully evaluate the eﬃcacy of the respective treatment systems regarding

protection of ﬂoriculture crops from pathogen and chemical contaminants, the treatment
systems ﬁrst needed to be designed, built, and characterized. To ensure functionality,
the systems were built, then tested and validated based on the following objectives:


Create a prototype test bed integrating UV, O 3 and AOP irrigation treatment
systems onto existing infrastructure



Establish the output and function of the two UV systems to ensure an even UV
dosage was applied to both systems containing a UV treatment system



Determine the time required to generate an ozone residual in various irrigation
solutions proposed for use in trials - the eﬀect of fertilizer, pH, and commercial
glyphosate mixtures on breakthrough time in DI water was examined in
preparation for further experimentation
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2.3

Materials and Methodology
A prototype hydroponic setup was constructed at the University of Guelph’s

Bovey Research Greenhouse Complex. A complete description of the setup is provided
here with a components list in appendix II. A description of the function and operation of
the setup is detailed in the following sections.
In order to ensure system functionality for crop production and
pathogen/chemical trials, it was important that the treatment system output be verified to
be within the manufacturer standards. Following establishment of a working
subirrigation system, the UV and O3 output of the systems were benchmarked and the
viability of creating an AOP using the combined treatment systems was assessed.
To observe the functionality of the ozone system, various solutions of DI water
containing the fertilizer to be used or glyphosate stock at diﬀerent pH were ozonated
until ozone concentration was at a measurable level in the reservoir.
The UV bulb and UV intensity logging device from the UV and AOP systems
were tested and then swapped between systems both individually and together before
being tested. This was done in order to provide certainty that both machines were
outputting an equal amount of radiation. The combination of parts which allowed each
system to apply a similar dose was chosen as the setup for the duration of the
experiment.

2.3.1 Greenhouse & Control Treatment System Setup
A prototype testbed was installed into a 50m2 greenhouse section (Figure 2.1).
The greenhouse was equipped with four 5m2 (5m x 1m) benches on which four 4.9 m
aluminum troughs were placed (Figure 2.1, Figure 2.2). A diaphragm pump (Shur-ﬂo
model 8025-733-256, Costa Mesa, CA, USA) was mounted on each bench (Figure 2.1;
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Figure 2.3). A particle ﬁlter was installed before the pump and two 2L ﬁlter housings
were installed after the pump on each system in order to prevent sediment damage to
any of the treatment system components (Figure 2.3). One of the ﬁlter housings
contained a 20 µm ﬁlter and the other a 50µm ﬁlter which were used during preliminary
trials though ultimately were not used due complexity of disposal after treatment with
pesticides (housings remained in place). Microbial contamination issues between
various trials was also a factor in the decision not to use the ﬁlters. During the ﬁnal trials
(Chapter 5), a second control system was required and constructed of the same
components as the control system.

Figure 2.1: A 3D schematic of the benches and treatment systems installed in the prototype
greenhouse. Each of the benches (left to right: control, UV, AOP, O 3) bore four troughs which were
fed by the system with matching colour label. The volume equalizer installed on the O3 system is
not shown in this diagram.
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Figure 2.2: Photograph of the prototype greenhouse testbed, showing the troughs (four blocks),
emitters, and positioning of the shade curtains.
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Figure 2.3: Schematic overview of the water treatment systems installed in the greenhouse.
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Figure 2.4: Control irrigation system installed in the greenhouse. Irrigation solution was pumped
(a) through two empty filter housings (b, c) and out to the troughs. Flow rate and flow direction (to
the troughs or recirculation to the reservoir) was controlled by the second red handled valve (d).
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2.3.2 UV Treatment System Setup
The UV treatment system (GAUV-6S, Greenway Water Technologies, Guelph,
ON, Canada) was mounted directly after the ﬁlter housings on the UV bench (Figure
2.5). The manufacturer speciﬁcations of the device are shown in table 2.1. The system
was composed of a ballast, a stainless steel contact chamber, a quartz sleeve, and low
pressure mercury UV bulb (GUVL-330, Greenway, Guelph ON). An optical water
monitor (OWL, Greenway, Guelph ON) was mounted on the stainless steel contact
chamber and measured UV radiation supplied by the mercury lamp. A sample of
irrigation solution modelling that which would be used for our plant growth trials,
consisting of 0.5g/L of 20-8-20 dye free fertilizer (20-8-20 Dye Free, Plant Prod,
Brampton, ON, Canada) in deionized water had 76% transmittance at 254nm when
tested with a spectrophotometer (Shimadzu UV1201, Shimadzu, Kyoto, Japan). The
OWL meter was set to a threshold of 75% UV transmittance (the sensor could only be
adjusted in increments of 5) in order to calculate accurate UV dosage readings. The
OWL ﬂow rate setting was set to 9.5 L/min, the lowest possible setting on the meter.
This was roughly 4x higher than the actual ﬂow rate through the UV chamber.
Therefore, the actual dose was expected to be approximately 4x higher than the value
measured by the OWL as ﬂow rate. Due to time constraints at the time of the
experiments, actinometry was not performed to validate this assumption. Unfortunately,
there was no work-around available as the OWL monitoring system was designed for
higher ﬂow rates than those demanded by the testbed system.
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Figure 2.5: Irrigation system with UV treatment installed. Irrigation solution was pumped (a) through
two empty filter housings (b, c), the UV treatment system (d), and out to the troughs. Flow rate was
controlled using the first red handled valve (e) and flow direction (to the troughs or recirculation to
the reservoir) was controlled by the second red handled valve (f). The electronic components of the
UV system are also shown (g).
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Table 2.1: Manufacturer speciﬁed operating conditions of the UV treatment systems (GAUV-6S,
Greenway Water Technologies, Guelph, ON, Canada) used for the greenhouse AOP trials. A UV
device was mounted on the UV and AOP systems respectively.

UV dose at a given Flow Rate

53 LPM - 16 mJ cm-2
28 LPM - 30 mJ cm-2:
20 LPM - 40 mJ cm-2

Chamber Diameter

90 mm

Chamber Length

430 mm

Chamber Volume

2.5 L

Maximum Operating Pressure

861.8 kPa (125 PSI)

Pressure Drop at 30 mJ cm-2 Rated Flow

1.4 kPa (0.2 PSI)

Power Consumption

21 W

Lamp Watts

17 W
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2.3.3 O3 Treatment System Setup
The ozone treatment system used for the experiments conducted in chapters 3
and 4 consisted of a Lotus Pro ozone system (Tersano, Windsor, ON, Canada) and an
oxygen generator as the dry feed gas supply (Topaz Series, Chart Industries, Garﬁeld
Heights, Ohio, USA) (Figure 2.6; Figure 2.7). The ozone mass transfer system was
mounted directly after the ﬁlter housings in both the ozone and AOP systems. The main
components of the system included the corona chamber, the electronics to control the
system, the ozone oﬀ-gas destruct module, and the venturi injector which mixed ozone
produced in the corona chamber into the irrigation solution (Figure 2.7). The stock
venturi in the Lotus Pro was replaced with a larger one that allowed improved ozone
feed into the solution at the operating ﬂow rate of the systems. A rigid static mixer was
installed in the conduit immediately following the ozone device to improve ozone
dissolution in the irrigation solution and limit oﬀ-gassing. In order to balance individual
system volumes, a 2.5L PVC chamber was added to the ozone system to match the
system volume added by the UV chamber. This extra volume was not added to the
control system.
A second ozone treatment system was used for the experiments conducted in
chapters 2 and 5 after it was discovered that the Lotus Pro system was not producing
ozone at a high enough rate to impact the concentrations of glyphosate formula to be
used for the chemical challenge trial performed in chapter 5 . This ozone treatment
system was the CD1500 (Clearwater Tech LLC, California, USA). It was installed in the
same position as the Lotus Pro and used the same concentrated dry air supply.
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Figure 2.6: Irrigation system with ozone treatment system installed. Irrigation solution was pumped
(a) through two empty filter housings (b, c), a 2L PVC reservoir matching the volume of the UV
treatment system, the ozone treatment system (e), and out to the troughs. Flow rate and flow
direction (to the troughs or recirculation to the reservoir) was controlled by the red handled valve
(f).
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Figure 2.7: (A) Close up of the Lotus Pro® ozone treatment system installed in the prototype testbed.
(B) Schematic of the ozone treatment system components.
Concentrated oxygen was fed into the corona chamber to produce ozone gas, which is then fed via
a venturi injector into the irrigation stream. The irrigation solution with dissolved ozone passes
through the off-gas destruction chamber and to the benches. A port from the off-gas destruct
chamber allows one to monitor any ozone which may escape the chamber.
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2.3.4 AOP Treatment System Setup

The AOP treatment was constructed using identical parts to the O 3 and UV
systems (Figure 2.7).

Figure 2.8: Irrigation system with AOP system installed, combining ozone and UV components.
Irrigation solution was pumped (a) through two empty filter housings (b, c), the ozone treatment
system (d), the UV treatment system (e) and out to the troughs. Flow rate and flow direction (to the
troughs or recirculation to the reservoir) was controlled by the red handled valve on the right (f).
The red handled valve on the left (g) allowed sampling of ozonated irrigation solution prior to
application of UV radiation. The OWL monitor (h) used to quantify UV dosage and the UV electronic
components (i) are also shown.
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Manufacturer speciﬁcations for the oxygen generator were a steady output of
93±1% dry oxygen at a rate of 6 LPM. To prevent an overly high ﬂow rate from the
oxygen concentrator from pressuring the corona chambers which would cause a system
fault, the ozone systems initially were run with the feed gas valve open and no
supplementary gas added. The ﬂow rate was recorded, the ﬂow rate valve was closed,
the feed gas supply was attached, and the supply valve was re-opened to 5% less than
the previously observed “natural ﬂow rate”.
A 121 litre (dimensions: 81 x 49.5 x 42.5 cm) tote (Rubbermaid, Atlanta, GA,
USA) was placed at the end of each bench as a catchment reservoir in order to capture
and re-circulate used nutrient solution. The outside of each tote was painted white in
order to minimize radiative heating of the irrigation solution during daylight hours. Three
holes were drilled in the lid of each tote to accommodate a feed line for the pump, a line
from the treatment system back to the reservoir (trough bypass), and a ﬁnal line from
the trough return to the reservoir (Figure 2.3). During trials where pesticide was present
in the reservoirs, a second tote was added as an additional liner to the reservoir to
reduce chances of the reservoir buckling or leaking hazardous material.
Irrigation solution ﬂow rates in the four systems were matched to that of the
systems containing ozone treatment systems, as the ﬂow in these two systems was
similar (2.4 ± 0.2 L min−1) and limited by the venturi ﬂow/pressure ratings. Flow at each
emitter was measured to be 600 ± 50mL min−1 determined volumetrically.
2.3.5 UV Systems Validation
To evaluate the accuracy and consistency between the respective parts of each
UV system (bulb, OWL sensor, electronics, and ballast), a trial was performed whereby
each UV chamber, OWL meter, and corresponding lamp was paired and fed a nutrient
solution in a 20L recirculating system (Table 2.2). The systems were conﬁgured to
bypass the troughs using the ﬂow direction control valve. The corona chamber of the
AOP system was disabled for the duration of the experiment to allow irrigation solution
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to ﬂow through the ozone system without being treated. In replacement of the 110L tote
reservoirs used for the remainder of the trials, two 20L plastic pails were used to
minimize unnecessary water and fertilizer use. A volume of 20L of deionized water and
10g of 20-8-20 dye free fertilizer (Plant Prod, Brampton, Ontario) were mixed in the
pails. The fertilizer composition is presented in Table 2.2 and the nutrient solution
composition is presented in Table 2.3. The EC, pH, and temperature of the irrigation
solutions were recorded with a handheld meter (Oakton pH/Con 300 series,
Oakton,Vernon Hills, IL, USA). The pails were ﬁlled from the same reservoir, therefore
deviations in pH were due to diﬀerences in fertilizer composition and were left
unadjusted prior to treatment for the course of this experiment.
This process was repeated at the end of the greenhouse trials with the same
procedure, the only diﬀerence being replacement of the combination UV LAMP-AOP
OWL-AOP Bulb with swapping the OWL sensor lenses. The solution parameters for this
experiment are found in Table 2.4. Comparison of the mean output at ten minutes
between the two trials was performed using a parametric non-paired two-tailed T-test,
the mean diﬀerence between 2 and 10 minutes was analyzed in the same manner. Data
analysis was performed using Prism 6 (Ver 6, La Jolla, CA, USA)
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Table 2.2: Nutrient solution composition used for the first part swap experiment. Deionized water
(20L) was added to plastic pails and mixed with 20-8-20 + micronutrient fertilizer at a rate of 0.5 g L 1
.

Parts

UV Ballast

AOP Ballast

UV Ballast

AOP Ballast

UV Ballast

AOP Ballast

UV Ballast

AOP Ballast

Combinatio

UV OWL

AOP OWL

UV OWL

AOP OWL

AOP OWL

UV OWL

AOP OWL

UV OWL

UV Bulb

AOP Bulb

AOP Bulb

UV Bulb

UV Bulb

AOP Bulb

AOP Bulb

UV Bulb

n

EC

719

735

706

678

679

709

688

683

pH

5.67

5.68

5.72

5.68

5.70

5.76

5.77

5.77

Temp (˚C)

23.5

24.1

25.4

24.4

26.2

26

25.1

25.3

Table 2.3: Nutrient solution composition used for the second part swap experiment. Deionized water
(20L) was added to plastic pails and mixed with 20-8-20 + micronutrient fertilizer at a rate of 0.5 g L 1
.

Parts

UV Ballast

AOP Ballast

UV Ballast

AOP Ballast

UV Ballast

AOP Ballast

UV Ballast

AOP Ballast

Combinatio

UV OL

AOP OWL

UV OWL

AOP OWL

AOP OWL

UV OWL

AOP OWL

UV OWL

UV Bulb

AOP Bulb

AOP Bulb

UV Bulb

UV Bulb

AOP Bulb

AOP Bulb

UV Bulb

n

EC

868.1

794.3

827.9

901.7

910.3

827.9

968.33

911.3

pH

5.67

5.69

5.72

5.68

5.7

5.76

5.77

5.77

Temp (˚C)

23.5

24.1

25.4

24.4

26.2

26

25.1

25.3
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Table 2.4: Guaranteed minimum nutrient content of the 20-8-20 dye free fertilizer used for the trials
(20-8-20 Dye Free, Plant Prod, Brampton, ON Canada).

Element

Grams of element per gram of fertilizer
mix

Total Nitrogen (N)

0.2

Nitrate

0.122

Ammoniacal Nitrogen

0.078

Urea Nitrogen

0

Phosphoric Acid (P2O5)

0.08

Soluble Phosphorus (P)

0.034

Soluble Potash (K2O)

0.2

Soluble Potassium (K)

0.166

Calcium (Ca)

0

Magnesium (Mg)

0.0015

Chelated (Fe)

0.001

Chelated Manganese (Mn)

0.0005

Chelated Zinc (Zn)

0.0005

Chelated Copper (Cu)

0.0005

Boron (B)

0.0002

Molybdenum (Mo)

0.00015

EDTA (Chelating Agent)

0.0124
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2.3.6 Ozone Systems Validation
The prototype greenhouse set-up was thoroughly washed before each run of the
trial with DI water and a 3% bleach solution to prevent contamination between trials.
Tote reservoirs (121L) were ﬁlled to a volume of 60L with DI water for each run of the
trial to replicate the volume used for planned plant growth trials. The targeted
composition of the irrigation solution for each run of the trial is shown in table 2.4.
Irrigation solution was composed of DI water, fertilizer, and glyphosate as presented in
Table 2.5. The fertilizer composition is presented in Table 2.2 and the nutrient solution
composition is presented in Table 2.3. Once prepared, the irrigation solutions were
circulated for 5 minutes by activating the pumps on each bench. The air compressor
and ozone treatment system were also turned on and allowed to warm up during this
time. After 5 minutes, ozone treatment was connected to the venturi and the ozone
generator was activated. Ozone concentrations were sampled from the sampling port
directly upstream from the venturi one minute after activation and every ﬁve minutes
thereafter until an ozone concentration of 0.5mg L-1 was observed. Ozone samples
were measured using a handheld DR/890 colorimeter and Accuvac High-Range Ozone
Ampules (HACH, Loveland, CO, USA). Once an inline ozone concentration was
detected, ozone was sampled from the reservoir every 5 minutes until a reservoir
concentration of 0.4mg L-1 was recorded.
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Table 2.5: Composition of the irrigation solutions used to validate the ozone system used in the
prototype greenhouse. The solutions were prepared to a volume of 60 litres in 121L tote reservoirs
using deionized water

Run

DI Water
(L)

Fertilizer

Glyphosate
stock
added
(mL)

Grams of
active
ingredient
per litre

pH

EC (µS)

1a

60

0

0

0

5.93

5.74

1b

60

0

0

0

5.94

2.31

2a

60

30

0

0

6.07

635

2b

60

30

0

0

5.94

739

3a

60

0

7.5

0.0625

5.47

195

3b

60

0

15.5

0.1291

5.42

395
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2.4

Results

2.4.1 UV Validation
The results for the ﬁrst UV systems validation experiment are shown in Table 2.6
and results for the second are presented in table 2.7.
The average output of the treatment systems during the ﬁrst experiment was
75.9 ± 4.5 mJ • cm−2 s−1 for the system on the UV bench and 80.5 ± 8.6 mJ cm−2 s−1 for
the system on the AOP bench. The decision was made to swap the OWL sensors for
further trials and then replace the OWL bulbs prior to trials involving both plants and
herbicides (Chapter 5).
The average output of the treatment systems during the second experiment was
114.1 ± 16.3 mJ cm-2 s−1, 110.25 ± 14.8 mJ cm−2 s−1 for the system on the UV bench
and 118.0 ± 16.8 mJ cm−2 s−1 for the system on the AOP bench. The results for the
second part swap experiment show that new bulbs inﬂuenced the UV output of our
systems. The mean output of the systems was signiﬁcantly higher after installing the
new bulbs F(7, 7) = 4.773, (p=0.0008); however, no signiﬁcant diﬀerence was noted in
the average increase over the observation period F(7, 7) = 2.316, (p=0.0746).
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Table 2.6: UV output from the treatment systems was observed while swapping combinations of
parts pairwise to observe if any major diﬀerences were apparent. The output was measured for 10
minutes at two minute intervals while treating irrigation solution composed of 20L deionized water
and 10g 20-8-20 + micros. The average output as well as the diﬀerence between the initial and ﬁnal
reading is presented below each set of measurements

Parts
Combination
Time (min)
2
4
6
8
10
Average
Difference
(2min to 10 min)
Parts
Combination
Time (min)
2
4
6
8
10
Average
Difference
(2min to 10 min)

UV Ballast
UV OWL
UV Bulb

UV Ballast
UV OWL
AOP Bulb

UV Ballast
AOP OWL
UV Bulb

UV Ballast
AOP OWL
AOP Bulb

74
79
82
88
87
82

72
76
75
78
79
76

70
73
77
80
81
76

64
69
72
70
72
69.4

13

5

11

8

AOP Ballast
AOP OWL
AOP Bulb

AOP Ballast
AOP OWL
UV Bulb

AOP Ballast
UV OWL
AOP Bulb

AOP Ballast
UV OWL
UV Bulb

69
73
75
77
78
74

82
80
82
84
84
82

66
70
74
74
76
72

88
92
96
98
98
94

9

2

10

10
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Table 2.7: UV output from the treatment systems was observed while swapping combinations of
parts pairwise to observe if any major diﬀerences were apparent. The output was measured for 10
minutes at two minute intervals while treating irrigation solution composed of 20L deionized water
and 10g 20-8-20 + micros. The average output as well as the diﬀerence between the initial and ﬁnal
reading is presented below each set of measurements.

Parts
Combination
Time (min)
2
4
6
8
10
Average
Difference
(2min to 10 min)
Parts
Combination
Time (min)
2
4
6
8
10
Average
Difference
(2min to 10 min)

UV Ballast
UV OWL
UV Bulb

UV Ballast
UV OWL
AOP Bulb

UV Ballast
AOP OWL
UV Bulb

UV Ballast
AOP OWL
AOP Bulb

95
101
105
105
108
103

88
92
97
98
97
94

84
91
86
100
101
94

127
134
135
135
135
133

8

11

17

8

AOP Ballast
AOP OWL
AOP Bulb

AOP Ballast
AOP OWL
UV Bulb

AOP Ballast
UV OWL
AOP Bulb

AOP Ballast
UV OWL
UV Bulb

105
115
117
127
124
117

119
132
135
135
135
131

107
11
123
123
123
117

85
87
88
87
90
87

11

16

10

5
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2.4.2 Ozone Validation
The results of the ozone validation trial are presented in Table 2.8. Addition of
>1.25mL L of glyphosate solution to the irrigation reservoir produced substantial
foaming when passed through the ozone systems, likely due to the venturi’s pneumatic
injection of ozone. Ozone breakthrough was found at the 5 minute sampling point in
deionized water and before 30 minutes for the standard irrigation solution containing
fertilizer (Table 2.8). This rate of breakthrough was acceptable for use as an in-line
greenhouse irrigation water treatment system.
Addition of glyphosate to the irrigation solution prevented the formation of an
ozone residual. Over 6 of hours of treatment did not lead to any measurable ozone
concentration in the water. Ozone was detected in amounts less than 0.15 mg L −1
during the ﬁrst hour of application to the solution but was not detected thereafter (data
not shown).
After this duration, it was deemed unreasonable to continue treatment of the
irrigation solution due to cost/beneﬁt concerns and large amounts ozone gas escaping
the solution. In a commercial production environment, excessive oﬀ gassing puts crops
at risk of physiological and metabolic damage, therefore this was chosen as the
stopping point for this experiment.
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Table 2.8: Deionized water alone, with fertilizer, and with Roundup was treated with the ozone
treatment systems on the O3 and AOP benches. Ozone concentration at the emitter and in reservoirs
was measured 1 minute after initiation of treatment and every 5 minutes thereafter until a
concentration of at least 0.4 mg L-1 was found.
Run

Water

EC

Breakthrough

Concentration

Breakthrough

Concentration

(µS)

Time @

Measured @

Time @

Measured @

(L)

Emitter

Breakthrough

Reservoir

Breakthrough

60

5.93 5.74 1 min

>1.65 mg L-

5 min

1.20 mg L-1

5 min

1.19 mg L-1

25 min

0.41 mg L-1

20 min

0.52 mg L-1

Vol

1a – DI

pH

1

1b – DI

60

5.94 2.31 1 min

>1.65 mg L1

2a –

60

6.07 635

1 min

DI+Fert
2b –

1

60

5.94 736

1 min

DI+Fert
3a –

>1.65 mg L>1.6 5mg L1

60

5.47 195

N/A

0.00 mg L-1

N/A

0.00 mg L-1

60

5.42 395

N/A

0.00 mg L-1

N/A

0.00 mg L-1

Roundup
3b –
Roundup
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2.5

Discussion
The output of the systems on both benches became more constant beginning at

6 minutes and had only slight variations after 8 minutes. This period of time was used in
further trials; a warm up curve of 10 minutes was applied before irrigation solutions were
applied to crops. Occasional decreases in UV output were observed before ﬁve minutes
in the warm up cycle but not later. This decrease may be explained by either
homogenization of the irrigation solution or another unknown inﬂuence such as
electrical input fluctuations. The signiﬁcant increase in UV output discovered after
replacing the bulbs suggested that each bulb should be tested thoroughly and that UV
bulbs must be regularly tested and replaced. Lesser variation in UV output was
observed after installing new bulbs - the largest diﬀerence between parts during the
second trial was due to switching the OWL sensors. This change was proportional in
magnitude for both systems. This suggested that although the absolute value shown on
the OWL sensors was diﬀerent, measuring the relative change over time using the
sensors was reliable. A reliable actinometric methodology, such as the one described
by (Rahn, 1997), would have been a way to ensure reliable measurements of the
absolute UV output of our systems.
The UV radiation dose applied was in accordance with manufacturer standards (Table
2.1). Literature regarding the UV dose applied to a ﬂowing system and its relationship to
the systems ﬂow rate is sparse and must generally be performed on a case-by-case
basis. Using the equation described by Summerfelt et. al., 2003 [Eq-2.1], one could
reason that a constant UV intensity, vessel size, and transmittance factor would provide
for a linear relationship between UV dose and ﬂow rate.
𝑉𝑣𝑒𝑠𝑠𝑒𝑙

𝑈𝑉 𝑑𝑜𝑠𝑒 = (𝑈𝑉 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦)(𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒)(Transmittance factor)

[Eq. 2.1]

Plotting a line of best ﬁt through the expected doses provided by the manufacturer
places the system average output with fresh bulbs close to what linear trend would
suggest but less than an exponential one would (Figure 2.9). Correcting for ﬂow rate,

53
this UV output observed from both systems was well above recommended ﬂuence for
wastewater treatment and was therefore satisfactory for our research purposes (WHO,
2017).

Figure 2.9: Manufacturer expected UV radiation doses applied by the GA-UV6s system
with the mean UV output of the systems on the UV (blue) and AOP (green) bench for
the second part swap experiment.

Due to the large volumes of water and the toxicity of the glyphosate mixture, the
ozone trial was only run once. It was clear from the results that addition of fertilizer
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increased the ozone breakthrough time, though addition of the Roundup mixture
increased the breakthrough time by a much larger time. A study performed by Assalin et
al. 2010 demonstrated that 14mg/L of ozone with a contact time of 30 minutes was able
to remove 80% of glyphosate spiked at a concentration of 16.9 mg L -1 or a roughly 1:1
ratio of removal of glyphosate from solution. Extrapolating from the ozone
concentrations seen in the DI water only test (Table 2.8), we expected to apply 14mg L -1
of ozone per hour. After 6 hours, residual ozone concentrations were not detected,
which indicated that a commercial formulation of glyphosate (Roundup® or otherwise
which contains surfactants) was more difficult to manage with ozone treatment alone
than a pure glyphosate challenge. The study by Assalin et al. also indicated that the
reaction time of ozone with AMPA at pH 6.5 was very slow, which should have reduced
ozone demand in our system as glyphosate was broken down over time. From these
observations, it is clear that the sizing of the treatment system was not the issue.
Longer contact time and solution that has been pretreated for foaming with methods
such as coagulation with FeCl3 (Aboulhassan et al. 2006) or filtration with activated
carbon (Kaleta and Elektorowicz, 2012).
Presence of glyphosate in the solution >0.0075mL L −1 prevented the OWL
device from receiving any UV dose, indicating that the UV radiation did not transmit
through the foamy irrigation solution. At this concentration, it is not recommended to
treat water polluted with surfactants with an AOP system as a means of in-line
treatment. The lack of detectable UV transmission across the chamber coupled with a
lack of ozone residual formation, prevented any chance of a true AOP being established
under the aforementioned conditions. The fact that the ozone and UV output were
consumed before they had a chance to interact necessitated a manner of dealing with
foaming substances that was not incorporated in our setup. This did however provide
the opportunity to examine whether application of the two systems at the same time,
regardless of their successful interaction before meeting the target contaminant
solution, was more successful than either one alone. Despite the increased energy
applied to remediating the irrigation solution, knowledge regarding speciﬁc
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decomposition by-products which may be formed and cause harm to greenhouse crop
species due to combination UV/ozone treatment is lacking in the literature.
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3

Use of O3/UV based AOPs to Maintain Recirculated
Horticultural Wastewater

3.1

Introduction
Common pollutants of municipal and groundwater in proximity to urban centers

include toluene, benzene, pharmaceuticals (analgesics, hormones, etc.), napthols,
phenols, herbicides, and pesticides (Huber et al., 2003; Krishnan 2017). These
substances are phytotoxic and may have detrimental results when applied to
greenhouse crop species if they are present in source water and left untreated. Bench
scale testing of ozone/UV AOP systems has shown promise in a tightly controlled lab
setting; ability to treat leachates from wineries, landﬁlls, and other industrial applications
have been demonstrated (Lucas et al., 2010; Melero et al., 2011; Selma et al., 2008;
Wu et al., 2004). To further this research, it is important to test if these technologies are
effective when employed in vivo in a greenhouse setting.
Experimentation by several parties has conﬁrmed that ozone treatment of the
irrigation solution prior to application to a crop species does not necessarily result in
detrimental eﬀects (Graham et al., 2009; Graham et al., 2011; McDonald 2007). As
ozone is more phytotoxic in the gaseous state than in an aqueous state, conversion of
O3 to OH⸰ prior to dissolution may offer increased protection from ozone escaping the
irrigation solution (Graham 2001). The increased rate of breakdown of O3 in AOP
systems increases oxygenation of the irrigation solution in point source applications,
which in turn may aﬀord increased protection from root-zone pathogens such as
pythium (Cherif et al., 1997; Yafuso and Fisher, 2017). This additional oxygen is applied
in tandem with any feed gas not converted to O 3.
Large scale applications of AOP are infrequent due to costs involved in
retroﬁtting commercial greenhouses with newer and less well vetted technology. Based
on this, our investigation sought to examine how AOP treatment systems functioned in a
commercial greenhouse setting. Growth trials involving common high value ﬂoriculture
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crops and using AOP technology as an irrigation solution maintenance system in
hydroponic systems would provide a starting point for scientists and growers who wish
to further study this system.

3.2

Objectives
The use of AOP systems as an in-line irrigation water treatment is not well

documented in the literature, particularly at the commercial scale. The prototype
greenhouse test-bed designed and built in the BRGC (Chapter 2) was used to facilitate
two plant production trials that were in part representative of commercial greenhouse
production. This study was undertaken to:


Determine the potential phytotoxicity of AOP systems for use in a greenhouse
setting as an in-line irrigation water treatment method



Measure the effects of AOP systems in maintaining water quality, in a
commercial greenhouse setting, compared to both of its components and a
control
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3.3

Materials and Methodology

A production testbed was constructed in the Bovey Research Greenhouse
Complex (BRGC) that included all three treatment systems (Ozone, UV, Ozone/UV
AOP). Treatment systems were provided by our commercial partners (Tersano Inc,
Windsor, Ont.; Natures Greenway, Guelph, Ont.). A complete description of the systems
and their operation was detailed in Chapter 2 and components list is provided in
Appendix I. A description of the function and operation of the systems during plant
growth trials is detailed in the following section and describes the irrigation solution
conditions, sampling protocols, plant maintenance protocols, data collection, and
analysis.
3.3.1 Plant Material
A six-week plant growth trial for Begonia x heimalis and a 12 week trial for
Gerbera jamesonii was conducted, mimicking conditions employed in a typical Ontario
greenhouse. Begonia x heimalis cuttings and Gerbera jamesonii plugs were procured
from a local nursery at an age of 6 weeks after cutting. Plants were transplanted into
11.5cm (4.5”) plastic pots applying 15 L of water per 80 L bag of potting soil and
transferred to the BRGC, ten per trough for a total of 160 plants (40 per treatment
group). Environmental, media, and growing conditions are presented in Table 3.1.
3.3.2 Irrigation Regime
Prior to irrigation, the volume, EC, pH, dissolved oxygen, and temperature status
of all the reservoirs was recorded using a handheld meter (Oakton pH/Con 300 series,
Oakton, Vernon Hills, IL, USA). The pH was then adjusted using 1M HNO 3 or 1M KOH
as required to 6.0±0.2 and recorded. The bypass conduit under all of the benches was
opened to enable circulation between treatment systems and their respective reservoir,
bypassing the benches (Figure 2.3). The power to the UV lamps and ozone corona
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chambers was disconnected to allow circulation of the irrigation solution without
treatment. The air feed valves to the ozone machines were completely opened to allow
for the ambient air intake rate or “natural ﬂow rate” to be found once the systems were
activated. The systems were activated and allowed to run for 5 minutes with treatment
systems deactivated to ensure homogenization of the irrigation solution. After 5
minutes, the systems were powered down and the treatment components were quickly
connected. This consisted of plugging in the corona chamber of the ozone generator
and switching on the UV ballast.
Table 3.1: Environmental Conditions employed during the Begonia x heimalis and Gerbera
jamesonii plant production trials.

Location:

Bovey Research Greenhouse (43˚31’36.9” N 80˚13’43.0”
W)

Greenhouse Conditions
Floor Space - 50m2

Size

Bench Space – Four benches at 5m2
Temperature

Day 23 ± 1 ˚C
Night 18 ± 1 ˚C

Max Relative Humidity

75%

Lighting

Natural Light

Media Conditions
Potting Substrate

Sunshine mix LA4 (Sungro Horticulture, Agawam, MA,

Soil pH

USA

Soil EC (mS/cm)

6 ± 0.5
1.125 ± 0.375

The systems were reactivated for another 10 minutes in accordance with the UV
warm up curve observed in Chapter 2 (Table 2.6, 2.7). The air feed valves of the ozone
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machines were closed brieﬂy while the oxygen concentrator was attached to ozone
machines and set to 5% below the natural ﬂow rate. This brief close avoided overpressurizing the ozone system with the oxygen concentrator, as one could open the
ozone air feed valve while simultaneously tightening the oxygen concentrator
attachment. After 10 minutes of warming up, the systems were powered oﬀ and the
bypass valves were closed in order to open ﬂow to the troughs.
The systems were powered on again and the ﬂow rate for each system was set
to 680mL min-1 per emitter, determined volumetrically. Plants were irrigated at this rate
for 30 minutes. The ozone concentration was sampled at 0- and 15-minutes during
irrigation at the outlet of the ozone machines. Ozone samples were measured using a
handheld DR/890 colorimeter and Accuvac High-Range Ozone Ampules (HACH,
Loveland, CO, USA). The UV dose was recorded from the OWL sensor at 0, 5, 10, and
15 minutes during irrigation. After the irrigation was complete, the EC, pH, dissolved
oxygen, and temperature of the reservoirs were recorded.
3.3.3 Data Collection
Plant height, number of leaves, number of ﬂowers, and number of buds were
measured weekly. At six weeks for Begonia x heimalis and twelve weeks for Gerbera
jamesonii, the trial was terminated and the plant material was harvested. Floral tissue
was excised from the shoot using a razor blade. The remaining shoot was then
removed and the leaves separated and set aside. Gerbera jamesonii leaf area was
assessed with a leaf area meter (3100C, LI-COR Biosciences, Lincoln, NB, USA) and
each tissue type was then weighed using a balance (3862MP8/8-1, Sartorius,
Gottingen, GER) The plant matter was then placed in brown paper bags and placed in a
drying oven at 55°C until a constant mass was reached. The dried plant matter was
then reweighed, using the same balance, for dry mass measurements.
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3.3.4 Experiment Design & Data Analysis
For the Begonia x heimalis crop, the plant height, number of leaves, number of
ﬂowers, number of buds, the dry mass of reproductive tissue and primary root length
was analyzed using a two-factor analysis of variance (ANOVA) (appendix II). For the
Gerbera jamesonii crop, the radius, number of leaves, number of buds, number of
flowers as well as dry weight of reproductive tissue was analyzed used a two-factor
analysis of variance (appendix II). For these analyses, treatment and block (taken from
the limited RCBD) were used as the factors. Due to missing samples, the dry weight of
the shoot tissue for the Begonia x heimalis and Gerbera jamesonii trials was analyzed
used a repeated measures ANOVA (Appendix II). This was chosen because the
statistical software used treats blocks and repeated measures the same mathematically
but allows pre-averaged means from the blocks as a work around to missing values.
Means of the treatment groups were compared using Tukey’s post hoc analysis. Type
one error rate was set at 5%. Analysis and graph plotting were performed using Prism
GraphPad (Ver 6, La Jolla, CA, US).
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3.4

Results

3.4.1 Begonia x heimalis Growth Trial
Begonia plants were successfully grown for the duration of the trial and no
incidence of disease, pests or nutrient issues was found during the course of the plant
production trial (Figure 3.1).
A significant effect due to treatment was found when assessing plant height
(p=0.0050), however the bench and interaction between treatment and bench factors
was not significant (p=0.7051, p=0.1272) (Figure 3.2). The mean of the O3 treated group
was signifcantly lower than the control and UV group but did not differ from the AOP
group.
When assessing flower number, bench (p=0.0196) and treatment (p=0.0062) but
not the interaction between the two (p=0.2296) had a significant effect. The AOP treated
group had signifcantly more flowers than the control and O3 groups but did not differ
from the UV group (Figure 3.3).
No significant differences were found when examining the number of leaves or
number of buds (Figure 3.4, 3.5).
Mass of shoot tissue between the treatment groups was not significantly different
(p=0.4124) (Figure 3.6). Dry weight of reproductive tissue was significantly affected by
the different benches (p=0.0027) but not by treatment (p=0.0950). No significantly
differences were found between the means of the treatment groups (Figure 3.7)
The bench (p=0.0090) and treatment (p=0.0005) as well as their interaction
(p=0.0048) were significant sources of variation when looking at length of the primary
root. The mean length for the AOP group was significantly longer than all the other
treatment groups (Figure 3.8).
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Figure 3.1: Freshly transplanted Begonia x heimalis cuttings in the prototype greenhouse testbed
on the ﬁrst day of treatment
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Figure 3.2: Average height of Begonia x heimalis plants grown for 6 weeks using subirrigation and
treating the water with either UV, O3, AOP or control systems in a prototype hydroponic greenhouse
setup. Treatment groups are presented as the mean ± SEM; treatment groups with the same letter
are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.3: Average number of ﬂowers of Begonia x heimalis plants grown for 6 weeks using
subirrigation and treating the water with either UV, O 3, AOP or control systems in a prototype
hydroponic greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.4: Average number of Buds of Begonia x heimalis plants grown for 6 weeks using
subirrigation and treating the water with either UV, O3, AOP or control systems in a prototype
hydroponic greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.5: Average number of leaves of Begonia x heimalis plants grown for 6 weeks using
subirrigation and treating the water with either UV, O 3, AOP or control systems in a prototype
hydroponic greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.6: Average mass of dry matter of the above ground vegetative portion of Begonia x heimalis
plants grown for 6 weeks using subirrigation and treating the water with either UV, O 3, AOP or
control systems in a prototype hydroponic greenhouse setup. Treatment groups are presented as
the mean ± SEM; treatment groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.7: Average mass of dry matter of reproductive tissue (ﬂowers and buds) of Begonia x
heimalis plants grown for 6 weeks using subirrigation and treating the water with either UV, O 3, AOP
or control systems in a prototype hydroponic greenhouse setup. Treatment groups are presented
as the mean ± SEM; treatment groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.8: Root length of Begonia x heimalis plants grown for 6 weeks using subirrigation and
treating the water with either UV, O3, AOP or control systems in a prototype hydroponic greenhouse
setup. Treatment groups are presented as the mean ± SEM; treatment groups with the same letter
are not signiﬁcantly diﬀerent at (p≤0.05).
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3.4.2 Gerbera jamesonii Growth Trial

Were successfully grown for the duration of the trial and no signiﬁcant diﬀerences
were noted between the means of any of the metrics that were measured (Figure 3.9)
(Table 3.3).

Table 3.3: Metrics and figures list for the gerbera trial

Metric

Figure Number

Diameter

3.10

Number of flowers

3.11

Number of buds

3.12

Number of leaves

3.13

Leaf area

3.14

Dry matter of shoot tissue

3.15

Dry matter of flowers and buds

3.16
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Figure 3.9: Representative Gerbera jamesonii plant from the AOP group at 10th week of treatment.
Commercially relevant diﬀerences were not found between the metrics measured during the plant
production trials. Two plants out the 160 transplanted did not survive until harvest, otherwise the
remaining plants were healthy, free of pests and disease, and uniform among the treatment groups.
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Figure 3.10: Average diameter of Gerbera jamesonii plants grown for 12 weeks using subirrigation
and treating the water with either UV, O3, AOP or control systems in a prototype hydroponic
greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment groups with the
same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.11: Average number of ﬂowers of Gerbera jamesonii plants grown for 12 weeks using
subirrigation and treating the water with either UV, O 3, AOP or control systems in a prototype
hydroponic greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.12: Average number of buds of Gerbera jamesonii plants grown for 12 weeks using
subirrigation and treating the water with either UV, O 3, AOP or control systems in a prototype
hydroponic greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).

76

Figure 3.13: Average number of leaves of Gerbera jamesonii plants grown for 12 weeks using
subirrigation and treating the water with either UV, O 3, AOP or control systems in a prototype
hydroponic greenhouse setup. Treatment groups are presented as the mean ± SEM; treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.14: Leaf area of Gerbera jamesonii plants grown for 12 weeks using subirrigation and
treating the water with either UV, O3, AOP or control systems in a prototype hydroponic greenhouse
setup. Treatment groups are presented as the mean ± SEM; treatment groups with the same letter
are not signiﬁcantly diﬀerent at (p≤0.05).
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Figure 3.15: Average mass of dry matter of the above ground vegetative portion of Gerbera
jamesonii plants grown for 12 weeks using subirrigation and treating the water with either UV, O 3,
AOP or control systems in a prototype hydroponic greenhouse setup Treatment groups are
presented as the mean ± SEM; treatment groups with the same letter are not signiﬁcantly diﬀerent
at (p≤0.05).
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Figure 3.16: Average mass of dry matter of reproductive tissue (ﬂowers and buds) of Gerbera
jamesonii plants grown for 12 weeks using subirrigation and treating the water with either UV, O 3,
AOP or control systems in a prototype hydroponic greenhouse setup. Treatment groups are
presented as the mean ± SEM; treatment groups with the same letter are not signiﬁcantly diﬀerent
at (p≤0.05).
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3.5

Discussion
The differences in growth metrics found during both the Begonia x heimalis and

Gerbera jamesonii trial were minor in terms of economic significance. No signiﬁcant
diﬀerences among the means of observed variables were found during the Gerbera
jamesonii growth trial. Healthy, marketable plants were produced by each of the
systems. No incidence of pests, disease of nutrient deficiency was observed in any of
the treatment groups. This is reassuring to growers as it demonstrates that the
treatment systems are not harmful to crop health during the course of a growth cycle.
The extended trial period employed for the Gerbera jamesonii trial allowed us to
examine eﬀects of the treatment systems over a longer period. This longer production
trial did not see any major nutrient deﬁciencies/toxicity or infection by microbial
pathogens.
It is unclear why the Begonia x heimalis treated with AOP irrigation solution
resulted in higher ﬂower number while having a similar dry mass to other treatment
groups. Possible explanations include AOP interaction with the nutrient solution
(reducing available nutrients for uptake) and high oxygen concentration (provoking a
stress response) at the root zone (Zheng et al. 2007). Having smaller but more
numerous ﬂowers may be favorable to some growers if customer preference is for more
ﬂowers on a single plant rather than larger ﬂowers.
Burgess et al., 2008 demonstrated that hypoxic conditions in the rootzone led to
reduced growth, larger taproot structures in the AOP group may be in the inverse of this
phenomenon. If this is the cause, it is unclear why the O 3 treatment group did not
respond in the same way. The shoot and reproductive mass of the AOP plants was not
larger than the other groups, indicating that this was not the result of overall plant
growth but growth in the rootzone.
Consumption of the majority of aqueous ozone by the time it had reached the
reservoir in the O3 system indicated that ozone was interacting and being consumed by
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components of the growing medium and irrigation solution. A measurement which was
not examined during the course of the experiment which may have added insight to the
ﬁndings was the rate of ozone consumption at various points between the emitter and
the reservoir along the trough, or ozone consumption rate per number of plants along
the trough. Growing media was occasionally washed from the bottom of the plant pots
and traveled down the trough to the reservoir. Due to the modular construction of the
trough drains cleaning was not a diﬃcult practice, though it is acknowledged that media
in the irrigation stream likely aﬀected ozone residual levels in the reservoir.
Precautions were taken to keep the plants a safe distance from the emitters to
prevent foliar ozone damage due to off-gassing at the point of trough entry. A distance
of 5cm was enough to prevent damage to any plants in the O 3 treatment group. A large
carbon filter was run in the greenhouse during irrigation to circulate air and prevent
pooling of ozone at the emitters. The air movement prevented ozone from pooling at the
emitters though this may have inadvertently applied gaseous ozone to adjacent troughs.
A limitation of the study we conducted was that we were not able to eﬃciently control
the exposure of atmospheric gases to which each treatment group was exposed; if the
study were repeated plastic sheets could be used to separate the troughs in order to
isolate this effect.
Typical crop losses in a commercial greenhouse are not publicly reported - as
such it is hard to compare the mortality rates of plants in our study to those of
commercial crop production settings. No plants died during the course of the plant
growth trials and no incidence of microbial contamination was discovered among plant
material or in treatment system reservoirs. Two Gerbera jamesonii plants died between
transplanting, randomization of the plants and the initiation of the trial. Testing for
common greenhouse pathogens did not return a cause for plant death.
The results from these two growth trials suggested that AOP does not reduce the
quality or productivity of plants when used to produce greenhouse potted ﬂowers if
proper precautions are taken to prevent iron and manganese deﬁciencies caused by
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interactions with the AOP system. An upper safety threshold for dissolved oxygen is
also advised under prolonged treatment. With proper cultural management, AOP
assisted greenhouse crop production appears to be highly successful at producing
plants of high quality
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4

Lemna minor Bioassay using UV/Ozone/AOP treated
irrigation water

4.1

Introduction
Regardless of where growers get their water, be it municipal sources, lakes,

rivers, ponds, wells, or rain catchments, there is a reasonable possibility that the water
could contain contaminants including pesticides, herbicides, growth regulators,
hormones, plasticizers, and other compounds which may retard plant productivity
(Richardson 2006). Employing water treatment technologies aimed at managing these
potential contaminants is a prudent measure for modern greenhouse operators.
The next step in ascertaining the viability of AOPs in protecting horticultural crops
is to observe the health of a surrogate test organism commonly used for aquatic
toxicology, Lemna minor (OECD Guidelines for Lemna Testing), when exposed to
irrigation water dosed with common pollutants and treated with AOPs. Lemna spp. are
routinely used in aquatic toxicology bioassays as they are aquatic vascular plants with a
short generation time that are generally quite susceptible to aqueous contaminants
(OECD Guidelines for Lemna Testing).
Chemical toxicity is often approximated using information acquired under lab
settings using model organisms – data speciﬁc to required species is often sparse. The
eﬀects of sub-ﬁeld application rates of these substances on common horticultural crops
is under-reported in the literature due to the majority of testing focusing on factors
beneﬁcial to crop production.
It was found in the system validation experiments presented in Chapter 2 (Table
2.8) that the ozone treatment systems in the greenhouse were not able to form a
residual concentration in the presence of high quantities of glyphosate. It is still of
interest to examine whether the treatment systems diﬀer in their ability to protect crops
from exposure to a chemical challenge.
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4.2

Objective
The following sections detail experiments which explored the ability of AOPs to

neutralize compounds containing glyphosate and paclobutrazol in recirculating irrigation
systems. The objective was to measure the effects, using a standard Lemna bioassay,
of irrigation solution containing glyphosate or paclobutrazol and treated with AOPs
compared to a control.
This objective was accomplished in two stages:
1. Find a dose of challenge which produces observable differences from the
control and leaves room for an intermediate value to be found
2. Apply this dose to the irrigation reservoirs, treat in the manner of a
standard irrigation cycle and culture in irrigation solution drawn from
treated emitters
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4.3

Materials and Methodology - Lemna Bioassay

4.3.1 Lemna growth and nutrient solution preparation
Lemna minor cultures were obtained from Dr. Mike Stasiak at the University of
Guelph and stored in refrigeration at 4°C. Commercially available stock solutions of
Roundup (Roundup Weathermax, Monsanto, St. Louis, MO, USA) and Bonzi® (Bonzi,
Syngenta, Basil, Switzerland) were obtained. For initial toxicity testing, the LC50 of the
tested chemicals as reported in the MSDS was veriﬁed using a serial dilution series of
each pesticide. Five replicates of each concentration of pesticide (0, 0.002, 0.004,
0.008*, 0.016 and 0.032 mg L-1 for Bonzi; 0, 6.25, 12.5*, 25, 50 and 100 ppm for
glyphosate; LC50 denoted by *) were cultured. The Lemna growth medium was
comprised of 100mL of autoclaved, DI water and 20-8-20 dye free fertilizer at a rate of
0.5g • L−1. Culture solution pH was adjusted to 6.0 ± 0.1 using 1M KOH or 1M HNO3.
Lemna were cultured in 250mL glass Erlenmeyer ﬂasks covered with aluminum foil.
Two Lemna at the two frond stage were transferred to each experimental unit and the
ﬂasks were re-covered. All tests were performed with a “static” procedure; nutrient and
contaminant concentrations were not altered once the test commenced (OECD Lemna
Testing Guidelines). The cultures were randomly assorted and incubated for 7 days at
25°C ± 1°, 24 hour photoperiod and 50 umol • m-2• s−1 PPFD. The incubator used was
the Innova 4340 shaker and illuminator (New Brundswick Scientific, Enfield, CT, USA).
Upon termination of the test, each experimental unit was assessed for the total number
of plants, number of fronds (total and average per plant), dry mass, and area covered
by the fronds.
A second experiment was conducted where the determined EC50 concentration
of pesticide was treated with the water treatment systems in the prototype greenhouse.
A generic 20L plastic reservoir was used in place of the 121L reservoirs used for the
growth trial in order to minimize chemical and water waste. Deionized water (20L)
containing 20-8-20 fertilizer at 0.5g L−1, yielding an EC of roughly 800+/100 uS, was
circulated through the UV, O3 and AOP systems. Three concurrent 100ml water
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samples were taken from the reservoir using 250ml Erlenmeyer ﬂasks 5 min after
commencing circulation. Roundup (at a rate of 12.5 mg L-1) or Bonzi® (at a rate of 0.016
mg L-1) was added to each of the three reservoirs after the ﬁrst water sample and after 5
minutes a second set of 100ml water samples were taken – providing a positive and
negative control set of Lemna culture solutions. After the negative control sample, the
UV lamps (UV, AOP) and ozone generator (O3, AOP) were activated. Ozone
concentration sampled at the port directly downstream from the generator were 2.0 ± 1
mg L−1. UV dose was estimated using the OWLs to be 240 mJ cm-2 s-1. Two more sets
of water samples were taken at 8 and 16 minutes following the activation of the water
treatment systems providing water samples that had been treated for approximately 1
and 2 passes through the treatment system respectively. Lemna minor was added to
each of the 100ml water samples and cultured under the conditions described above.
Each trial was replicated 3 times. Temperature, pH, EC, and ﬂow rate were monitored
prior to and throughout the course of the experiment using handheld meters (Oakton
pH/CON 300, Vernon Hills, IL, USA).
4.3.2 Experimental Design and Analysis
Placement of culture vessels in the incubator was randomized and the placement
was shuffled daily when the cultures were examined for issues (completely randomized
design). Total number of plants, number of fronds and frond area was calculated at the
termination of trial and recorded. One “plant” was counted as one or more fronds
connected by living or non-living tissue; number of fronds was counted by individually
counting all of the fronds on each Lemna in the culture. After counting number of plants
and fronds, cultures were photographed against a black background and with a ruler for
scale. The total frond area was measured using Image J (National Institute of Health).
Number of plants, frond number and frond area were analyzed using a one-factor
analysis of variance. Upon discovery of variance, means of the treatment groups were
compared using Tukey’s post hoc analysis. Type one error rate was set at 5%. Analysis
and graph plotting were performed using Prism (Ver 6, La Jolla, CA, US).
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4.4

Results

4.4.1 Roundup and Bonzi® Pretest
The typical eﬀects displayed by Lemna minor plants exposed to Roundup®
included bleaching of the fronds beginning at the edge, halted growth, and spontaneous
abscission. Lemna plants exposed to Bonzi® were smaller, darker green, and did not
separate into plantlets over the course of the trial.
Both Roundup® and Bonzi® application produced directly observable effects on
the Lemna cultures and the EC50 doses prescribed in the respective MSDS sheets
reduced the metrics measured by roughly half (Figure 4.1 – 4.6).
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Figure 4.1: Growth response (total number of plants, including initial plants) of Lemna minor to
progressively higher solution concentrations of a commercial glyphosate formulation over a seven
day incubation period. Average of the total number of plants in each vessel at the termination of the
trial is presented as a mean (n=5) and standard SEM. Treatment groups with the same letter are not
signiﬁcantly diﬀerent at (p≤0.05) using one-way ANOVA with Tukey’s post-hoc test. No error bar is
present at concentrations of 50 and 100 mg L-1 due to the fact that all repetitions contained exactly
4 plants at the termination of the trial period.
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Figure 4.2: Lemna minor were cultured in 100ml of deionized water and increasing concentrations
of commercial formulation glyphosate for seven days. Average of the total number of fronds in each
vessel at the termination of the trial is presented as a mean (n=5) and standard SEM. Treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05) using one-way ANOVA with
Tukey’s post-hoc test. No error bar is present at concentrations of 50 and 100 mg L-1 due to the fact
that all repetitions contained exactly 4 fronds at the termination of the trial period.

90

Figure 4.3: Lemna minor were cultured in 100ml of deionized water and increasing concentrations
of commercial formulation glyphosate for seven days. Average frond area covered by plants in each
vessel at the termination of the trial is presented as a mean (n=5) and standard SEM. Treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05) using one-way ANOVA with
Tukey’s post-hoc test
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Figure 4.4: Lemna minor were cultured in 100ml of deionized water and increasing concentrations
of commercial formulation Bonzi® for seven days. Average of the total number of plants in each
vessel at the termination of the trial is presented as a mean (n=5) and SEM. Treatment groups with
the same letter are not signiﬁcantly diﬀerent at (p≤0.05) using one-way ANOVA with Tukey’s posthoc test. No error bar is present at concentrations of 0.032 mg L-1 due to the fact that all repetitions
contained exactly 2 plants at the termination of the trial period.
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Figure 4.5: Lemna minor were cultured in 100ml of deionized water and increasing concentrations
of commercial formulation Bonzi® for seven days. Average of the total number of fronds in each
vessel at the termination of the trial is presented as a mean (n=5) and standard error. Treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05) using one-way ANOVA with
Tukey’s post-hoc test
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Figure 4.6: Lemna minor were cultured in 100ml of deionized water and increasing concentrations
of commercial formulation Bonzi® for seven days. Average frond area covered by plants in each
vessel at the termination of the trial is presented as a mean (n=5) and standard error. Treatment
groups with the same letter are not signiﬁcantly diﬀerent at (p≤0.05) using one-way ANOVA with
Tukey’s post-hoc test.
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4.5

Glyphosate Greenhouse Results
Lemna minor exposed to glyphosate exhibited chlorosis and severely stunted

growth (Figure 4.7). Treatment with UV radiation did not protect against the applied
chemical challenge for any of the observed metrics (Figure 4.8). Number of plants,
number of fronds, and frond area were significantly lower than the control and in the
case of number of plants, lower than the negative control (F (3, 32) = 14.26, P < 0.0001;
F (3, 32) = 6.023, P = 0.0023; F (3, 32) = 16.70, P < 0.0001). Number of fronds per
plant was higher for treated cultures versus the control and negative control (F (3, 32) =
3.783, P= 0.0198).
Number of plants in the O3 treatment group was equal to the control after 5 and
15 minutes of treatment (F (3, 32) = 4.886, P = 0.0066). The O3 group which received 5
minutes of treatment was not signiﬁcantly diﬀerent than the control in terms of number
of fronds; the group which received 15 minutes of treatment was not significantly
different than the negative control group(F (3, 32) = 3.583, P= 0.0244). Frond area was
comparable between the control and the 15 minute treatment group, however the 5
minute group was not significantly different from both controls (F (3, 32) = 8.044, P =
0.0004). The number of fronds per plant was even among all treatments (F (3, 32) =
0.5640, P = 0.6427)(Figure 4.9).
The AOP treatment was less conclusive, with growth responses intermediate to
that of the control and round up treated groups (Figure 4.10). The diﬀerence in number
of plants was not signiﬁcantly diﬀerent among any of the treatment groups - a larger
sample group would be required in further experiments as the positive and negative
control groups are not adequately diﬀerentiated (F (3, 32) = 2.283, P = 0.0978). The
number of fronds and frond area for the positive and negative control were significantly
different from one another however the treated groups were not different from either
control (F (3, 32) = 3.345, P = 0.0312; F (3, 32) = 5.489, P = 0.0037). The mean fronds
per plant was not significantly different for any of the groups (F (3, 32) = 2.754, P =
0.0585).

95

*

*

Figure 4.7: Lemna minor cultured in nutrient solution (A) without pesticide, (B) with glyphosate at
12.5mg L-1 and (C) with glyphosate at 12.5mg L-1 after 15 minutes of treatment with the AOP system.
Treatment with Roundup caused chlorosis at frond margins (*) before and after treatment, though
the effect was more pronounced in untreated solution
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Figure 4.8: Effect of UV treatment on plant number (a), number of fronds (b), frond area (c), and
fronds per plant (d) of Lemna minor cultured in Roundup® treated irrigation solution, drawn at
various time points during an irrigation cycle. Means and standard error were calculated from 9
samples, a,b,c denote statistical signiﬁcance according to one-way ANOVA with Tukey’s post-hoc
test (p≤0.05)
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Figure 4.9: Effect of O3 treatment on plant number (a), number of fronds (b), frond area
(c), and fronds per plant (d) of Lemna minor cultured in Roundup® treated irrigation
solution, drawn at various time points during an irrigation cycle. Means and standard
error were calculated from 9 samples, a,b,c denote statistical signiﬁcance according to
one-way ANOVA with Tukey’s post-hoc test (p≤0.05)
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Figure 4.10: Effect of AOP treatment on plant number (a), number of fronds (b), frond
area (c), and fronds per plant (d) of Lemna minor cultured in Roundup® treated irrigation
solution, drawn at various time points during an irrigation cycle. Means and standard
error were calculated from 9 samples, a,b,c denote statistical signiﬁcance according to
one-way ANOVA with Tukey’s post-hoc test (p≤0.05)
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4.6

Bonzi® Greenhouse Results
Application of Bonzi® to the irrigation solution resulted in more compact plants

that were less likely to divide into new plantlets (Figure 4.11). UV treatment was not
effective at mitigating the effects of Bonzi®. The average number of plants for treated
groups was lower than both the control and the negative control (F (3, 32) = 31.88, P >
0.0001). The average number of fronds and frond area of UV treated groups was lower
than the control and did not differ from the negative control (Figure 4.12) (F (3, 32) =
7.418, P = 0.0007; F (3, 32) = 9.176, P = 0.0002). Average number of fronds per plant
was higher due to plants growing new fronds but not dividing (F (3, 32) = 16.03, P <
0.0001)
For the O3 group, plant number was not significantly different from the negative
control after treatment was applied for 5 or 15 minutes (F (3, 32) = 40.88, P < 0.0001).
Number of fronds after 5 minutes of treatment was not significantly different than the
positive control, however 15 minutes of treatment resulted in a value intermediate to
that of the control and negative control (F (3, 32) = 23.02, P < 0.0001). Frond area was
not significantly different from the control after 5 minutes however it was not significantly
different from the negative control after 15 minutes of treatment (F (3, 32) = 33.42, P <
0.0001). Average number of fronds per plant after treatment was comparable or higher
than the negative control (F (3, 32) = 17.44, P < 0.0001) (Figure 4.13).
Plant number was signiﬁcantly lower for all AOP treatments compared to the
control (F (3, 28) = 59.13, P < 0.0001). The number of fronds and frond area was lower
than the control after both 5 and 15 minutes of treatment but above the negative control
(F (3, 28) = 19.43, P < 0.0001; F (3, 28) = 16.62, P < 0.0001). The number of fronds per
plant differed from the control and not the negative control after 5 minutes of treatment;
it did not differ from the control and differed from the negative control after 15 minutes of
treatment (F (3, 28) = 4.982, P = 0.0068) (Figure 4.14).
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Figure 4.11: Lemna minor cultured in nutrient solution (A) without pesticide, (B) with Bonzi® at 0.016
mg L-1 and (C) with Bonzi® at 0.016 mg L-1 after 15 minutes of treatment with the AOP system.
Treatment with Roundup caused chlorosis at frond margins (*) before and after treatment, though
the effect was more pronounced in untreated solution
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Figure 4.12: Effect of UV treatment on plant number (a), number of fronds (b), frond area (c), and
fronds per plant (d) of Lemna minor cultured in Bonzi® treated irrigation solution, drawn at various
time points during an irrigation cycle. Means and standard error were calculated from 9 samples,
a,b,c denote statistical signiﬁcance according to one-way ANOVA with Tukey’s post-hoc test
(p≤0.05)
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Figure 4.13: Effect of O3 treatment on plant number (a), number of fronds (b), frond area(c), and
fronds per plant (d) of Lemna minor cultured in Bonzi® treated irrigation solution, drawn at various
time points during an irrigation cycle. Means and standard error were calculated from 9 samples,
a,b,c denote statistical signiﬁcance according to one-way ANOVA with Tukey’s post-hoc test
(p≤0.05)
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Figure 4.14: Effect of AOP treatment on plant number (a), number of fronds (b), frond area (c), and
fronds per plant (d) of Lemna minor cultured in Bonzi® treated irrigation solution, drawn at various
time points during an irrigation cycle. Means and standard error were calculated from 9 samples,
a,b,c denote statistical signiﬁcance according to one-way ANOVA with Tukey’s post-hoc test
(p≤0.05)
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4.7

Discussion
The results of the Lemna pretest were in agreement with the outcome prescribed

in the OECD guidelines for Lemna testing; the frond area and plant number was
reduced by close to 50% for the groups applied pesticide before activation of treatment
during the greenhouse experiments (OECD Lemna Testing Guideline)(Figure 4.3, 4.6).
The observed effects of roundup on Lemna growth were similar to those described by
Sobrero et al. 2007, including reduced stipe length and chlorosis of fronds.
Though treatment with O3 and AOP systems appeared to protect against some of
the decrease in biomass due to the applied glyphosate, a phenotype of elongated
primary fronds and shortened growth of further fronds was apparent, suggesting
residual contamination after the initial 15 minutes of treatment. Similarly, diﬀerences in
the morphology of the Bonzi® experimental group after 15 minutes of treatment by O3
and AOP also suggested residual concentration. Bonzi® treated plants were less likely
to divide and had a high number of fronds per plant compared to the control group
(Figure 4.12, 4.13). Degradation of paclobutrazol leads to the formation of
chlorobenzene (Vaz et al., 2015). Chlorobenzene has been demonstrated to reduce the
growth of vascular plants exposed to it (San Miguel et al., 2012) and may be the cause
for Lemna dividing less even after treatment. Additional irrigation solution cycles through
the treatment systems may result in a higher degree of protection for the crops being
produced.
The experimental design did not incorporate the use of test groups which
examined the eﬀects of treated irrigation water on the growth of Lemna minor without
the addition of pesticide. While a comparison of growth metrics and phenotypic
milestones may be made between the control and treated plants, a causal relationship
was not demonstrated. To further solidify the results that O 3 and AOP systems may
provide protection to vascular plants from pesticides in a hydroponics system, it would
need to be demonstrated that the eﬀects of remediation hold true in the absence of a
chemical challenge.
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5

Remediation of Chemical Contaminant Challenges

5.1

Introduction
Growth of the ﬂoriculture and other industries, alongside increasing human

populations, bears a growing risk of environmental concerns due to mismanagement
and overuse of pesticides, growth regulators, and other chemical inputs. Growers in
proximity to urban and industrial centers must be cognizant of these concerns in order
to ensure the safety of their crops and mitigate environmental impact.
The culminating question posed by the previous investigations is thus: ”Given
that AOP systems appear to adequately support a healthy growth cycle in common
greenhouse crops and shows some promise in protecting Lemna minor against
chemical challenges in a standardized bioassay, will AOP systems be able to maintain a
healthy growth cycle for greenhouse crops in the event of a chemical challenge?”
Experiments performed in chapter 4 demonstrated that the eﬀects of glyphosate
and paclobutrazol containing formulations were reduced after treatment of the
contaminated irrigation solution with O3 and AOP. Complete remediation was not seen
by the ﬁrst and second pass of the irrigation solution through the treatment systems,
however there was recovery of some metrics measured during the Lemna experiments.
This observation prompted further investigation of whether commercial irrigation water
treated with O3 and AOP systems would aﬀord diﬀering ability to protect greenhouse
crops from chemically contaminated irrigation water.
Glyphosate was chosen over paclobutrazol as the effects of treatment with the
latter were not as readily observed. Additives are used in commercial glyphosate
formulations with the intention of extending the half-life of the applied chemical.
Additionally, glyphosate is more likely to be encountered as an unwanted contaminant
as Bonzi® is generally applied in a drench form as opposed to spraying. The glyphosate
mixture sold by Monsanto was reported to contain a combination of glyphosate salts,
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ethoxylated tallowamine surfactant, excess isopropylamine, and water (Tush et al.
2003).
Studies in which commercially valuable crops are exposed to environmental
contaminants within the production system are few; studies are more often performed
on model organisms (Lemna spp., Arabidopsis thaliana, etc.). Due to the ease of
measurement and clearly identifiable phenotype when exposed to glyphosate, Salvia
splendens was selected as the ornamental test crop. Bleaching of the leaves, stunting
of growth, and arrested reproductive development were hallmark observations of
glyphosate exposure that were assessed.
For the ﬁnal trial, an additional control was added to make the total number of
treatment systems ﬁve. This additional control system was added to act as a negative
control which helped to diﬀerentiate “no diﬀerence from the control” from ”no eﬀect of
treatment”. This was deemed more important in the ﬁnal trial as one could speculate
that diﬀerences in plant growth after challenge were due to variances in challenge
solution composition.

5.2

Objective
Salvia splendens was used as a test organism in order to monitor exposure to

glyphosate in a commercial crop production trial. The purpose of the trial was to
determine and compare the efficacy of all the treatment technologies in protecting a
horticultural crop from a chemical contaminant challenge.
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5.3

Materials and Methodology
A production testbed was constructed in the Bovey Research Greenhouse

Complex (BRGC) that included all three treatment systems (Ozone, UV, Ozone/UV
AOP). Treatment systems were provided by our commercial partners (Tersano Inc,
Windsor, Ont, CA; Nature’s Greenway, Guelph, Ont). A complete description of the
systems and their operation is detailed in chapter 2 and components list is shown in
appendix I. A description of the function and operation of the systems during plant
growth trials is detailed in the following section and describes the irrigation solution
conditions, sampling protocols, plant maintenance protocols, data collection and
analysis.
5.3.1 Negative Control System
Addition of a negative control system was completed before commencement of
chemical challenge trials involving greenhouse crops. Setup of the system is detailed in
chapter 2. The construction of the negative control system was identical to that of the
positive control system, except that the system was mounted to a freestanding plywood
board rather than aﬃxed to one of the benches.
5.3.2 Plant Material
Evenly damp soil was prepared by mixing in 15L of deionized water per 80L bag
of LA 4 soilless mix (Sungro Horticulture, Agawam, MA, USA) and added to three 50
cell potting trays (50x25x7cm, Sungro Horticulture, Agawam, MA, USA); soil was then
gently tamped down. Excess soil was removed using a dustpan leaving uniform
amounts of soil in each cell. A 0.5cm deep planting hole was made using a pencil
before seeds of “Salvia Vista Red” (Salvia splendens) (Ball Horticulture, Chicago IL,
USA) were sown at one seed per cell. Seedling trays were kept uncovered in misting
beds in the Bovey Greenhouse. The misting beds were misted with raw water whenever
the light ﬂux accumulated >200 W m−2 hr−1 or every 15 minutes, whichever condition
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came ﬁrst. Temperature settings in the misting bed greenhouse were 21 ± 1°C from
08:00 - 17:00 and 16.5 ± 1.5°C from 17:00 - 08:00 hrs.
Germinated plants were deemed ready for transplant 14 days after seeding. The
most uniform 120 Salvia seedlings (5 per trough, total of 100) were transplanted into
4.5” pots (Sungro Horticulture, Agawam, MA, USA) which were determined to have a
mass of 475 ± 75g when ﬁlled with evenly moist soil. The potting mix used was the
same (LA4) as that which was used for the plug trays; it was chosen for its starter
nutrient content and drainage capacity. The seedlings were moved into the BRGC
prototype greenhouse and randomly assorted to the troughs.
The seedlings were grown under the conditions prescribed in Table 5.1 for
roughly two weeks until the second true leaf had emerged. With this timing, application
of glyphosate and observation for a two-week growth period would allow the initiation of
ﬂoral structures in healthy plants. Initiation of ﬂoral structures was not seen in plants
treated with glyphosate and was therefore a convenient observation to track exposure.
Table 5.1: Environmental conditions employed in the research greenhouse during the chemical
contaminant challenge experiments

Location:

Bovey Research Greenhouse (43˚31’36.9” N 80˚13’43.0”
W)

Greenhouse Conditions

Size

Floor Space - 50m2
Bench Space – Four benches at 5m2

Temperature

Day 23 ± 1 ˚C
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Night 18 ± 1 ˚C

Max Relative Humidity

75%

Lighting

Natural Light

Media Conditions

Potting Substrate

Sunshine mix LA4 (Sungro Horticulture, Agawam, MA,
USA

Soil pH
6 ± 0.5
Soil EC (mS/cm)
1.125 ± 0.375

5.3.3 Challenge Solution Composition and Treatment Regime
After the second set of true leaves had emerged on the Salvia plants, irrigation
with a glyphosate challenge was applied. A dose of 47ml of Roundup was applied to
each of the reservoirs which contained 60L of irrigation solution (.783mL of glyphosate
L-1 of irrigation solution, 0.392mg L-1 active ingredient). This value was chosen from
mortality curve experiments performed prior as it severely stunted growth, bleached
leaves, and halted initiation of ﬂoral structures but did not lead to immediate mortality of
plants. In the event that the treatment system did not remediate the irrigation solution on
the ﬁrst pass, not applying a lethal dose of the chemical challenge may aﬀord the
treatment system an opportunity to have some eﬀect with relation to treatment time.
Two weeks after the chemical challenge treatment was applied to the reservoirs, plants
were harvested to analyze plant growth. Plant height was measured and then the plants
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were sectioned using a sharp blade, separating the vegetative and any reproductive
tissue. The leaf area was recorded with a leaf area meter (3100C, Licor, Lincoln, NB,
USA). Mass of fresh and dry tissue was recorded using a digital balance (3862MP8/8-1,
Sartorius, Gottingen, GER).
5.3.4 Data Collection and Analysis
At the termination of the trial period plant height, leaf area and dry matter of the
shoot were recorded and analyzed. Due to missing samples, the dry weight of the shoot
tissue for the challenge trial was analyzed using a one-way repeated measures ANOVA
(Appendix II). This was chosen because the statistical software used treats blocks and
repeated measures the same mathematically but allows pre-averaged means from the
blocks as a work around to missing values. Therefore, treatment and bench were used
as factors for analysis. Means of the treatment groups were compared using Tukey’s
post hoc analysis. Type one error rate was set at 5%. Analysis and graph plotting were
performed using Prism (Ver 6, Prism Graph Pad, La Jolla, CA, US).
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5.4

Results
The control group produced healthy plants, free of defects and initiating floral

structures at harvest time (Figure 5.1, 5.2) Groups treated with glyphosate were
damaged at the apical meristem and exhibited browning, leaf abscission, and necrosis
(Figure 5.1, 5.2).
For all three measured metrics: height (Figure 5.3), leaf area (Figure 5.4), and
shoot dry matter (Figure 5.5), the control group was found to be significantly larger than
the other treatment groups. The other treatment groups did not differ in their ability to
protect the crop from the chemical challenge.
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Figure 5.1: Effect of irrigation solution dosed with Roundup and treated by various water treatment
technologies on Salvia splendens plants. (A) Control (B) Negative Control (C) UV (D) O 3 (E) AOP

113

A

B

Figure 5.2:

(A) Healthy foliar, steam and floral tissue from the control Salvia splendens group
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(B) Salvia splendens from the negative control group showing stunted growth, chlorosis at the
apical meristem, and lack of floral structures

Figure 5.1: Mean height + SEM of a Salvia splendens crop irrigated with solution dosed with
Roundup and treated with various treatment technologies. Treatment groups with the same letter
are not signiﬁcantly diﬀerent at (p ≤ 0.05) using one-way ANOVA with Tukey’s post-hoc test.
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Figure 5.2: Mean leaf area + SEM of a Salvia splendens crop irrigated with solution dosed with
Roundup and treated with various treatment technologies. Treatment groups with the same letter
are not signiﬁcantly diﬀerent at (p ≤ 0.05) using one-way ANOVA with Tukey’s post-hoc test.
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Figure 5.3: Mean dry matter + SEM of a Salvia splendens crop irrigated with solution dosed with
Roundup and treated with various treatment technologies. Treatment groups with the same letter
are not signiﬁcantly diﬀerent at (p ≤ 0.05) using one-way ANOVA with Tukey’s post-hoc test.
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5.5

Discussion
Systems that employed an O3 treatment system caused a substantial amount of

foaming after passing through the venturi; the level of foaming was increased compared
to the Lemna minor experiments. The control, negative control and UV systems were
not subject to this phenomenon. As discussed in Section 2.5, the size of the systems
was appropriate for the concentrations of glyphosate added according to work done by
Assalin et al. 2010 but was not able to handle the commercial formulation of Roundup®
applied. Commercial mixtures of glyphosate contain poly-ethylated tallow amines
(POEA)(Tush et al. 2003). These compounds are specifically added to textiles and other
products to slow the rate of oxidative degradation.
Though it would be less relevant to commercial practices, use of lab grade
glyphosate versus a commercial mixed formulation may have led to clearer results. The
failure of the systems as an all-encompassing strategy for greenhouse water treatment
is important knowledge for growers however, as it is evident that these treatment
systems are not able to handle the challenges of surfactant contaminated water without
addition treatment. A single ingredient challenge would have also allowed sampling of
glyphosate and AMPA concentrations in the irrigation solution, improving the scope of
observation in the study as well.
At the pH used in our greenhouse study (between 5.5 and 6), glyphosate
reaction time with AMPA is very slow (Assalin et al. 2010). Because the concentrations
of glyphosate and AMPA were not sampled, our study was not able to determine if the
target compound was degraded at a greater rate by the AOP system versus the other
treatments. As reaction rates with glyphosate and AMPA for ozone are lesser than
those of OH⸰, it is possible that with longer treatment times AOP may afford greater
levels of protection than ozone when complex contaminant mixtures are of concern to
growers. No differences were seen in the level of protection between any of the
treatments, however knowledge of the contents of the irrigation solution contents after
treatment would provide a better base for repeating the study or further research.
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To improve upon the failures of this study, the biggest recommendation would be
to ensure that the quality of water to be treated is at a point that allows a residual ozone
concentration to be formed at the point of application of UV light. Alternately, the rate of
glyphosate solution to be added could be reduced as the differences that were found
during the Lemna study indicated that treatment did in fact have some effect on the
solution composition. With lower concentrations, it may have been possible to discern
some effect of treatment in the same time period.
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6

Concluding Remarks
These experiments agreed with some reports of the effects of AOP water

treatment reported in the literature, while some results did not or were inconclusive.
Despite being made of “oﬀ-the-shelf” components, our water treatment systems
functioned to the manufacturer’s standards and the combination of Ozone/UV devices
deployed here succeeded in creating the AOP under most conditions relevant to
greenhouse operation. The systems were equally effective when employed in a
standard growth cycle and showed differing levels of efficacy against low levels of
chemical contaminant after single and double passes of treatment. It was evident that
ozone treatment required different pre-treatment or a different method of application to
deal with the surfactants in commercial formulations of herbicide.
Our method of measuring UV dosage using the OWL meter was reliant on ﬂow
rates that were preset into the device. The lowest ﬂow rate available on the device was
2.5L/min, roughly four times faster than we were able to apply ﬂow through the system.
In the future, it would be beneﬁcial to more accurately measure the UV dosage applied
to the irrigation solution using specialized sensors or actinometry rather than estimating
the dose. Despite not knowing the exact output the UV lamps, the estimated dose was
8-fold higher (400 vs 50 mJ cm2 s-1) than the dose required for ozone destruction in a
recirculating salmonid culture reported by Summerfelt et al. 2004. The parameters of
the water used for the two studies was comparable though Summerfelt et al. had higher
concentrations of dissolved organic carbon, lending credibility to the belief that the AOP
systems was in fact a true AOP.
The dissolved oxygen sensor used was not reliable in the presence of ozone.
Unfortunately, oxygen concentration after ozone had dissipated was not a recorded
metric, though one would have to extrapolate the oxygen concentration during the time
where ozone was still present in the solution. A workaround to this would be to seal
water samples, apply UV light to speed the decomposition of ozone, and then test levels
of dissolved oxygen.
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During both plant production trials, absence of plant mortality and any incidence
of disease or nutrient malnutrition were noted. Plants directly next to the emitters in the
ozone treatment group during the plant growth trials exhibited minor ozone damage
while no damage was found in the AOP treatment. This is an important consideration for
growers, as the protection from off-gas damage at the emitters in AOP treatment
systems is paired with the lack of residual ozone applied in ozone only systems.
The Lemna minor bioassay showed that both AOP and O3 treatments were
suﬃcient to return all parameters except plant number to baseline. The time taken to do
this was concurrent with the irrigation timing of the plant growth trials suggesting that
incorporation of these treatments in-line with an irrigation system would suﬃce as a
treatment option for controlling low concentrations of chemical contaminants. At the
doses found relevant to detrimental plant health, the treatment options were not able to
remediate the irrigation solution due to a variety of reasons such as excess surfactant
and ozone demand versus the sizing of the systems.
Due to the success of the testing of both glyphosate and paclobutrazol, further
testing of the doses to be used in the salvia mortality trial were not conducted using the
prototype testbed until the ﬁnal salvia mortality trials had begun. Due to the cost of
acquiring four diﬀerent pumps during the last months of the trial, it was not possible to
swap the pumps used for the ﬁnal trial. The frothing caused by the static mixers
installed in the system to improve ozone saturation also increased the degree of
foaming caused by the glyphosate, indicating the need for a surfactant removal pretreatment step as a requirement for eﬃcient AOP treatment of wastewater. Options for
accomplishing this pretreatment include activated carbon, bioﬁlters, and slow sand. As
the project was limited by both time and budget constraints, it was not possible to
replicate the ﬁnal trial under parameters which would have permitted more a more
accurate study.
For the ﬁnal trial, a second control group was added in order to separate the
eﬀects of the irrigation systems from the eﬀects of the pesticide challenge. This second
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group allowed the detections of intermediate responses between plants affected and not
affected by glyphosate when treatment was applied to the irrigation solution. Few
diﬀerences were seen in plant metrics when watered using subirrigation and AOPs
though an increase in ﬂower number and root length in the AOP treated Begonia x
heimalis may suggest inﬂuence of dissolved oxygen, nutrient influence, or other factor
which the study was not observed.
Further examination of systems with appropriate pre-treatment measures and
access to instrumentation with the ability for accurate measurement of precise AOP
facets (hydroxyl radical production, accurate ORP sensors etc.) would further
characterize the function of AOP systems necessary for complete remediation within the
period of an irrigation regime (single-pass).
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Appendix I – Parts and Components
Part or Component

Company

Location

4.5” pots

Sungro Horticulture

Agawam, MA, USA

20-8-20 dye free fertilizer

Plant Prod

Brampton, ON,
Canada

50 cell potting trays (50x25x7cm)

Sungro Horticulture

Agawam, MA, USA

80L LA 4 soilless mix

Sungro Horticulture

Agawam, MA, USA

121 litre tote

Rubbermaid

Atlanta, GA, USA

Accuvac High-Range Ozone Ampules

HACH

Loveland, CO, USA

Balance - 3862MP8/8-1

Sartorius

Goettingen,
Germany

Diaphragm Pump - model 8025-733256

Shur-ﬂo

Costa Mesa, CA,
USA

Glyphosate - Roundup Weathermax

Monsanto

St. Louis, MO, USA

Glyphosate - Touchdown Total

Syngenta

Basil, Switzerland

Handheld colorimeter - DR/890

HACH

Loveland, CO, USA

Handheld pH/Temp/EC meter pH/Con 300 series

Oakton

Vernon Hills, IL,
USA

Incubator and Shaker – Innova 4340

New Brundswick
Scientific

Enfield, CT, USA

Digital Imaging

Image J

National Institute of
Health

Leaf area meter – 3100C

Licor

Lincoln, Nebraska
USA

Oxygen generator/dry feed gas
supply – Topaz Series

Chart Industries

Garﬁeld Heights,
Ohio, USA

(81 x 49.5 x 42.5 cm)
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Ozone generator – Lotus Pro

Tersano

Windsor, On,
Canada

Paclobutrazol – Bonzi®

Syngenta

Basil, Switzerland

Salvia splendens seeds

Ball Horticulture

Chicago IL, USA

Spectrophotometer – UV1201

Shimadzu

Shimadzu, Kyoto,
Japan

Statistical Analysis Prism Graphpad
Version 6

Prism

La Jolla, CA, USA

UV bulb – GUVL-330

Greenway Water
Technologies

Guelph, ON, Canada

UV treatment system –GAUV-6s

Greenway Water
Technologies

Guelph, ON, Canada
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Appendix II – ANOVA Tables
Begonia Plant Height
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

3233

9

359.2

F (9, 48) = 1.653

P = 0.1272

Bench

305.9

3

102.0

F (3, 48) = 0.4693

P = 0.7051

Treatment

2566

3

855.3

F (3, 16) = 6.306

P = 0.0050

Subjects (matching)

2170

16

135.6

F (16, 48) = 0.6242

P = 0.8484

Residual

10430

48

217.3

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

382.4

9

42.49

F (9, 48) = 1.821

P = 0.0887

Bench

170.7

3

56.91

F (3, 48) = 2.439

P = 0.0758

Treatment

92.24

3

30.75

F (3, 16) = 1.758

P = 0.1957

Subjects (matching)

279.9

16

17.49

F (16, 48) = 0.7497

P = 0.7304

Residual

1120

48

23.34

Begonia Number of Leaves
Source of Variation
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Begonia Number of Flowers
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

1049

9

116.6

F (9, 48) = 1.367

P = 0.2296

Bench

925.2

3

308.4

F (3, 48) = 3.616

P = 0.0196

Treatment

984.7

3

328.2

F (3, 16) = 5.992

P = 0.0062

Subjects (matching)

876.5

16

54.78

F (16, 48) = 0.6424

P = 0.8328

Residual

4094

48

85.28

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

478.3

9

53.14

F (9, 48) = 0.8856

P = 0.5447

Bench

57.65

3

19.22

F (3, 48) = 0.3203

P = 0.8107

Treatment

228.5

3

76.15

F (3, 16) = 1.526

P = 0.2460

Subjects (matching)

798.3

16

49.89

F (16, 48) = 0.8315

P = 0.6452

Residual

2880

48

60.00

Begonia Number of Buds
Source of Variation

138

Begonia Shoot Dry Weight
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Bench

0.8823

3

0.2941 F (1.594, 4.783) =
1.001

P = 0.4124

Treatment

4.508

3

1.503

F (3, 9) = 5.114

P = 0.0245

Residual (random)

2.645

9

0.2939

Total

8.035

15

F (DFn, DFd)

P Value

Begonia Flowers and Buds Dry Weight
Source of Variation

SS

DF

MS

Interaction

7.902

9

0.8780 F (9, 48) = 3.135

P = 0.0048

Bench

3.625

3

1.208

F (3, 48) = 4.314

P = 0.0090

Treatment

12.86

3

4.286

F (3, 16) = 10.30

P = 0.0005

Subjects (matching)

6.656

16

0.4160 F (16, 48) = 1.486

Residual

13.44

48

0.2800

P = 0.1447
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Begonia Primary Root Length
Source of Variation

SS

DF

MS

F (DFn, DFd)

Interaction

1.491

9

0.1656 F (9, 142) = 0.2171

P = 0.9917

Bench

11.31

3

3.771

F (3, 142) = 4.944

P = 0.0027

Treatment

4.951

3

1.650

F (3, 142) = 2.163

P = 0.0950

Subjects (matching)

108.3

142 0.7628

Residual

1.491

9

0.1656 F (9, 142) = 0.2171

P Value

P = 0.9917

Gerbera Leaf Area
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

1.996e+006 9

221822 F (9, 108) = 1.084

P = 0.3809

Bench

573876

3

191292 F (3, 108) =
0.9344

P = 0.4268

Treatment

570253

3

190084 F (3, 36) = 1.016

P = 0.3968

Subjects (matching)

6.732e+006 36

187011 F (36, 108) =
0.9135

P = 0.6114

Residual

2.211e+007 108 204715
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Gerbera Radius
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

20490

9

2277

F (9, 108) = 1.403

P = 0.1956

Bench

5884

3

1961

F (3, 108) = 1.209

P = 0.3100

Treatment

7087

3

2362

F (3, 36) = 0.6834

P = 0.5680

Subjects (matching)

124441 36

3457

F (36, 108) = 2.131

P = 0.0015

Residual

175202 108 1622

Gerbera Number of leaves
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

127.1

9

14.12

F (9, 48) = 0.4745

P = 0.8845

Bench

33.25

3

11.08

F (3, 16) = 0.4354

P = 0.7307

Treatment

54.05

3

18.02

F (3, 48) = 0.6056

P = 0.6146

Subjects (matching)

407.3

16

25.46

F (16, 48) = 0.8557

P = 0.6198

Residual

1428

48

29.75
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Gerbera Number of flowers
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

34.46

9

3.828

F (9, 108) = 0.9573

P = 0.4794

Bench

14.37

3

4.790

F (3, 108) = 1.198

P = 0.3143

Treatment

10.22

3

3.406

F (3, 36) = 0.7130

P = 0.5506

Subjects (matching)

172.0

36

4.777

F (36, 108) = 1.194

P = 0.2403

Residual

431.9

108 3.999

Gerbera Number of Buds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

16.03

9

1.781

F (9, 108) = 0.5311

P = 0.8492

Bench

5.875

3

1.958

F (3, 108) = 0.5841

P = 0.6267

Treatment

1.275

3

0.4250 F (3, 36) = 0.1478

P = 0.9304

Subjects (matching)

103.5

36

2.875

P = 0.6949

Residual

362.1

108 3.353

F (36, 108) = 0.8575
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Gerbera Shoot Dry Weight
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Interaction

48.86

9

5.429

F (9, 108) = 0.9439

P = 0.4906

Bench

5.981

3

1.994

F (3, 108) = 0.3467

P = 0.7916

Treatment

8.029

3

2.676

F (3, 36) = 0.2819

P = 0.8381

Subjects (matching)

341.8

36

9.493

F (36, 108) = 1.651

P = 0.0255

Residual

621.1

108 5.751

F (DFn, DFd)

P Value

Gerbera Flowers and buds Dry Weight
Source of Variation

SS

DF

MS

Treatment

0.3257

3

0.1086 F (3.0, 9.0) = 0.2174

P = 0.8819

Bench

1.045

3

0.3484 F (3, 9) = 0.6979

P = 0.5765

Residual (random)

4.494

9

0.4993

Total

5.865

15
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Roundup Pretest Number of Plants
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup Pretest Number of Fronds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

996.7

5

199.3

F (5, 24) = 67.19

P < 0.0001

Residual

71.20

24

2.967

Total

1068

29
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Roundup Pretest Frond Area
Source of Variation

SS

DF MS

F (DFn, DFd)

P Value

Treatment

0.7090

5

F (5, 24) = 62.27

P < 0.0001

Residual

0.05465 24

Total

0.7637

0.1418
0.002277

29

Bonzi Pretest Number of Plants
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

1970

5

394.1

F (5, 24) = 100.6

P < 0.0001

Residual

94.00

24

3.917

Total

2064

29
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Bonzi Pretest Number of Fronds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

153.4

4

38.34

F (4.00, 12.00) =
199.7

P < 0.0001

Residual

5.145

3

1.715

F (3, 12) = 8.931

P = 0.0022

Total

160.8

19

Bonzi Pretest Frond Area
Source of Variation

SS

DF MS

F (DFn, DFd)

P Value

Treatment

2.122

5

F (5, 24) = 102.6

P < 0.0001

Residual

0.09930 24

Total

2.221

29

0.4244
0.004138
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Roundup Greenhouse – UV Number of plants
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup Greenhouse – UV Number of fronds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29
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Roundup Greenhouse – UV Frond area
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup Greenhouse – UV Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29
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Roundup Greenhouse – O3 Number of plants
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup Greenhouse – O3 Number of fronds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29
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Roundup Greenhouse – O3 Frond area
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup – O3 Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29
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Roundup – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29
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Roundup – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

Roundup – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

19.77

5

3.953

F (5, 24) = 3.205

P = 0.0234

Residual

29.60

24

1.233

Total

49.37

29

152

Bonzi Greenhouse – UV Number of plants
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

302.9

3

101.0

F (3, 32) = 31.88

P < 0.0001

Residual

101.3

32

3.167

Total

404.2

35

Bonzi Greenhouse – UV Number of fronds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

153.0

3

51.00

F (3, 32) = 7.418

P = 0.0007

Residual

220.0

32

6.875

Total

373.0

35

153

Bonzi Greenhouse – UV Frond area
Source of Variation

SS

DF MS

Treatment

0.2322 3

0.07740

Residual

0.2699 32

0.008435

Total

0.5021 35

F (DFn, DFd)

P Value

F (3, 32) = 9.176

P = 0.0002

Bonzi Greenhouse – UV Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

98.52

3

32.84

F (3, 32) = 16.03

P < 0.0001

Residual

65.55

32

2.049

Total

164.1

35

154

Bonzi Greenhouse – O3 Number of plants
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

379.0

3

126.3

F (3, 32) = 40.88

P < 0.0001

Residual

98.89

32

3.090

Total

477.9

35

Bonzi Greenhouse – O3 Number of fronds
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

1164

3

388.0

F (3, 32) = 23.02

P < 0.0001

Residual

539.3

32

16.85

Total

1703

35

155

Bonzi Greenhouse – O3 Frond area
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

1.225

3

0.4083

F (3, 32) = 33.42

P < 0.0001

Residual

0.3909 32

Total

1.616

0.01222

35

Bonzi Greenhouse – O3 Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

82.07

3

27.36

F (3, 32) = 17.44

P < 0.0001

Residual

50.21

32

1.569

Total

132.3

35

156

Bonzi Greenhouse – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

216.5

3

72.18

F (3, 28) = 59.13

P < 0.0001

Residual

34.18

28

1.221

Total

250.7

31

Bonzi Greenhouse – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

1266

3

421.9

F (3, 28) = 19.43

P < 0.0001

Residual

608.1

28

21.72

Total

1874

31

157

Bonzi Greenhouse – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

1.290

3

0.4299

F (3, 28) = 16.62

P < 0.0001

Residual

0.7243 28

Total

2.014

0.02587

31

Bonzi Greenhouse – AOP Fronds per plant
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Treatment

45.39

3

15.13

F (3, 28) = 4.982

P = 0.0068

Residual

85.02

28

3.037

Total

130.4

31

158

Challenge Trial Height
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Bench

153.4

4

38.34

F (4.00, 12.00) =
199.7

P < 0.0001

Treatment

5.145

3

1.715

F (3, 12) = 8.931

P = 0.0022

Residual (random)

2.304

12

0.1920

Total

160.8

19

Challenge Trial Leaf area
Source of Variation

SS

DF

MS

F (DFn, DFd)

P Value

Bench

66943

4

16736

F (4.00, 12.00) =
319.5

P < 0.0001

Treatment

106.8

3

35.60

F (3, 12) = 0.6796

P = 0.5812

Residual (random)

628.5

12

52.38

Total

67679

19

159

Challenge trial Shoot Dry Weight
Source of Variation

SS

DF MS

F (DFn, DFd)

P Value

Bench

1.484

4

F (4.000, 12.00) =
93.99

P < 0.0001

Treatment

0.008841 3

0.002947 F (3, 12) = 0.7467

P = 0.5448

Residual (random)

0.04736

12

0.003947

Total

1.540

19

0.3710

