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The reuse of irrigation water allows greenhouse growers to reduce the amount of water and 

fertilizer used for the development of their crops.  Although, there are barriers that limit the 

widespread adoption of water recirculation which include the proliferation of plant pathogens, 

accumulation of phytotoxic chemical contaminants and nutrient imbalances.  To address these 

issues, water treatment technologies are needed to disinfect and/or degrade chemical contaminants 

in order to recirculate irrigation water.  The use of electrochemical systems for treating fertigation 

solutions was explored for overcoming their compatibility in recirculating hydroponics. 

Studies were performed with a head to head comparison using conventional and novel 

water treatment technologies for treating fertigation water.  All treatment technologies were 

effective at removing biological and chemical contaminants by varying degrees.  Furthermore, 

greenhouse trials determined that electrochemical water treatment was suitable for cultivating 

Cyclamen persicum with recirculating the fertigation solution through drip irrigation. 
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1 Introduction 

 

Water has always been a resource that has been needed throughout all of biological history 

in order for life to survive.  With the consumption of water comes the act of releasing wastewater 

as a by-product.   Wastewater has many uses and has been a major subject long throughout history, 

from handling its many distinguished properties, to supply benefits or cause disorder to ecosystem 

functions (Pescod, 1992).  The use of wastewater to fertilize fields and grow crops from human 

excrements dates back to ancient times in China (Khouri et al., 1994).  There are also examples of 

water reuse in Minoan, Greek, and Roman times, which date back as far as 3,000 – 1,100 B.C. 

(Angelakis & Durham, 2008).  As time has progressed, the reuse of water for land application has 

gone through many different stages within Northern European countries.  Some stages include the 

increased knowledge in the characteristics of wastewater, different types of treatment technologies, 

and regulations imposed for the resource (Angelakis & Durham, 2008).  This led to modern day 

perspective and applications for reusing wastewater as a source for crop production.  Continued 

improvements and management of wastewater was needed in order to preserve the quality and 

quantity of freshwater sources for future generations.  Although, more fortunate than most other 

countries, Canada is not immune to the degradation and diminishment of freshwater sources 

caused by modern agriculture.  Furthermore, there are many different types of wastewater in 

agriculture, however, in the context of this thesis it will be referred to as the reuse of irrigation 

solutions from greenhouse production.  

Greenhouse production has contributed and/or has been partly associated with growing 

issues on water quantity and quality around the world.  Some key issues that greenhouses can 

contribute include eutrophication, release of pesticides and surfactants, accumulation of salts and 

heavy metals, and the abrupt shifts in limnological ecosystems (Khoshnevisan et al., 2013; Nielson 

et al., 2006; Scheffer et al., 2001).  Human activities, including intensive agricultural and industrial 

practices, have led to degradation of water resources that may no longer be suitable for irrigation 

without extensive treatment (Ghimire et al., 2011; Kleinman et al., 2011; Tanoue et al., 2012).  

One way to ameliorate some of these key issues is by the reuse of wastewater.  In nearly every 
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major greenhouse production region, the demands on local water resources are substantial, which 

finds greenhouse operators often collecting and reusing irrigation solutions (Stewart-Wade, 2011).  

Although, an effective resource conservation tool, there are significant challenges associated with 

capture and re-use irrigation systems including increased risk of pathogen proliferation, the 

potential for accumulation of [potentially] phytotoxic chemical contaminants, and nutrient 

imbalances in irrigation systems (Evans, 1994; Grant et al., 2018; Reemtsma et al., 2013; Toze, 

2006).  Irrigation water sources can contain a wide range of chemical contaminants including 

pesticides, growth regulators, plasticizers, and pharmaceuticals, as well as biological contaminants 

(Phytophthora spp., Pythium spp., Rhizoctonia spp., Fusarium oxysporum, Erwinia spp. & 

Xanthomonas spp.) (Agrawal et al., 2010; Bush et al., 2003; Delpla et al., 2009; Hong & Moorman, 

2007; Kashian & Dodson, 2002), all of which can negatively impact crop production and increase 

the number of unsaleable plants (Stewart-Wade, 2011).   

There are numerous treatment technologies available to growers, many of which have been 

reviewed by Stewart-Wade (2011) and others (Chaplin, 2018; Hong & Moorman, 2005; Hong et 

al., 2003).  Several environmental and economic advantages are attributed to recirculating 

greenhouse irrigation water including improved water use efficiency, the prevention of lake 

nutrient loading, and reduced fertilizer costs (Haruvy, 1997; Toze, 2006).  Some water treatment 

technologies that have been implemented in greenhouses include the use of chlorine (Chaplin, 

2014; Evans, 1994; Stewart-Wade, 2011), ultra-violet light (UV) (Chaplin, 2014), ozone (Graham 

et al., 2012), hydrogen peroxide (Stewart-Wade, 2011), sand bed filtration (Stewart-Wade, 2011), 

membrane filtration (Evans, 1994), and Advanced Oxidation Process (AOP) (Heponiemi & Lassi, 

2012).  Conventional water treatment techniques for ozonation and AOP’s that are already 

employed in the greenhouse industry will be evaluated.  These treatment technologies will be 

compared with the emerging water treatment technologies, such as electrochemical disinfection.   

Electrochemistry has been explored as a ‘green technology’ with novel applications and 

many industries use electrochemical disinfection to minimize or prevent the formation of chemical 

by-products.  (Comninellis & Chen, 2010; Li et al., 2011; Panizza & Cerisola, 2009).  Different 

types of electrochemical systems have been reviewed and explored for microbial disinfection and 

also for the degradation of ubiquitous recalcitrant organic pollutants (Chaplin, 2014; Comninellis, 
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1994; Sirés & Brillas, 2012).   Electrochemical systems used in wastewater treatment include 

Dimensionally Stable Anodes (DSA), Ti4O7 ceramics electrodes, and Boron-Doped Diamond 

(BDD) (Chaplin, 2014; Comninellis, 1994; Sirés & Brillas, 2012).  Many of these technologies 

have yet to be tested, optimized and implemented into greenhouse crop production systems. 

Although, these technologies have been implemented for the disinfection of water from bacterial 

origin, few have explored the inactivation of other biological contaminants such as fungi (Fallanaj 

et al., 2015; Trigueiro et al., 2017).  Biological contaminants such as fungi have higher demands 

in Reactive Oxygenated Species (ROS) for their inactivation (Beeson et al., 2012; Cayanan et al., 

2009; Ehret et al., 2001; Igura et al., 2004).  The presence of fungi makes it harder to disinfect 

irrigation solutions and therefore some phytopathogenic fungi were chosen for this study in order 

to better compare treatment options.  

The objectives of this thesis are to 1) determine whether a electrochemical system with 

DSA and BDD electrodes can achieve desired inactivation rates for disinfecting fertigation water 

in situ and 2) if DSA and BDD electrodes are compatible with other desired traits valued in a 

recirculating hydroponic system (e.g. Chlorine-free effluent and preservation of plant nutrients in 

the solution following treatment). The electrochemical systems will be directly compared to 

conventional water treatment systems (ozonation and AOP).  All systems will be tested using the 

common plant pathogen found in greenhouses, Rhizoctonia solani and Fusarium oxysporum.  In 

addition, all the systems will be compared for their performance in degrading common 

pesticides, Glyphosate and Paclobutrazol, using a standard Lemna minor bioassay.  Finally, the 

systems will be evaluated for their suitability in a recirculating hydroponic irrigation setup in a 

small greenhouse.  



4 

 

 

 

2 Background 

2.1 Irrigation water for hydroponics 

Irrigation water is required to grow crops in both rural and urban environments.  There are 

many types of irrigation systems used in the agriculture industry such as surface irrigation, lateral 

move irrigation, overhead sprayers, sub-irrigation, and drip irrigation systems (Hong, 2014).  

These irrigation systems can also incorporate irrigation strategies into hydroponics, however other 

techniques are mainly used such as static solution, Nutrient Film Technique (NFT), aeroponics, 

passive sub-irrigation, as well as the ebb and flow technique (Hong, 2014).  The type of irrigation 

used for hydroponics is largely dependent on plant requirements, as well as the cost of the setup. 

The irrigation water from hydroponic systems can be recirculated, however, there are three 

obstacles that need to be overcome for continuous water recirculation in hydroponics.  The first 

obstacle is the threat of plant pathogens proliferating in the nutrient solution (Evans, 1994; Stewart-

wade, 2011).  Irrigation water can be a primary and/or secondary inoculum source for plant 

pathogens (Stewart-Wade, 2011).  When recirculating this solution without a water treatment 

system in place, there is a high potential for another crop to become infected.  This process can 

repeat  until the worst-case scenario, total crop failure, due to all of the crops being infected (Hong 

& Moorman, 2005; Moorman et al., 2002).  However, the presence of pathogens in fertigation 

solutions does not necessarily mean that a plant will develop disease symptoms.  The factors 

affecting pathogenicity in plants is dependent on many different variables such as the pathogen 

type, colony size, type of irrigation system, and the source of the pathogen which has contaminated 

the irrigation water (Hong & Moorman, 2005; Stewart-Wade, 2011).  An example of this are 

conflicting studies performed by Price & Fox, 1984 and Xu et al., 1987 determining Fusarium wilt 

disease in crops with the presence of 2.5 x 103 CFU/mL.  Propagules were unable to be recovered 

after 24 hrs in a Nutrient Flow Technique (NFT) system in one study, while the other determined 

50% disease development in Carnations.  Although there are conflicting results, there is always a 

chance for pathogen contamination in any system.  All systems should be treated as having the 

potential for disease development and pathogen sources must always be considered.  Disease 

development can be influenced by many factors such as water chemistry, temperature, air 
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temperature, and relative humidity (Hong & Moorman, 2005).  Focus will be given for reaching 

the complete inactivation of pathogens in irrigation solutions to ensure that diseases will not 

develop in crops.  The second obstacle is the potential accumulation of recalcitrant organic trace 

pollutants, which are compounds highly resistant to degradation.  Trace amounts of pesticides are 

found in many different bodies of water, which includes farmlands and greenhouse irrigation water 

(Chen et al., 2005; Swarchz et al., 2010).  The concentration range of pesticides in water bodies 

depends on the type of point source and the physical, chemical, and biological characteristics of 

the water as the chemical is translocated (El Bakouri et al., 2009; Leonard, 1990; Richards & 

Baker, 1993; Wauchope, 1978).  Some examples of compounds that are found in water bodies and 

are extensively used in the agricultural industry are glyphosate and paclobutrazol (Stempvoort et 

al., 2014).  Glyphosate inhibits a key enzyme that builds amino acids, which allows for weeds to 

be killed in agricultural fields (Kishore et al., 1992).  Paclobutrazol can be used both as a fungicide 

and also a plant growth regulator, which targets the plant hormone gibberellin (Köller, 1987).  Both 

of these compounds are ubiquitous in the environment due to their multiple uses in the crop 

production industry.  Without a treatment system in place, these chemicals can accumulate in 

hydroponic systems and become available for plant uptake (Calderón-Preciado et al., 2013).  

Compounds such as these need to be removed from irrigation water to prevent the accumulation 

of pollutants in crops and in humans (Calderón-Preciado et al., 2013).  Lastly, the third obstacle is 

the development of nutrient imbalances through recirculating irrigation water in a hydroponics 

system.  Nutrient imbalances can occur as irrigation water recirculates by plant uptake, type of 

plant, growth stage, substrate type, evapotranspiration, precipitation, etc. (Tsukagoshi & 

Shinohara, 2016).  However, nutrient imbalances can also occur through the precipitation of ions 

(e.g. Fe2+) imposed by water treatment technologies used in the irrigation system (Sillanpää et al., 

2011).  

The premise of this work will address the first two obstacles, while the third obstacle will 

be partially addressed by monitoring nutrient imbalances among the tested systems (O3(aq), AOP, 

DSA & BDD).  The use of conventional and emerging treatment technologies will be evaluated 

for their efficacy in addressing these three problems that prevent the widespread implementation 

of recirculating irrigation water. 
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2.2 Irrigation Water Treatment 

As mentioned, there are many water treatment technologies that are available to growers in 

the greenhouse industry.  With this large variety, the treatment of irrigation water can be separated 

into three major categories, which are physical, chemical, and biological treatment (Hong, 2014).  

Some examples in irrigation water treatment systems typically used in the industry are depicted in 

Table 2.1, which also shows the benefits and drawbacks to each method. 

Table 2.1: Benefits and drawbacks of different conventional water treatment technologies used for greenhouse 
hydroponic systems.  This information to provide this table is adapted on the work by (Carrillo, Puente, & 
Bashan, 1996), (Newman, 2003) & (Stewart-Wade, 2011). 

WATER TREATMENT 
TECHNOLOGY 

BENEFITS DRAWBACKS 

PHYSICAL SYSTEMS   

Sand Filtration -Removal of large amount of 

pathogens 

-Can be colonized by bacteria 

and fungi that are antagonistic to 

plant pathogens 

-Efficacy largely dependent on 

coarseness of material 

-Can clog very fast due to suspended 

particles in solution 

 

Granulated rockwool -Efficient material to remove 

bacteria 

-Does not need several layers to 

prevent clogging (e.g. gravel) 

-Small density and easy to handle 

for installation 

-Four times the price of sand 

-Does not guarantee total removal of 

pathogens 
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Heat Pasteurization -No residual by-products 

-Effective at removal numerous 

pathogens with heating to 60 °C 

and stand for two minutes 

-Expensive to do, need 100,000 Joules 

of gas/L of treated solution (~32 L of 

gasoline/L of water) 

-Costly to cool solution 

-Calcareous deposition 

UV light -No residual by-products 

-Eliminates most bacteria, fungi 

and viruses at the wavelength 

254 nm 

-Destruction of chelated iron 

-Cleaning and maintenance due to 

iron precipitation on quartz sleeve  

-Effectiveness largely determined by 

turbidity 

-High intensity can produce ozone 

and free radicals that affect plants 

-High cost in energy 

CHEMICAL SYSTEMS   

Hydrogen peroxide -Medium strength oxidant 

-Can be combined with UV or 

ozone for producing OH• 

-Residual concentration can have 

mutagenic effects 

-Limited with high organic matter 

-Difficult and expensive to handle 
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Ozone (O3(aq)) -Strong oxidant 

-Decomposition of pesticides 

-Added oxygen to the root zone 

-Can be combined with UV 

producing OH• 

-Reduced efficacy with high 

alkalinity, organic matter, nitrite, 

manganese and iron and bicarbonate 

-Equipment, installation and 

maintenance can be very costly 

Chlorine -Strong oxidant for the species 

hypochlorous acid 

-Stable residual can remove 

algae and biofilms 

-Popular due to its economics 

-Can treat soil and root diseases 

with pre-plant application 

-Lower doses of <2.5 mg/L 

shows minor or no phytotoxic 

effects 

-Strongly pH dependent (ineffective 

at higher pH) 

-Dangerous for storage and when 

injecting in gaseous form 

-Subject to depletion by scavengers 

(eg. NH4
+) present in fertigation 

solutions 

-Can produce carcinogenic and 

mutagenic products 

-Accumulation of chloride in solution 

Chlorine dioxide -Effective on many fungal 

pathogens 

-25 times more effective than 

chlorine gas 

-Very effective with high organic 

loads 

-Does not dissociate 

-Need specialized equipment for 

maintaining stability 

-Ineffective against some pathogens 

like Rhizoctonia  

-Can form chlorate or chlorite ions 

-Phytotoxic at 13 – 1.3 mg/L 
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BIOLOGICAL SYSTEMS   

Constructed wetlands -Supports high microbial flora 

and plants that removes 

contaminants 

-Can remove pesticides and high 

nutrient levels 

-Require little maintenance 

 

-Can increase soluble salt levels to 

phytotoxicity 

-Not desirable for overhead irrigation 

-Seasonal treatment 

Biofilters -Remove metals, nutrients and 

phenolic compounds from 

solution 

-Works with faster flow rates 

than sand filters 

-Rotation system can be 

implemented to encourage 

aerobic and anaerobic bacteria 

-Highly affected with the presence of 

pesticides 

-Consumes nutrients needed for plant 

growth 

-Relatively unused in the greenhouse 

industry 

 

Within this large variety of irrigation water treatment systems, none are suitable as a sole 

source water treatment system for recirculating hydroponics.  Many of these treatments can be 

combined such as chemical and physical treatments (Ozone + UV) to produce hydroxyl radicals 

(OH•), which are known as AOP’s (Gupta et al., 2012).  With the added complexity of combining 

water treatment technologies, choices can be overwhelming for the grower in determining the 

proper system for operations.  There are also emerging technologies for treatment of fertigation 

water such as the use of electrochemical technologies to disinfect irrigation water and decompose 



10 

 

 

 

organic pollutants (Benito et al., 2017; Hong, 2014; Stewart-wade, 2011).  The research performed 

by Buck et al., 2002 found that many different types of fungal plant pathogens were eliminated.  

Further research by Buck et al., 2003 showed that no phytotoxicity symptoms were found on 22 

species of plants by applying the solution to foliage at concentrations as high as 71 mg/L.  

Differences between these technologies are needed to determine the benefits and drawbacks of 

emerging technologies in comparison to conventional technologies used in the industry. 

 

2.3 Water Treatment Technologies Used for Experiments 

2.3.1 Ozonation 

Ozonation is a technology that was first used in the 20th century for wastewater treatment 

(Beltrán, 2004; Harrison, 2004).  Over time, it has found a niche in the agricultural industry for 

recirculating hydroponics.  Ozonation has been shown to disinfect and decompose organic 

pollutants in irrigation water without any effects on a variety of plants (Fukumoto et al., 2010; 

Graham et al., 2011; Igura et al., 2004; Masten et al., 1994).  The phytotoxicity of gaseous ozone 

has been well documented, however the effects of aqueous ozone are much less severe and it was 

also found to have beneficial effects for plants (Graham et al., 2011).  Some beneficial effects are 

the release of oxygen as a by-product from the decomposition of ozone and also ozone can act as 

a signalling molecule for producing a hypersensitive response (Thomas Graham et al., 2011; Rao 

& Davis, 2001).  Due to the phytotoxic effects of gaseous ozone and less severe effects with the 

aqueous form (O3(aq)), it is important that ozone does not transition back to the gaseous form.  The 

solubility and stability of ozone is largely determined by many factors such as the temperature, 

pH, and the ozone demand of the solution (Harrison, 2004).  It is also determined by other mass 

transfer factors such as the pressure gradient between the atmosphere and the solution, which is 

determined by Henry’s law (Beltrán, 2004; Biń et al., 2001; Zhou & Smith, 2000).  Furthermore, 

the mass transfer kinetics are also largely determined by the size and distribution of bubbles in the 

water column (Beltrán, 2004; Biń et al., 2001; Zhou & Smith, 2000). 
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 There are two different ways of obtaining O3(aq) to treat irrigation water from pathogens 

and also to decompose organic pollutants.  The first type is by batch reaction, which is one of the 

system types used in this thesis and a diagram for its operation is depicted in Figure 2.1. 
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Figure 2.1: Batch reactor set up for ozonation experiments with monitoring ozone injected into the solution 
and leaving the solution using an ozone monitor.  The ozone is injected through the bottom of the batch 
reactor and a diffusing stone introduces micro bubbles to ensure a uniform distribution throughout the 
reactor column. 
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The batch reactor consists of an oxygen concentrator, which will direct the oxygen to the 

ozone generator, which will, in turn, convert the oxygen to ozone via corona discharge.  The ozone 

will then pass through the ozone monitor to measure the O3(g) that is injected into the reactor.  The 

ozone gas then passes through a check valve and through a diffusing stone to ensure a 

homogeneous distribution of the ozone bubbles throughout the column of the reactor.  The ozone 

offgas that is not dissolved in solution is then directed to the ozone monitor.  The remaining ozone 

is passed to the ozone destruct by using a U-trap.  

 The second technique that was used to dissolve ozone in solution was with the use of a 

Venturi injector (Figure 2.2).  The venturi method used the same components as the batch reactor 

(oxygen concentrator and ozone generator) to inject the gas in solution, however, the gas was 

injected into a flowing solution (Figure 2.3).  The gas injection worked by the Bernoulli principle 

with differential pressures of the solution flowing through the venture unit (Eq. 1) (Baylar et al., 

2010).  When an increased velocity for V2 occurs, this caused the pressure to drop for P2.  Once P2 

was lower than the atmospheric pressure, suction began, causing the Venturi effect- and allowing 

ozone gas to be injected into the solution (Baylar et al., 2010).  The ozone gas that was injected in 

solution was then homogeneously distributed using helical static diffusers that were inline to allow 

the maximum contact of gas with the solution.  The ozone offgas that was not dissolved in solution 

was passed through a column of activated carbon for ozone destruct. 

 

 



14 

 

 

 

 

Figure 2.2: Mazzei 287 Venturi injector used for dissolving ozone into a flowing solution through the unit. 

 

𝐸𝑞	1:																																										𝑃' +
1
2𝜌𝑣'

, + 	𝜌𝑔ℎ' 	= 	𝑃, +
1
2𝜌𝑣,

, + 	𝜌𝑔ℎ,	 

P = Pressure (Pa) 

r = Density (g/m3) 

v = Velocity (m/s) 

𝑔 = Gravity (9.8 m/s2) 

ℎ = Height (m) 

 Both of these system types are utilized throughout different experiments conducted for the 

thesis project.  The batch reactor system was mainly used for bench scale studies, while the Venturi 

injector system was used for the experiments conducted in the greenhouse setting. 
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2.3.2 Advanced Oxidation Processes 

AOP’s are broadly defined as the generation of hydroxyl radicals (OH•) to non-selectively 

destroy contaminants such as pathogens and/or recalcitrant organic pollutants (Benito et al., 2017; 

Heponiemi & Lassi, 2012; Sirés et al., 2014).  There are several available techniques to produce 

the hydroxyl radical to oxidize contaminants such as the Fenton reagent (Fe2+ + H2O2), photo 

Fenton, O3(aq) under certain conditions, O3/H2O2, O3/UV, O3/solid catalyst, H2O2/UV and TiO2/UV 

(Andreozzi et al., 1999; Carey, 1992; Gupta et al., 2012; Suty et al., 2004).  An example of the 

O3/UV method that was constructed for dissolving ozone in a batch reactor and passed through a 

UV chamber for experiments performed in this thesis can be viewed in Figure 2.3.     

 

Figure 2.3:  Venturi method for a) injecting gaseous ozone (blue arrows) into water flowing (green arrow) 
through a Venturi injector.  The water with aqueous ozone (teal arrow) disinfects pathogens and degrades 
chemical contaminants is carried into a reservoir for future use.  The AOP method b) uses the same components 
with producing aqueous ozone, though, the addition of the UV chamber will produce OH•. 
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AOP’s are desired because they produce the most powerful reactive oxidant, which is the 

hydroxyl radical (OH•) (Heponiemi & Lassi, 2012; Sirés et al., 2014).  Hydroxyl radicals are 

desired for water treatment, due to many characteristics such as an extremely low half-life (10-9 

seconds) and a high oxidation reduction potential (ORP) (2.80 E°(V)) (Carey, 1992; Chaplin, 

2014).  The produced hydroxyl radical can aggressively attack most recalcitrant organic and 

organometallic water pollutants, as well as provide partial disinfection of wastewater from 

pathogens (Das et al., 2017; Heponiemi & Lassi, 2012; Nurhayati, 2012; Sirés & Brillas, 2012; 

Yu et al., 2010).  The reaction mechanisms of the hydroxyl radical can destroy organic pollutants 

to the extent of reaching complete mineralization of the compound by releasing CO2, water, and 

inorganic ions as by-products (Marselli et al., 2003; Sirés et al., 2014).  The benefit of the hydroxyl 

radical is quick chemical reactions and returns to water as a by-product, thus no residual will reach 

plant roots and cause phytotoxicity (Benito et al., 2017).  However, the outcome of not having any 

residual disinfectant will not prevent any pathogens from entering the irrigation solution or 

inactivate any pathogens that are already colonized onto the plant.  

Similar to the batch reactor and Venturi systems for ozonation, the AOP methods used 

throughout the thesis followed the same suit for bench scale and greenhouse experiments.  To 

ensure that all ozone is converted to the hydroxyl radical, the proper parameters for ozonation time, 

and the flow rate through the UV chamber was carefully monitored. 

 

2.3.3 Electrochemical Hypochlorination with Dimensionally Stable Anodes 

The two water technologies previously mentioned were considered as conventional 

techniques that are already implemented in the greenhouse industry.  These technologies were 

compared with emerging technologies for the industry such as the use of electrochemical systems.  

One class of electrodes are called Dimensionally Stable Anodes (DSA), which are titanium 

electrodes coated with different types of metal oxides that were developed for chlor-alkali industry 

(Duby, 1993; Alexander Kraft, 2008).  The most common metal oxides used for water disinfection 

are Iridium and/or Ruthenium dioxides and they have found many applications in the agricultural 



17 

 

 

 

industry (Abbasi & Lazarovits, 2006; Kraft, 2008; Mueller et al., 2003; Vasudevan & Naushad, 

2016).  However, many of the applications for electrochemical hypochlorination have been used 

as foliar sprays or produced in batch and injected into irrigation systems (Abbasi & Lazarovits, 

2006; Al-Haq et al., 2005; Buck et al., 2003; Mueller et al., 2003).  There are few experiments 

that actually employ in situ electrochemical disinfection in a recirculating solution and they have 

mainly been applied to bacteria and algae (Liang et al., 2005; Schaefer et al., 2016). 

These systems are used to generate free chlorine, which are characterized as the formation 

of the three chlorine species chlorine gas (Cl2(g)), hypochlorous acid (HOCl), and the hypochlorite 

ion (ClO-) (Cayanan et al., 2008).  The primary goal of this technology is to form the chlorine 

species with the highest capacity for disinfection, which is HOCl (Hoff & Geldreich, 1981).  The 

formation of hypochlorous acid by electrochemical methods can be summarized in equations 2 

and 3. 

 

[2]                                                2 Cl- à Cl2 + 2 e- 

[3]                                       Cl2 + H2O à HOCl + Cl- + H+ 

 

 Hypochlorous acid is the desired product to be formed for disinfection due to its 

intermediate strength for Oxidation Reduction Potential (ORP) (1.49 E°(V)) and a strong ability 

for disinfection (Beltrán, 2004; Hong, 2014; Koseki et al., 2001).  Furthermore, electrochemical 

disinfection had been found to be just as effective as ozone for disinfection but with shorter contact 

times which are required with ozonation (Diao et al., 2004).  Electrochemical hypochlorination 

employs a process called mediated electrolysis, which regenerates (recycles) free chlorine to 

continuously react with organic contaminants.  The use of DSA’s for electrochemical disinfection 

can be attributed to more than just the formation of free chlorine in solution but also a variety of 

other factors contributing to damaging the cell membrane (Diao et al., 2004b).  A figure provided 

by Diao et al., 2004 shows these mechanisms at play in comparison to other water treatment 
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methods (Figure 2.4).  There are large differences in the inactivation of bacterial colonies between 

electrochemical disinfection and conventional chlorination methods. 

 

 

Figure 2.4: Possible mechanisms contributing to the inactivation of Escheria coli with a) fresh culture b) 
chlorination, c) ozonation, d) Fenton reaction (H2O2 + Fe2+), c) DSA using 160 A/m2 and d) DSA with 250 
A/m2. (Diao et al., 2004) 

 

A goal for this thesis was to use this technology in-line as fertigation water recirculated, 

which allowed the treatment of irrigation water in situ to deal with plant pathogens and other 

contaminants.  This will simplify treating methods for greenhouse growers and avoid the 

accumulation of the chloride ion (Cl-) in solution.  In addition, the processes were evaluated for 

operational costs, simplicity, and the safety of the technology for the use in greenhouses. 
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2.3.4 Electrochemical Advanced Oxidation Process with Boron-Doped 
Diamond 

AOP can also be performed by electrochemical methods, which is called Electrochemical 

Advanced Oxidation Processes (EAOP), which is performed with different electrode types that we 

classify as inactive electrodes (Chaplin, 2014).  These electrodes are inert because the electrode 

material has atoms that do not change their oxidation state during operation (Chaplin, 2014).  Some 

of these electrodes are considered a green technology because they do not leave a residual 

disinfectant, and have the potential of removing recalcitrant organic pollutants, as well as other 

organic contaminants such as pathogens (Benito et al., 2017; Comninellis et al., 2008; Comninellis 

& Chen, 2010; Li et al., 2011).  Boron-Doped Diamond is well known for mineralizing a wide 

variety of chemical contaminants due to the formation of physisorbed hydroxyl radicals (OH•) 

(Chaplin, 2014; Serrano, 2018) (equations 4 & 5).  It is known to have a high overpotential for 

oxygen evolution, which avoids the formation of oxygen at lower currents (equation 6).  These 

chemical reactions to achieve mineralization can be summarized in Figure 2.5, which is adapted 

by (Comninellis, 1994; Serrano, 2018).  

 

[4]        BDD + H2O  à BDD(OH•) + H+ + e- 

[5]   BDD(OH•) + R à BDD + pCO2 + qH2O 

[6]   BDD(OH•) à BDD + ½ O2 + H+ + e- 
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Figure 2.5: Schematic showing the electrochemical reactions for the mineralization of organic contaminants 
(R) with the use of hydroxyl radicals produced at the surface of the electrode (MOx).  The oxidation reaction 
pathways of physisorbed hydroxyl radicals cause a) mineralization reactions that is characteristic of inactive 
electrodes such as the use of Boron-Doped Diamond.  Conversion reactions caused by b) chemisorbed hydroxyl 
radicals is more characteristic of active electrodes types such as Dimensionally Stable Anodes.  Oxygen 
evolution reactions (c) are produced by both mineralization and conversion reactions.  Adapted reaction 
pathways by (Comninellis, 1994; Serrano, 2018). 

 

 The EAOP process can be used for electrochemical disinfection of different types of 

organisms (Li et al., 2010; Yao et al., 2011).  The mechanisms of killing were explored by Long 

et al., 2015 under various types of supporting electrolytes that are most commonly found in water 

(Figure 2.6).  It was demonstrated that chloride degrades intracellular enzymatic systems, sulphate 

damaged membrane and causing leakage of cellular constituents and phosphate was found to 

damage the whole cell (Long et al., 2015).  Killing mechanisms have yet to be explored in a 

fertigation solution that will contain all of these inorganic ions combined, which is used for plant 

irrigation.  Furthermore, studies have mainly focused on the inactivation of E. coli, while there are 

other pathogen types such as fungi that have yet to be researched. 
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Figure 2.6: Inactivation of E. coli using BDD anodes with various electrolytes such as the presence of chloride 
with a) initial, b) partial inactivation and c) complete inactivation.  It is also performed with sulphate with d) 
initial, e) partial and f) complete inactivation.  Lastly was performed in the presence of phosphate with g) 
initial, h) partial and i) complete inactivation.  The current density used for the experiment was 20 mA/cm2 
with a presence of 2 x 108 CFU/mL of E. coli.  (Long et al., 2015) 

 

Although studies have demonstrated the use of DSA’s and EAOP for the disinfection of 

drinking water (Kraft, 2008), these processes have not yet been researched for electrochemical 

disinfection in a fertigation solution.  EAOP have many beneficial traits such as disinfecting 

solutions in the absence of harmful disinfectant by-products, which can negatively impact plant 

growth.  Many aspects in EAOP when treating fertigation water are needed to be explored for 

potential new applications that can be used in the greenhouse industry.  
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3 Inactivation of Rhizoctonia solani in Fertigation Water Using 
Regenerative in situ Electrochemical Hypochlorination1  

 

3.1 Introduction 

Greenhouse production, by its very nature, is reliant on irrigation for crop production.  In 

nearly every major greenhouse production region the demands on local water resources are 

substantial, often resulting in scarcity (Stewart-Wade, 2011).  In addition to the limits on 

availability, there are also growing concerns over the quality of those water resources. Human 

activities, including intensive agricultural and industrial practices, have led to degraded source 

waters that may no longer be suitable for irrigation (Ghimire et al., 2011; Kleinman et al., 2011; 

Tanoue et al., 2012).  Irrigation source waters can contain a wide range of chemical contaminants 

including pesticides, herbicides, growth regulators, plasticizers, and pharmaceuticals, as well as 

biological contaminants (Phytophthora spp., Pythium spp., Rhizoctonia spp., Fusarium 

oxysporum, Erwinia spp. & Xanthomonas spp.) (Agrawal et al., 2010; Bush et al., 2003; Delpla et 

al., 2009; Hong & Moorman, 2005; Kashian & Dodson, 2002), all of which can negatively impact 

crop production and increase the number of unsaleable plants (Stewart-Wade, 2011).   

Diminishing supplies and increasing costs for water are driving a shift towards the capture 

and reuse of irrigation/fertigation water (Lazarova & Bahri, 2004; K. Schaefer, Exall, & Marsalek, 

2013; Stewart-Wade, 2011).  There are numerous environmental and economic advantages to 

recirculating greenhouse irrigation water including improved water use efficiency and reduced 

fertilizer costs (Haruvy, 1997; Toze, 2006).  Although an effective resource conservation tool, 

there are significant challenges associated with capture and re-use irrigation systems including 

increased risk of pathogen proliferation, the potential for accumulation of [potentially] phytotoxic 

chemical contaminants and nutrient imbalances in irrigation systems (Evans, 1994; George A. 

Grant et al., 2018; Reemtsma et al., 2013; Toze, 2006). 

______________________________________________________________________ 

1 The presented material for this chapter is taken in whole from a paper of the same title published in Scientific Reports 
with some modifications (2019). 
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There are numerous treatment technologies available to growers, many of which have been 

reviewed by Stewart-Wade (2011) and others (Comninellis & Chen, 2010; C. X. Hong & 

Moorman, 2005; Hong et al., 2003).  

Chlorination is a widely recognized water treatment technology, or more precisely, a group 

of closely related technologies.  Although well established and effective at inactivating 

microorganisms, there are some significant drawbacks associated with chlorination of irrigation 

water.  The continuous addition of liquid free chlorine (HOCl, ClO-, Cl2(aq)) or injection of chlorine 

gas (Cl2(g)) in water will result in a variable distribution of free chlorine species that have differing 

pathogen inactivation efficacies depending on specific solution conditions (e.g., pH). Ultimately 

this variability will affect the contact times necessary for pathogen inactivation (Cayanan et al., 

2009).  Some pathogens, such as Fusarium oxysporum and Rhizoctonia solani, require a residual 

free chlorine concentration of 8 - 14 mg/L with contact times on the order of 5 - 10 minutes to 

achieve inactivation (Cayanan et al., 2009; Raudales et al., 2014; Zheng et al., 2008).  The reported 

free chlorine levels required to control the spread of certain pathogens is greater than the commonly 

reported phytotoxic threshold of 2.5 mg/L for many crop species (Cayanan et al., 2008; Fisher et 

al., 2014; Hong et al., 2003; Raudales et al., 2014).  Furthermore, the manual addition or injection 

of free chlorine can lead to the accumulation of chloride beyond phytotoxic thresholds (species 

specific); if not addressed crop damage/loss can occur (Ibrahim et al., 2015). In traditional chlorine 

injection systems residual free chlorine and chloride levels must be continuously monitored to 

ensure phytotoxic levels are not reached.  There are also associated dangers to greenhouse 

operators when using chlorine, especially with chlorine gas, which can cause pulmonary health 

effects at low levels (Raudales, et al., 2014; Zheng et al., 2008). 

Chlorination of irrigation water could also be achieved via electrochemical processes that, 

if properly managed, could avoid many of the limitations of traditional chlorination procedures 

(Abbasi & Lazarovits, 2006; Mueller et al., 2003).  Electrochemical chlorination dynamics are 

governed primarily by the composition of the electrodes, the applied current, and the chemical 

composition of the solution (Kishimoto et al., 2007; Kraft, 2008). The nature of the electrode 

material governs the types of anodic and cathodic reactions that can occur, including direct and 

mediated electrolysis, which could contribute to microbial inactivation (Sirés et al., 2014). 
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Electrode materials that have demonstrated utility in microbial inactivation include ruthenium and 

iridium-based oxides, platinum, carbon (graphite), ceramics (Ti4O7) and boron-doped diamond 

(BDD) (Bejan et al., 2013; Chaplin, 2014; Comninellis et al., 2008; Panizza & Cerisola, 2009). 

One such class of electrodes are dimensionally stable anodes (DSA) based on Ruthenium (IV) 

oxide (RuO2), which are widely used for commercial production of chlorine and chlorine oxides 

(Comninellis et al., 2008; Panizza & Cerisola, 2009).   

In situ regenerative electrochemical hypochlorination works through mediated electrolysis, 

which can be utilized to inactivate pathogens and degrade pollutants in solution by regenerating 

free chlorine from chloride ions released during reactions with contaminants (Figure 3.1) (Bunce 

et al., 1997; Panizza & Cerisola, 2009).  The continuous formation of free chlorine and recycling 

of chloride ions in relation to the chlorine demand can be used to inactivate and/or degrade 

pathogens and chemical pollutants (Bunce et al., 1997; Kapałka et al., 2010; Liang et al., 2005). 

The regeneration of chloride ions occurs as free chlorine reacts with components of cell 

membranes, enzymes, proteins, and nucleic acids of microorganisms (Urano & Fukuzaki, 2005).  

Hypochlorous acid (HOCl), which predominates at neutral pH, is a more effective form of free 

chlorine than hypochlorite (OCl-), which predominates at high pH.  Hypochlorous acid, unlike the 

negatively charged OCl- form of free chlorine, is neutral.  Being neutral allows HOCl to more 

readily pass through cell membranes where it can react with a wide range of cellular components 

(Urano & Fukuzaki, 2005).  The chlorine in HOCl is electrophilic and readily reacts with 

molecules having high electron densities. These oxidative reactions interfere with cellular 

processes and membrane integrity, which ultimately leads to metabolic disruption, increased 

permeability of the cell, and eventually cell death (Carr et al., 1996; Fukuzaki, 2006; Urano & 

Fukuzaki, 2005).  Upon reacting, free chlorine is often reduced back to chloride (Cl-) (Fukuzaki, 

2006), at which point it can migrate back to the anode to once again be transformed into HOCl 

(Figure 3.1). Exerting control over the various factors that regulate the regeneration of free chlorine 

could allow an operator to achieve effective pathogen inactivation while managing residual free 

chlorine to avoid phytotoxicity.  
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The current study was conducted to determine: 1) if RuO2 DSAs could be used, in situ, to 

generate sufficient free chlorine to achieve inactivation of Rhizoctonia solani in a fertigation 

solution, where the background chloride concentrations are compatible with hydroponic crop 

production (i.e., below phytotoxic thresholds), and 2) if the free chlorine produced in situ reached 

phytotoxic thresholds as reported in the literature. 

 

 

 

Figure 3.1: Schematic showing proposed mechanisms of pathogen inactivation with an emphasis on the cycle 
of reactions constituting regenerative in situ electrochemical hypochlorination (mediated electrolysis).  Direct 
oxidation and other unknown inactivation mechanisms (e.g., Electroporation, high acidity near the electrode 
surface and/or production of hydrogen peroxide) require additional research to characterize.  Regenerative 
mediated electrolysis, in which chloride ions are transformed to free chlorine forms (e.g., Hypochlorous acid), 
neutralizes pathogens and in the process releases chloride ions back to the solution.  The chloride ion migrates 
back to the anode through electrostatic migration where it once again can be transformed to free chlorine forms 
leading to further pathogen inactivation. 
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3.2 Materials and Methods 

3.2.1 Pathogen Cultures 

A pure culture of Rhizoctonia solani was provided courtesy of Dr. Allen Xue from the 

Plant Pathology Ottawa Research and Development Centre, Agriculture and Agri-Food Canada.  

Mycelia were inoculated onto potato dextrose agar (PDA) (B213400, Fisher Scientific, Canada) 

containing 0.1 g/L of streptomycin sulfate (BP910-50, Fisher Scientific, Canada) and 0.05 g/L of 

ampicillin sodium salt (BP1760-25, Fisher Scientific, Canada). The plates were then incubated on 

the laboratory bench inside a clear plastic container at room temperature (~ 23 °C) and ambient 

light levels.  After incubation for seven days the plates were fully covered with mycelia, at which 

point five 1 cm2 sections of the mycelia mat were excised from the outer edge of the petri dish and 

placed into 250 mL Erlenmeyer flasks, each containing 100 ml Potato Dextrose Broth (PDB) 

(B254920, Fisher Scientific, Canada).  The suspension was then placed in an incubator (Innova 

4340, New Brunswick Scientific, USA) for 8 days at 30 °C under a 12 h photoperiod.  The cultured 

mycelia were then transferred to a blender (HH-362, E.F. Appliances Canada LTD.) and blended 

for 30 seconds.  A pipette (4642110, Thermo Scientific, USA) was used to inoculate 10 ml of the 

suspension into new Erlenmeyer flasks with 250 mL of PDB and further incubated for another 8 

days under the same conditions previously described. 

 

3.2.2 Test Solution Preparation 

Rhizoctonia solani cultures were vacuum filtered through a 1.5 µm filter disk (Whatman 

934 – AH) to separate the mycelia from the liquid broth.  The mycelia were rinsed off the filter 

disk with deionized (DI) water and deposited in a 500 mL sterile beaker and filled to 300 mL with 

DI water.  The suspension was then transferred to a blender and blended for 1 minute.  The blended 

suspension was then added to a 60-litre reservoir containing 30 litres of DI water. This solution 

was then subjected to the electrochemical treatment. 

The fertilizer solutions with added chloride, in the form of potassium chloride ((P330-500), 

Fisher Scientific, Canada), were prepared by weighing out (TE 124S, Sartorius, Germany) 
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appropriate amounts of stock material (20-8-20 Plant Prod, 10561, Master Plant-Prod Inc., Canada; 

ammonium sulphate (A702-3) and potassium chloride) to bring the final solution volume to the 

targeted concentrations for each experiment (Table 3.1).  The Plant Prod fertilizer consisted of 

Nitrate (4.3 mmol/L), Phosphate (0.55 mmol/L), Ammonium (2.64 mmol/L) and Potassium (2.80 

mmol/L) at 0.5 grams per liter of solution.  Other ions in trace amounts are Sulphate (40 µmol/L), 

Sodium (150 µmol/L), Magnesium (60 µmol/L), Calcium (30 µmol/L) and Nitrite was not initially 

present. Individual macronutrient ions from a 0.5g/L solution were measured with a Shimadzu 

HPLC system consisting of a DGU-20A3 degasser, a SIL-10AP autosampler, two LC-20AT 

pumps, two CDD-10A VP conductivity detectors, CTO-20AC column oven, and CBM-20A 

system controller.  Total Nitrogen was measured using a Shimadzu TNM-1 unit (Shimadzu 

Scientific Instruments, USA). 

 

Table 3.1:  Fertigation solution composition summary for each experiment presented. Solution compositions 
are cross referenced with their respective figures for clarity. 

Figure Chloride (Cl-) 
concentration (mg/L) 

Fertilizer type Fertilizer 
concentration (g/L) 

Figure 3.3 0 N/A 0 

Figure 3.4 20 N/A 0 

Figure 3.5 20 Plant Prod (20-8-20) 0 – 0.5 

Figure 3.6  20 - 50 Plant Prod (20-8-20) 0.5 

Figure 3.7 20 Plant Prod (20-8-20) 0.5 

Figure 3.8 20 (NH4)2SO4 0.02 
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3.2.3 Electrochemical Flow Cell and Operation Procedures 

The electrochemical flow cell (EFC) system used consisted of a set of six RuO2 

dimensionally stable anodes (DSA) (De Nora Tech, Concord, USA) and a complementary set of 

five stainless steel cathodes, spaced 2 mm apart, in an acrylic casing. The total area of the anodes 

was 0.132 m2. Solutions entered the cell from the bottom, passed upwards through the electrodes, 

and exited the cell at an outflow port at the top of the housing (Figure 3.2a & 3.2b).  A power 

supply (DF1730SC 20A DC power supply, Gold Source, China) was connected to the anode and 

cathode of the flow cell.  The applied current value was derived from the voltage drop measured 

across a precision current resistor (RS-50-100, RIEDON, Alhambra, CA) using a multimeter 

(Fluke 189, Fluke Corporation, Canada). A second multimeter (Fluke 87, Fluke Corporation, 

Canada) connected directly to the anode and cathode of the cell measured the applied voltage 

(Figure 2c).  A second multimeter is connected directly to the terminals of the anode and cathode 

array to measure the applied voltage.  A variable speed peristaltic pump (Cole-Parmer 1-100 RPM) 

drew water from the test solution reservoir to the entry port located at the base of the flow cell.   

The total free volume of the EFC, the internal volume of the housing less the volume of 

the electrode assembly, was 380 mL. The targeted contact times were achieved by adjusting the 

flow rates through the cell such that a given volume of solution would remain in contact with the 

electrodes for the desired time interval. 
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Figure 3.2: Overview of the Electrochemical Flow Cell (EFC) and supporting hardware.  (a) Electrochemical 
Flow Cell (EFC) testbed schematic showing the principle components and the direction of the electrical 
current depicted by arrows used for the experimental setup and (b) the EFC with red arrows depicting the 
flow path and (c) monitoring and controlling components for flow rate (F), current (A), voltage (V), and the 
use of the power supply (P). 

 

Untreated samples were collected from the main reservoir at the start, middle, and end of 

each experiment. Colony counts from each sample were averaged and used as the control or 

starting value for each test condition examined in a given experiment.  Three effluent samples were 
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collected from the outlet of the EFC for each treatment combination as subsamples, while the 

experiment was replicated independently 3 times on 3 separate occasions.  The first sample was 

collected after three cell volumes (1140 ml) had passed through the flow cell, while samples two 

and three were collected after one and two additional flow cell volumes had passed through the 

system.  Samples were collected in 40 ml clear plastic HDPE vials (20120121, Richard’s Plastics, 

Canada). The pH (542, Corning, USA) and free chlorine concentration, for solutions containing 

chloride, were measured prior to microbial enumeration.  Free chlorine from the bulk solution was 

measured according to the manufacturer’s methods using DPD Test ‘N Tube cuvette with free 

chlorine reagent set (2105545, Hach Company, USA) and a DR/850 portable colorimeter 

(4845000, Hach Company, USA).  The samples were then serially diluted (101, 102, 103 and 104) 

in glass test tubes and a 100 µL aliquot from each was spread onto plates with PDA and antibiotics 

under a laminar flow hood.  Plates were inverted and incubated at 30 °C under 12-hr photoperiod 

at 100 µmol·m-2·s-1 photosynthetically active radiation light for 2 days. Total colony forming units 

per milliliter (CFU/ml) were counted after the incubation period elapsed. 

 

3.2.4 Statistical Analysis 

Statistical analyses were performed using JMP version 14.0 (SAS Institute Inc, Cary, NC).  

Subsamples were collected for each experiment and averaged for one replication, while the 

experiment was independently replicated on 3 separate occasions.  The residuals between data 

points and predicted values were tested for normality using the Shapiro-Wilk test.  Data that did 

not pass were transformed and the analysis was conducted on the transformed data.  Simple linear 

and multiple non-linear regression was performed on individual experiment sets.  Summary of fit 

from non-linear regression models used the adjusted R squared values and significance was 

determined using a = 0.05.  Linear regression analysis was conducted to determine any effects on 

[individual] nutrient composition (not shown). 
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3.3 Results and Discussion 

3.3.1 Zero current control 

A control experiment was conducted at several contact times with solutions containing R. 

solani, fertilizer (0.5 g/L Plant Prod), and 20 mg/L of chloride but without any applied current.  

There was no reduction in pathogen counts, indicating that there was no physical mechanism (e.g., 

a filtering effect) that may have been acting to reduce pathogen counts. 

 

3.3.2 Pathogen inactivation without the presence of fertilizer or chloride 

Figure 3.3 shows the inactivation of R. solani when applying a current density of 7.6 A/m2 

without the presence of fertilizer and chloride.  When the soluble fertilizer and chloride were absent 

and a low current density (7.6 A/m2) was applied there was a detectable inactivation of R. solani. 

Pathogen inactivation increased with increasing contact time (Figure 3.3), with a 77% reduction 

after a 3-minute exposure.    The pH of the solution also remained stable at ~5.5 throughout all 

contact times that were tested. 

The observed inactivation under these conditions may be due to the acidic environment in the 

immediate vicinity of the anodes (Alexander Kraft, 2008).  At low pH levels non-enzymatic 

proteolysis can occur on the mycelial sheath of R. solani, ultimately leading to cell death if the 

exposure is sufficient (Altun & Cetinus, 2007; Álvarez et al., 2000; Permentier & Bruins, 2004).  

Structural changes to microorganisms, such as the cleavage of proteins, have been shown to occur 

at a constant potential of 0.8 and 1.0 V (Permentier & Bruins, 2004; Tian Y Tsong, 1990) but 

higher potentials are likely needed to cleave polysaccharides.  The operating voltage for this 

specific experiment was ~ 32 V, which could be sufficient for this process to occur.  This higher 

applied potential could also induce electroporation, a process by which the cell membrane becomes 

increasingly permeable, ultimately leading to loss of function and cell death (Drees et al., 2003; 

Huang & Rubinsky, 2000; Nikolić & Panić, 2014; Pillet et al., 2016; Rowan et al., 2000; Tiehm 

et al., 2009).  Increasing the porosity of the cell envelope leads to leakage of cellular material (W. 

Liang et al., 2005).  However, this effect has also been shown to be species-specific in studies with 
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gram-negative and gram-positive bacteria (Drees et al., 2003; Tiehm et al., 2009).  Other possible 

mechanisms include direct oxidation of polysaccharides at the anode (Beeson et al., 2012), protein 

extraction (cleavage of disulfide and/or peptide bonds due to the discharge of water and dissolved 

oxygen molecules) at the cathode (Kuprina et al., 2003), or reductive hydrogen peroxide 

production at the cathode (Alexander Kraft, 2008).  It is difficult to isolate a specific mechanism 

of the observed inactivation (Figure 3.3) and in all likelihood, it is a combination of processes 

leading to the partial inactivation observed (Aronsson & Rönner, 2001; Vega-Mercado et al., 

1996). 

 

 

Figure 3.3:  Inactivation of Rhizoctonia solani as a function of contact time, while maintaining a constant 
current density of 7.6 A/m2.  The test solution only contained deionized water with free floating mycelia and 
did not contain fertilizer or chloride salts for the experiment.  Without the presence of a supporting electrolyte 
in solution gave an operating voltage for this specific experiment ~ 32 volts.  The detection limit of the method 
is 1 CFU/mL and the error bars are ±SEM, n= 3. 
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3.3.3 Inactivation of R. solani in a solution containing chloride 

In the absence of fertilizer salts, the EFC achieved complete pathogen inactivation at all but 

the lowest current densities (7.6 & 11.4 A/m2) for the 1-min contact time when chloride (20 mg/L) 

was present in the solution (Figure 3.4a).  The 20 mg/L chloride concentration was chosen as it 

was well below the reported phytotoxic thresholds of most crops (species specific) (Ibrahim et al., 

2015) and showed efficacy in preliminary testing (data not shown).  At a current density of 7.6 

A/m2 pathogen inactivation was greatly enhanced in comparison to the previous experiment in 

which there was no chloride or fertilizer present (Figure 3.3 & 3.4a).  Although, when considered 

in combination with the results shown in Figure 4, it appeared that a current density of 7.6 A/m2 

still did not provide the required energy to generate a sufficient amount of free chlorine to 

effectively control pathogens. A free chlorine residual was measured and complete inactivation 

was achieved at a current density of 11.4 A/m2 after a 2-min contact time, indicating that the critical 

current density threshold lies somewhere between 7.6 and 11.4 A/m2.  This result showed the 

EFC’s ability to achieve complete inactivation with a lower contact time of 2-minutes and release 

of an even lower free chlorine concentration (~2.88 mg/L) in direct comparison to the study 

conducted by Cayanan et al., 2009.  Beyond a current density of 11.4 A/m2, complete inactivation 

was achieved by the 1-min contact time (Figure 3.4a), which was expected given the relatively 

high free chlorine levels achieved at these current densities (Figure 3.4b).   
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Figure 3.4:  Inactivation and free chlorine dynamics in the absence of fertilizer.  a) Inactivation of R. solani as 
a function of current density and contact time with 20 mg/L of chloride in solution with no fertilizer present, 
and b) model of effluent free chlorine concentration from the EFC after treatment of R. solani with 20 mg/L of 
chloride with no fertilizer present.  CT = contact time and CD = current density and error bars are ±SEM, n= 
3. 
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Regression analysis was used to characterize the production of free chlorine as a function of 

contact time and current density.  Results indicate that there is a significant relationship (R2 = 0.60; 

p < 0.0001) between contact time and current density.  The pH was shown to respond 

proportionally to contact time, with pH increasing from 5.5 to as high as 8.5 at the longest contact 

times (data not shown). 

The free chlorine residuals observed in this experiment (Figure 3.4b) were well beyond 

reported phytotoxic thresholds with a residual of ~ 25 mg/L for 68.2 A/m2 at the 1-minute contact 

time (Buck et al., 2003; Bush et al., 2003; Cayanan et al., 2009; Ibrahim et al., 2015).  Under these 

solution conditions (e.g., raw irrigation water with trace chloride levels) there would be a need to 

include a free chlorine stripping step prior to crop application (Cayanan et al., 2009; Fisher et al., 

2014; Raudales et al., 2014). This said, under these conditions the system could be used to generate 

sufficient free chlorine residuals to provide system-wide disinfection between crop cycles. 

 

3.3.4 Free chlorine evolution with increasing fertilizer and current density 

In most greenhouse crop production systems, fertilizer is delivered via the irrigation 

solution [fertigation], so it was critical to evaluate the pathogen inactivation efficacy in the 

presence of a representative commercial fertilizer.  Effluent free chlorine levels at three different 

concentrations of commercial fertilizer were evaluated at a fixed chloride concentration of 20 mg/L 

in the absence of R. solani (Figure 3.5). This chloride concentration is compatible with crop 

production (Ibrahim et al., 2015) but still provides sufficient chloride to generate phytotoxic levels 

of free chlorine in the absence of a free chlorine stripping step (Figure 3.4b) (Cayanan et al., 2009).  

Figure 3.5 shows a positive correlation between the production of free chlorine and the contact 

time of the solution with the electrodes.  Further, when increasing the current density there was a 

large increase in the amount of free chlorine produced in bulk solution when fertilizer levels were 

low (0 and 0.05 g/L).  Although the free chlorine levels rose quickly they reached a plateau at 

about the 2-min contact for current densities of 68.2 and 90.9 A/m2 when fertilizer was not present.  

The data presented in Figure 3.5 indicated that the concentration of effluent chlorine at lower 

current densities was current limited, while at higher current densities the system became mass 
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transport limited (Gileadi, 2011).  Mass transport limitation was due to depletion of chloride ions 

at the anode-solution interface as local supplies of chloride were transformed to free chlorine. At 

higher current densities the conversion of chloride to free chlorine was greater than the 

replenishment rate of chloride, which lead to the observed plateau (Figure 3.4b; Figure 3.5).  When 

fertilizer was introduced into the test solution, even in small amounts (i.e., 0.05 g/L), the free 

chlorine residuals decreased by as much as two orders of magnitude (Figure 3.5, middle row 

panels).  At the manufacturer’s recommended application rate of 0.5 g/L, the free chlorine dropped 

to <1 mg/L; well below reported phytotoxic thresholds (~2.5 mg/L). 

 

 
Figure 3.5: Effluent free chlorine measured from the EFC as a function of current density, contact time, as well 
as varying the concentration of fertilizer in solution.  All of these experiments were conducted with a chloride 
concentration of 20 mg/L.  Error bars are ±SEM, n= 3. Where error bars are not shown they are too small to 
be visible behind the symbol. FC = fertilizer concentration, CD = current density, CT = contact time 

Current density (A/m²)
11.4 22.7 45.5 68.2 90.9

Fr
ee

 c
hl

or
in

e 
(m

g/
L)

0
5
10
15
20
25
30

0
5
10
15
20
25
30

0
5
10
15
20
25
30

0
0.05

0.5
Fertilizer concentration (g/L)

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3
Contact time (min)

R2adj = 0.52  

y = -0.85 – 15.56(FC) + 0.10(CD) + 2.27(CT) – 0.34(FC*CD) – 7.57(FC*CT) + 0.05(CD*CT) – (0.15(CD*CT*FC) 

Fr
ee

 c
hl

or
in

e 
(m

g/
L

) 

Contact time (min) 

Current density (A/m2) 

Fertilizer concentration (g/L) 



37 

 

 

 

 

The introduction of fertilizer clearly reduced the residual free chlorine concentrations in 

the test solutions (Figure 3.5).  Given the significant drop in free chlorine levels, even at modest 

fertilizer concentrations, it is important to consider the fertility regime when determining contact 

times and current densities in these types of systems. The dramatic reduction in effluent free 

chlorine in the presence of fertilizer indicated that there was a competing sink (in the fertilizer) for 

free chlorine. If the competing sink is more effective at consuming free chlorine than the pathogen 

inactivation mechanisms then the system would not be effective for pathogen control in typical 

greenhouse production systems.  Conversely, if the pathogen inactivation mechanisms 

predominate then it may be possible to control pathogens while taking advantage of the secondary 

sink present in the fertilizer to reduce the free chlorine levels below reported phytotoxic thresholds. 

 

3.3.5 Pathogen inactivation in the presence of fertilizer 

In order to determine the influence of the competing free chlorine sinks on pathogen 

inactivation efficacy, it was important to determine R. solani inactivation in the presence of 

fertilizer while increasing both chloride concentrations (Figure 3.6) and current densities (Figure 

3.7).    

When chloride concentrations were increased from 20 to 50 mg/L under the lowest current 

density (7.6 A/m2), there was a modest increase (17%) in pathogen inactivation but not sufficient 

to result in complete inactivation even at the 3-min contact time (Figure 3.6a). Increasing the 

current density to 11.4 A/m2 resulted in complete inactivation at chloride levels 30, 40 & 50 mg/L 

beyond a 2-min contact time (Figure 3.6a). Once again, at both current densities, the free chlorine 

residuals in the outflow were well below phytotoxic thresholds (Figure 3.6b).  When increasing 

the concentration of reactants (chloride) at the anode surface, free chlorine concentrations in the 

bulk solution will increase concomitantly due to mass transport mechanisms that move the free 

chlorine away from the anode and into the bulk solution (Bagotsky, 2005; Gileadi, 2011).  

Increased bulk solution free chlorine concentrations likely lead to the increased inactivation rates 
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as more pathogen propagules would come into contact with free chlorine in the bulk solution 

relative to the limited anode surface area.   
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Figure 3.6: Rhizoctonia solani inactivation and free chlorine dynamics with increasing chloride concentration. 
a) Inactivation of R. solani as a function of current density with a fertilizer concentration of 0.5 g/L and 
increasing chloride concentration, and b) model used for effluent free chlorine concentrations observed under 
the same parameters while increasing the concentration of chloride.  CC = chloride concentration, CT = 
Contact time, CD = Current Density and the error bars are ±SEM, n=3. 
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Figures 3.6a & 3.7a highlight the need for further study at shorter contact times (<30 seconds) 

than were achievable with the presented set-up. Achieving better resolution for pathogen 

inactivation at shorter contact times/higher flow rates, various sub-phytotoxic chloride 

concentrations, and compatible current densities would further inform the engineering 

requirements for larger scale systems. 

Free chlorine generation was monitored while maintaining constant current densities (7.6 A/m2 

and 11.4 A/m2) over increasing chloride concentrations (20 mg/L to 50 mg/L) (Figure 3.6b). In 

this scenario there was a marginal increase in free chlorine leaving the EFC (Figure 3.6b).  

However, this increase in free chlorine generation was minimal given the 2.5-fold increase in 

chloride concentration (Figure 3.6).  It was clear that under the conditions tested, the manipulation 

of other process control mechanisms (e.g., current density and contact time) were more influential 

in achieving pathogen inactivation.  Due to the complexity of the solution matrix, more research 

is needed to expand on inactivation rates, free chlorine production, and effluent free chlorine 

models in order to discover the thresholds for the proposed inactivation mechanisms (Figures 3.3-

3.7).  This should be conducted in relation to current and mass transport limitations to better 

understand primary, secondary and tertiary mechanisms for inactivation in the presence of 

fertilizer. 

 

3.3.6 Inactivation of R. solani as a function of current density 

Increasing the current density while maintaining a constant chloride concentration (20 

mg/L) increased pathogen inactivation efficacy (Figure 3.7a).  As current density increased more 

electrons became available [at the anode surface] to participate in the reactions leading to the 

formation of free chlorine. As this charge transfer increased, the amount of free chlorine produced 

was no longer current limited; rather, it became governed by the mass transfer efficiency of the 

system (Figure 3.4b; Figure 3.5) (Bagotsky, 2005; Gileadi, 2011; Zoski, 2006).  The increased free 

chlorine concentration at the anode supports a greater flux to the bulk solution where it is available 



41 

 

 

 

to further react with free-floating pathogen cells.  The EFC achieved higher inactivation rates of 

R. solani after a 1-min contact time, with the exception of the lowest current density (7.6 A/m2) 

(Figures 3.4a, 3.6a, 3.7a).  When increasing the current density to 11.4 A/m2, there was a 2.80 log 

reduction for the 1-minute contact time and beyond.  When increasing the current to 22.7 or 34.1 

A/m2, a 3.75 log reduction was achieved at the 1-minute contact time. A current density of 45.5 

A/m2 achieved similar log reductions to lower current densities but inactivation was achieved in 

half the time (30 seconds). The highest current densities (68.2 and 90.9 A/m2) resulted in complete 

inactivation at all contact times tested.  Further testing at these higher current densities and shorter 

contact times <30s should be conducted to further characterize the system and inform the 

development of larger scale systems.   

When fertilizer was present in the test solution the effluent free chlorine residuals were 

consistently and considerably lower (< 0.8 mg/L free chlorine) (Figure 3.7b) than solutions that 

did not contain fertilizer (Figure 3.4b) regardless of the current density applied. One of the main 

concerns with using free chlorine to treat irrigation water is phytotoxicity, which can occur at 

effluent concentrations as low at ~2.5 mg/L (Cayanan et al., 2009; Ibrahim et al., 2015). In this 

study, the addition of fertilizer salts, at concentrations consistent with commercial recipes, reduced 

effluent free chlorine to levels compatible with crop production (Cayanan et al., 2009; Ibrahim et 

al., 2015); yet, the addition had negligible impacts on pathogen inactivation efficacy.  Even at the 

highest current densities and contact times achievable with the current system, the effluent free 

chlorine residuals still remained well below reported phytotoxic thresholds (Figure 3.5). The 

ability to apply these high currents and/or long contact times, without the threat of exposing the 

crop to phytotoxic levels of free chlorine, suggests that even recalcitrant pathogens could be 

controlled through the manipulation of contact time and/or current density. Further research on 

more resistant pathogen forms (e.g., spores or cysts) is needed to clarify this. 
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Figure 3.7: Rhizoctonia solani inactivation and free chlorine dynamics with increasing current density. a) R. 
solani inactivation as a function of current density and contact time with 20 mg/L of chloride and 0.5 g/L of 
fertilizer in solution and b) model used for effluent free chlorine from the EFC with applying variable current 
densities and contact times with the same test solution. Error bars are ±SEM, n=3. 
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3.3.7 Nitrogen dynamics in the EFC system 

The reduction in free chlorine residuals in the presence of fertilizer containing ammonium 

(Figure 3.5) suggested that breakpoint chlorination occurred during treatment.  Ammonium 

sulphate was used as a supporting electrolyte at a concentration of 0.02 g/L, which corresponded 

to the total nitrogen in the 0.05 g/L fertilizer solutions used in the other experiments presented 

(Figure 3.5).   At a current density of 11.4 A/m2, the concentration of ammonium was inversely 

proportional to the contact time.  However, the concentration of nitrate, which was not initially 

present, was also shown to be proportional to the contact time. The result was no net change in 

total nitrogen (Figure 3.8a).  At lower current densities, the conversion favoured nitrification 

(Figure 3.8a).  At higher current densities (e.g., 22.7 A/m2) nitrification also occurred; however, 

denitrification also became part of the overall process ultimately leading to a small net loss of total 

nitrogen from the solution (Bejan et al., 2013). The amount of nitrogen lost from the solution 

increased modestly with increasing current densities (45.5 – 90.9 A/m2; data not shown). 

Free chlorine was shown to variably increase between the current densities and the contact 

times applied to the solution when containing ammonium sulphate (Figure 3.8b).  However, these 

levels of effluent free chlorine were smaller than the amount leaving the EFC in bulk solution 

when no fertilizer was present (Figure 3.4b).  The suspected cause for this decreased effluent free 

chlorine with the presence of fertilizer was due to the consumption by ammonium and 

transformations to other nitrogenous species due to direct oxidation by the anode and indirect 

oxidation from free chlorine (Li et al., 2017; Meador & Fisher, 2013; Raudales et al., 2014).  

Chlorine is known to react with various organic and inorganic components in water, such as 

microorganisms but also including ammonium and ferrous iron (Kapałka et al., 2010; March & 

Gual, 2009; Stewart-Wade, 2011).  The reaction rates between the organic and inorganic fractions 

can vary considerably but are largely determined by stoichiometric kinetics and the pH of the 

solution (Kapałka et al., 2010; March & Gual, 2009).  Breakpoint chlorination of 

ammonium/ammonia is highly pH sensitive with the highest reaction rate occurring around a pH 

of 8.5 (Bejan et al., 2013).  Maintaining the pH between 5.5 and 6.5, which is compatible with 

crop requirements, limits the amount of nitrogen lost from the system. The surface of the anodic 

working electrode for RuO2 produced portions of N2, NO2- and NO3-, which were increasingly 
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formed with higher pH and current densities (Kim et al., 2006).  The conversion rates of these 

products are limited in undivided electrochemical cells, such as the one presented herein, in 

comparison to divided cells (Kim et al., 2006).  Thus, the loss of total nitrogen will be limited due 

to the characteristics of the fertigation solution being treated and the use of an undivided cell. 
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Figure 3.8: Nitrogen and free chlorine dynamics at variable contact times and current densities. a) Nitrogen 
dynamics as a function of current density (11.4 & 22.7 A/m2) and contact time of the solution containing 
(NH4)2SO4 as the supporting electrolyte (relative to 0.05 g/L of 20-8-20 Plant Prod fertilizer) and 20 mg/L of 
chloride.  b) effluent free chlorine concentration as a function of current density and contact time.  CD = current 
density, CT = contact time and the error bars are ±SEM, n=3. 
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At higher current densities, breakpoint chlorination has been demonstrated as the most 

likely mechanism for the consumption of free chlorine, while lower current densities favoured the 

formation of secondary reactions such as nitrate generation (Bejan et al., 2013; Kapałka et al., 

2010; Kraft et al., 1999; March & Gual, 2009; Pressley et al., 1972).  Although breakpoint 

chlorination is likely the predominant secondary sink for free chlorine in the presented process, 

the consumption of excess (beyond pathogen inactivation demand) free chlorine cannot be solely 

relied upon as only being caused by breakpoint chlorination.  Previous literature has shown that 

other components in fertilizer also contribute to the consumption of free chlorine, such as 

Ethylenediaminetetraacetic acid (EDTA), Fe2+ and Mn2+ (Choo et al., 2005; Hao et al., 1991; 

Wong, 1984).  Furthermore, electrochlorination with Ti/RuO2 and stainless-steel electrodes has 

been demonstrated for the degradation of EDTA and decomplexation of chelated metals (Khelifa 

et al., 2013; Khelifa et al., 2009).  However, the complete degradation of EDTA was only achieved 

when using a current density of 75.2 A/m2, a pH of 9, chloride concentration of 3000 mg/L, and a 

contact time of approximately 250 minutes. 

 

3.3.8 Nutrient stability 

Individual macronutrient ions from the 0.5 g/L fertilizer solution treated at a current density of 

45.5 A/m2 were measured. This current density was more than sufficient to inactivate pathogens 

under all test conditions, yet maintained residual free chlorine levels below phytotoxic levels in 

the presence of fertilizer (Figure 3.4a, 3.5, 3.7a).  The effluent concentration of chloride was shown 

to decrease in proportion to the amount of free chlorine leaving the EFC, which is consistent with 

the expected chlorine mass balance.  Less transient chloride reductions could be due to degassing 

(Cl2(g)), chloramination or free chlorine reacting inside pathogen cells and becoming bound 

(Kapałka et al., 2010; Rahman et al., 2016).  Nonetheless, the concentration of chloride in the 

effluent was found to be stable, demonstrating that in situ electrochemical hypochlorination will 

continue to regenerate free chlorine while conserving chloride.  All other measured nutrients were 

stable under the test conditions (data not shown) as determined by slope analysis (all slopes = 0 at 
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p<0.05), which demonstrated that nutrients can be conserved in this system under prescribed 

operational conditions.  

Higher current densities and longer contact times were also tested and found to have only minor 

effects on select nutrient ions (NO3-, K+ & SO42-) (data not shown).  It should also be noted that if 

the pH in the solution is not regulated and is allowed to increase nitrogen could be lost from the 

fertigation solution and chloramine formation may occur.  This said, pH is routinely adjusted in 

production systems and at typical fertigation solution pH levels (i.e., 5.4-6.5) nitrogen should be 

stable.  Although only minor effects on macronutrient ions were noted in this study, other fertilizer 

types should be examined to ensure general compatibility across fertilizers types and 

manufacturers.  It should be noted that micronutrients (e.g., iron, manganese, etc.) were not 

examined in this study.  The influence of regenerative in situ hypochlorination on micronutrient 

dynamics needs to examined prior to any use in a commercial setting. 

 

3.3.9 Direct operational costs 

The electrolytic power cost was considered for the 22.7 A/m2 current density profile (i.e., 

costs of ancillary equipment not included in calculations). This current density resulted in a high 

pathogen inactivation rate within a 1-min contact time or a flow rate of 380 mL/min (Figure 3.7a), 

which is sufficient to accommodate a bench-scale crop production trial with a fertigation reservoir 

of 200 L. Under continuous operation, the current EFC configuration would use 0.447 kWh for 

treating 1000 L of solution.  At an energy price of $0.12/kWh this translates to a treatment cost of 

$0.05/m3.  However, the time needed for treating this volume of irrigation solution is 43.86 hours.  

If using a current density of 45.5 A/m2 at nearly double the flow rate (720 mL/min), the cost 

remains the same but the treatment time is reduced to 23.15 hours. These calculations are basic 

and do not account for additional energy and hardware costs, nor do they represent a reasonable 

treatment cycle.  What these examples do show is the flexibility of the process and its potential 

upon scaling.  Disinfection targets can be achieved through the manipulation of several key 

parameters (current density, flow rate/contact time, chloride concentration, electrode area (scaling 
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factor)), which provides the operator with multiple options when addressing specific treatment 

challenges. 

 

3.4 Conclusion 

The regenerative in situ electrochemical hypochlorination system described has been 

demonstrated to effectively inactivate R. solani in fertigation test solutions under laboratory 

conditions.  Pathogen control can be achieved through the manipulation, in isolation or in 

combination, of the applied current, contact time, and the concentration of chloride in solution.  

Applying a low current density and increasing the concentration of chloride can moderately 

increase pathogen inactivation rates.  Maintaining a low concentration of chloride (20 mg/L) and 

adjusting the current density and/or the residence time (flow rate) in relation to the free chlorine 

demand proved to be effective for pathogen inactivation.  The effluent free chlorine concentration, 

when fertilizer was present, was below the phytotoxic threshold (~2.5 mg/L) reported by others.  

Chloride concentrations were also shown to remain stable throughout the treatment process.  This 

is in direct contrast to continuous free chlorine dosing, which leads to the accumulation of chloride, 

potentially to phytotoxic levels, in recirculating systems. The system did not alter the 

macronutrient composition under the conditions examined; however, micronutrients (e.g., iron) 

need to be evaluated.  Effective pathogen inactivation combined with sub-phytotoxic free chlorine 

residuals make the system compatible with greenhouse crop production. Further studies are 

required to evaluate the efficacy of the system across a range of pathogen types, evaluate 

technological scalability and other potential engineering challenges, such as the integration with 

nutrient dosing systems.  This study provided the initial baseline data to support the further 

investigation of RuO2 DSAs as a regenerative in situ hypochlorination system for the control of 

Rhizoctonia solani in commercial greenhouse production.  
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4 An Electrochemical Advanced Oxidation Process (EAOP) for the 
inactivation of Rhizoctonia solani in fertigation solutions2 

 

4.1 Introduction 

Greenhouse crop production, by its very nature, is reliant upon irrigation to maintain 

production.  As the salient impacts of climate change continue to emerge and combine with 

competing water demands and increasing social and legislative restrictions on water consumption, 

greenhouse operators face an ever-greater challenge in securing adequate water supplies 

(Bloecher, 2007; Ehret et al., 2001; Rahman et al., 2009; Raudales et al., 2017; Sirés & Brillas, 

2012; Suárez et al., 2008).   Many growers have attempted to reduce their water demands through 

the collection and re-use of irrigation run-off.  Although this is an efficient practice from a water 

use perspective, it does generate several significant production challenges associated with 

diminished return water quality.  Perhaps the greatest concern to growers in adopting this capture 

and re-use strategy is the potential for increased risk of pathogen proliferation (Ehret et al., 2001; 

Stewart-Wade, 2011).  As an irrigation or fertigation (irrigation solution containing soluble 

fertilizer salts) solution passes through a greenhouse crop, pathogen propagules, from even a small 

number of infected plants, can become entrained in the fertigation solution.  Upon reapplication of 

the contaminated run-off and without proper water treatment, the pathogen can rapidly spread 

throughout the entire crop.  Safe and effective water remediation technologies are needed to ensure 

crop success when capturing and re-using greenhouse fertigation solutions. 

There are numerous water treatment technologies available to growers, each with their own 

benefits and drawbacks.  Many of these technologies, including chlorination, ozonation, ultraviolet 

light, hydrogen peroxide, filtration, etc., have been thoroughly studied with several quality review 

articles being available (Ehret et al., 2001; Hong, 2014; Stewart-wade, 2011).  In addition to these  

______________________________________________________________________________ 

2 The presented material for this chapter is taken in whole from a paper of the same title submitted to Canadian Journal 
of Plant Science (2019). 
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mature technologies there are also emerging water treatment technologies based on 

electrochemical processes that show great promise in greenhouse production settings. Many 

industries use electrochemical disinfection to minimize or prevent the formation of chemical by-

products (Comninellis & Chen, 2010; Li et al., 2011; Panizza & Cerisola, 2009). Different types 

of electrochemical systems have been examined for microbial control as well as for the degradation 

of organic pollutants (Chaplin, 2014; Comninellis, 1994; Sirés & Brillas, 2012).   Electrochemical 

systems used in wastewater treatment include Dimensionally Stable Anodes (DSA) (Comninellis, 

1992), titanium-based (e.g., Ti4O7) ceramics electrodes (You et al., 2016), and Boron-Doped 

Diamond (BDD) (Chaplin, 2014; Comninellis, 1994; Sirés et al., 2014).  These technologies have 

been analysed as disinfection technologies for bacteria control, however, few have explored the 

inactivation of other biological contaminants such as fungi, which typically have higher Reactive 

Oxygenated Species (ROS) demands to achieve inactivation (Beeson et al., 2012; Cayanan et al., 

2009; Ehret et al., 2001; Igura et al., 2004).  No studies, thus far, have attempted to inactivate plant 

pathogens of fungal origin with the use of BDD electrodes.  

Boron-Doped Diamond electrodes are attractive in that have a lower oxygen evolution and 

have a greater current efficiency in oxidizing contaminants relative to other electrodes, such as 

DSA (Chaplin, 2014; Kraft, 2007).  Reactive oxygen species (ROS), thought to be generated by 

BDD electrodes,  can be characterized by a set of ROS such as O2-•, O3, H2O2 and most importantly 

OH• (Benito et al., 2017; Jeong et al., 2006).  Hydroxyl radicals (OH•) are particularly appealing 

for greenhouse crop production applications due to its high redox potential.  Hydroxyl radicals are 

very reactive (half-life ~ 10-9 seconds), and a very high oxidation reduction potential (2.80 E°(V)), 

which allows it to both degrade even recalcitrant chemicals (Chaplin, 2014) and inactivate 

microbiological pests and pathogens (Long et al., 2015).  Another appealing characteristic of these 

electrochemical systems is that they  generate oxidants in situ without the need for continual 

addition of reagents; a unique advantage over some other competing wastewater treatment 

technologies (Kraft, 2008).  These in situ oxidants are used to inactivate pathogens by attacking 

the cell membranes, DNA, and other essential components needed for survival (Balasubramanian 

et al., 1998; Beeson et al., 2012; Hao et al., 2012; Kruidenier & Verspaget, 2002).  The 

combination of disinfection and chemical degradation capabilities are of interest from a 
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greenhouse water treatment perspective and warrants a dedicated investigation of the potential of 

these electrodes for these applications.  

 The objectives of this study were to: 1) determine if a BDD-based electrochemical 

advanced oxidation process could achieve sufficient Rhizoctonia solani inactivation rates in 

fertigation solutions, 2) evaluate the effects of the process on solution fertilizer composition, 3) 

establish the phytotoxic potential of the treated solution in terms of residual disinfection products 

(e.g., free chlorine). 

 

4.2 Materials and Methods 

4.2.1 Pathogen culturing 

A pure culture of R. solani (AG-8) isolated from wheat was provided courtesy of Dr. Allen 

Xue at the Plant Pathology Ottawa Research and Development Centre (Agriculture and Agri-Food 

Canada).  Culturing methods described in Lévesque et al., (2019a) were used to produce the 

inoculum used in this study.  

 

4.2.2 Test solution preparation 

The R. solani culture was vacuum filtered through 1.5 µm filter paper (Whatman 934 – 

AH).  The retained material was rinsed with deionized water to remove any residual broth 

remaining on the mycelia.  Mycelia were weighed (TE 124S, Sartorius d= 0.1 mg, Germany) to 

obtain a total mass of 6 grams and added to 30 litres of deionized water for the test solutions.  

Mycelia were transferred to a blender (HH-362, E.F. Appliances Canada LTD, China) with 300 

mL of DI water and blended for 1 minute.  The suspension was then transferred to a polypropylene 

tank containing deionized water and/or fertilizer (water soluble 20-8-20 Plant-Prod all-purpose 

high nitrate, Master Plant-Prod Inc., Ontario, Canada) and/or potassium chloride (KCl) (BP366-

500, Fisher Scientific, Canada) depending on the experiment (Table 1). 
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Table 4.1:  Composition of test solutions examined for electrochemical treatment using the Boron-Doped 
Diamond electrodes.  

 Chloride 
Concentration (mg/L) 

Fertilizer type Fertilizer 
concentration (g/L) 

Figure 4.1 

 

0 N/A 0 

Figure 4.2 0 Plant Prod Water 
Soluble Fertilizer (20-

8-20) 

 

0.5 

Figure 4.3 20 Plant Prod Water 
Soluble Fertilizer 

 

0 – 0.5 

Figure 4.4 20 N/A 0 

Figure 4.5 20 Plant Prod Water 
Soluble Fertilizer 

 

0.5 

Figure 4.6 20 Plant Prod Water 
Soluble Fertilizer 

 

0.5 

Figure 4.7 0 N/A 0 
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4.2.3 Flow cell 

The electrochemical flow cell (EFC) utilized was described previously (Lévesque et al., 

2019a).  In the current study, the ruthenium dioxide anodes were replaced with Boron-Doped 

Diamond (BDD) anodes, while the stainless-steel cathodes remained.  The cell volume between 

the electrodes (380 mL) and the flow rates (720, 380, 190 and 127 mL/min) used for experiments 

are the same as those used by Lévesque et al., (2019a).  The reported contact times (in minutes) 

approximate the time, as a function of flow rate, that the irrigation solution is in direct contact 

with, or in the immediate vicinity of, the surface of the electrodes during each electrochemical 

treatment.   

A power supply (DF1730SC 20A DC power supply, Gold Source, China) was connected 

to the anode and cathode terminals.  Throughout each experiment the applied current and voltage 

were monitored.  Effluent samples were collected at pre-defined times of 0.5, 1, 2, 3 and 6 minutes 

and immediately analyzed to determine pH (542, Corning, USA), and free chlorine concentration 

(DPD Test ‘N Tube cuvette with free chlorine reagent set kit; DR/850 portable colourimeter, Hach 

Company, USA).  Untreated samples were collected from the polypropylene tank at the start, 

middle and end of each experiment.  Fungal counts from each sample were averaged and that value 

was used as the initial fungal load for each study.  All samples were collected in 40 mL clear plastic 

high-density polyethylene (HDPE) vials (20120121, Richard’s Plastics, Canada).   

Samples were serially diluted (101, 102, 103 and 104) into glass test tubes, then inoculated 

(100 µL/plate) onto PDA plates containing antibiotics (0.1 g/L of streptomycin and 0.05 g/L of 

ampicillin) and spread across the plate with a sterile metal hockey stick.  The plates were placed 

in an incubator (Innova 4340, New Brunswick Scientific, USA) at 30 °C for 48 hours under 58 

µmol m-2 s-1 of Photosynthetically Active Radiation light (LI-250Q, LI-COR Biosciences, Lincoln, 

NE, USA) for a 12h photoperiod.  Colonies were counted after the incubation period to determine 

the survival rate of pathogens following treatment. 
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4.2.4 Sample analysis 

Individual macronutrient ions from the fertilizer solution were measured with a Shimadzu 

HPLC system equipped with a DGU-20A3 degasser, a SIL-10AP autosampler, two LC-20AT 

pumps, two CDD-10A VP conductivity detectors, CTO-20AC column oven, and CBM-20A 

system controller.  Total nitrogen was measured using a Shimadzu TOC analyzer with a total 

nitrogen component attachment (TNM-1, Shimadzu Scientific Instruments, USA).  Perchlorate 

was analyzed according to Uchikawa (1967).  Samples containing fertilizer were not analyzed for 

perchlorate due to interference with nitrate (Uchikawa, 1967).   

 

4.2.5 Statistical analysis 

Statistical analyses were performed using JMP version 14.0 (SAS Institute Inc, Cary, NC).  

Data was tested for normality using the Shapiro-Wilk test.  Data sets failing the Shapiro-Wilk test 

were transformed and the analysis was conducted on the transformed data.   Summary of fit from 

linear regression models used the adjusted R squared values and significance was determined using 

a = 0.05.  Non-linear regression analysis was conducted to determine any effects on [individual] 

nutrient composition. 

 

4.3 Results and Discussion 

4.3.1 Pathogen inactivation in the absence of fertilizer or chloride salts 

When only R. solani was present in the test solution (deionized water), a low current 

density of 11.4 A/m2 resulted in a moderate decrease in culturable R. solani (Figure 4.1). When 

the contact time of the solution was increased to 6-minutes, there was a log reduction of 3.65 in R. 

solani from an initial concentration of 6666± 850 CFU/mL.  Increasing the current density to 22.7 

A/m2 resulted in a log reduction of 3.80 at the same six-minute contact time.  The major 

contributing factor in the inactivation of R. solani under these conditions was most likely indirect 

oxidation by ROS (H2O2, O3, O2•-) in the bulk solution (Bruguera-Casamada et al., 2017; Diao et 
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al., 2004; Jeong et al., 2006; Kraft, 2008; Liang et al., 2018; Michaud et al., 2003).  Hydroxyl 

radicals (OH•)  are thought to be the major ROS player in these systems (Diao et al., 2004), 

although, inactivation attributable to OH• in these systems is limited to the immediate vicinity of 

the electrode due to OH• instability (Jeong et al., 2006; Martínez-Huitle & Brillas, 2008).  The 

combination of all ROS causes damage to the cell membrane, which ruptures and releases cell 

constituents leading to inactivation (Diao et al., 2004).  This combination of diverse ROS activity 

may explain the observed pathogen inactivation efficacy; however, there are likely other 

contributing factors that should be considered when evaluating the overall system. Inactivation 

could also be partially explained by the highly acidic conditions known to occur in the immediate 

vicinity of the anodes, conditions that are likely to cause structural changes in the mycelial sheath 

and cleaving of essential proteins (Altun & Cetinus, 2007; Kraft, 2008; Permentier & Bruins, 2004; 

Tsong, 1990).  Inactivation could also be partially linked to increased permeability of the mycelial 

membrane due to electroporation, which would compromise normal cellular function (Huang & 

Rubinsky, 2000; Pillet et al., 2016; Rowan et al., 2000; Vega-Mercado et al., 1996).  It is suggested 

here that the combination of these processes, rather than an isolated mechanism, is responsible for 

the inactivation observed (Aronsson & Rönner, 2001; Diao et al., 2004; Lévesque et al., 2019a).  

It should be noted that although the current densities used for the experiment were low, the voltages 

where comparatively high due to the absence of a supporting electrolyte (~15 V at 11.4 A/m2; ~32 

V at 22.7 A/m2). Although there was a notable reduction in viable R. solani (CFU/mL), the 

processes at play under the conditions employed in this experiment were unable to achieve 

complete inactivation.  This suggests the need for additional mechanisms or processes when using 

BDD cathodes for pathogen inactivation. 
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Figure 4.1: Inactivation of R. solani at two current densities and five contact times in the absence of both 
fertilizer and chloride.  Only two current densities were performed due to the lack of a supporting electrolyte 
and power supply limits to support higher current densities being applied to the solution.  Error bars are 
±SEM, n=3. 

 

4.3.2 Pathogen inactivation in the presence of fertilizer salts 

Many greenhouse operators employ fertigation technologies to simultaneously deliver water and 

nutrients to their crops.  Given this, it was important to evaluate the performance of the 

electrochemical system in the presence of dissolved fertilizer salts.  Further, it was necessary to 

evaluate inactivation performance without [additional] chloride being added.  When applying 11.4 

A/m2 for a contact time of 6-minutes in the presence of fertilizer, the inactivation of R. solani was 

once again notable but not complete (Figure 4.2).  Further increasing the current density did 

improve overall inactivation; however, even at the highest current density (90.9 A/m2) complete 

inactivation was not achieved.  Overall, the inactivation levels were somewhat less than those 

observed without fertilizer salts present (Figure 4.1 & 4.2). The reduced rate of R. solani 

inactivation was likely caused by competing reactions with components present in the fertilizer 

that may have  acted as sinks for electrochemically generated disinfectant products (e.g., OH•, 

other ROS) in the solution (Michaud et al., 2003; Sirés et al., 2014).   

(A/m2) 
11.4 22.7 



57 

 

 

 

 

 
Figure 4.2: Inactivation of R. solani in a fertigation solution (0.5 g/L 20-8-20) at five different current densities 
without added chloride.  Error bars are ±SEM, n=3. 

 

4.3.3 Chloride addition experiments: free chlorine and perchlorate evolution 

In previous work with RuO2 cathodes in the same flow cell presented here, it was 

demonstrated that complete inactivation could be achieved when 20 mg/L chloride was present in 

the fertigation solution (Lévesque et al., 2019a: Chapter 3). Based on this, 20 mg/L of chloride 

was added to the test solution, as potassium chloride (KCl), and the solutions were treated over a 

range of current densities, contact times, and fertilizer concentrations (Figure 4.3; Table 1).  

Without fertilizer present, the concentration of free chlorine tended to increase with contact time 

and current density (Figure 4.3) but not to the same extend as previously reported for RuO2 

cathodes (Lévesque et al., 2019a: Chapter 3).  The concentration of free chlorine increased with 

current density but plateaued at  ~2 mg/L beyond a contact time of 2-minutes for current densities 

of 68.2 and 90.9 A/m2 (Figure 4.3).  The saturation point for these current densities and contact 
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times suggests the process reached a physical or electrochemical limit; a limit most likely related 

to mass transport between the bulk solution and the electrodes (Gileadi, 2011). When fertilizer is 

present in solution, the effluent-free chlorine concentration decreased to <0.25 mg/L for all current 

densities and contact times (Figure 4.3), a result consistent with other free chlorine generating 

electrodes (Lévesque et al., 2019a: Chapter 3). The comparatively low concentration of free 

chlorine present in the EFC effluent, even in the absence of fertilizer, could be due in part to the 

possible formation of chlorate species, which are not measured in the DPD free chlorine 

measurement method used.   

 

 

 

 

Figure 4.3: Free chlorine levels measured in the BDD EFC effluent with and without fertilizer in solution.  
Readings were taken at five different current densities (11.4 to 90.9 A/m2) and four contact times (0-3 minutes).  
CD = current density, FC = fertilizer concentration, CT = contact time and the error bars are ±SEM, n=3. 
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 The use of BDD electrodes has the potential to form chlorate species, including perchlorate, 

via oxidation of ClO- into other chlorinated forms via hydroxyl radical reactions (Chaplin, 2014; 

Kapalka, Joss, Anglada, Comninellis, & Udert, 2010; Sirés et al., 2014).  Perchlorate ions (ClO4-) 

can affect thyroid function and are therefore a concern in these systems (Agency of Toxic 

Substances and Disease Registry, 2015).  Further, perchlorate can be assimilated by crops, 

potentially leading to human health concerns if not properly managed (Sanchez et al., 2005; Severt, 

2004). It was found that perchlorates can vary below detection levels to being as high as 142 µg/kg 

in iceberg lettuce from a study using the Colorado river which contained 1.5 – 8 µg/L (ClO4-) 

(Sanchez et al., 2005).    There is evidence for a no adverse effect level (NAEL) in humans after 

ingesting concentrations < 500 µg/kg, which concludes that trace amounts of perchlorates in 

lettuce pose a negligible health risk (Sanchez et al., 2005; Srinivasan & Viraraghavan, 2009).  

There are other factors that decompose within a plant to release chloride ions; however, this 

process is species-specific, which poses an uncertain risk for consumers (Sorensen & Trumble, 

2004).  Furthermore, the half-life of perchlorate in the human body is between 6-8 hours and more 

studies are needed on chronic exposure (Srinivasan & Viraraghavan, 2009).  Analysis of 

perchlorate (fertilizer free solutions only) in the effluent showed that levels remained below 2 µg/L 

for all current densities and contact times tested (11.4 - 90.9 A/m2 and 0-3 minutes), which is well 

below safe drinking water limits in all jurisdictions examined (e.g., United States EPA limit 24.5 

µg/L) (Kucharzyk et al., 2009; EPA, 2017).  It should be noted that ClO4- was the only chlorate 

species examined in the current study.  Additional chlorate species (e.g., ClO3-) should be 

examined to better understand the potential for perchlorate production using low current densities 

and chloride concentrations (Chaplin, 2014; Ghernaout et al., 2011).  The formation of chlorate 

and perchlorate requires the production of hypochlorite as an intermediate species (Sánchez-

Carretero et al., 2011).  Thus, if the pH of the solution is maintained at neutral or acidic conditions 

with lower current densities, the formation of chlorates would be limited (Polcaro et al., 2008; 

Sánchez-Carretero et al., 2011).   
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4.3.4 Pathogen inactivation in the presence of fertilizer and chloride salts 

The addition of chloride to the fertigation solution allowed for complete inactivation under 

several treatment scenarios using BDD electrodes in the EFC (Figure 4.4).   The conditions for 

facilitating the complete inactivation of R. solani was achieved using current densities higher than 

11.4 A/m2 and a contact time of 3-minutes.  Decreasing the contact time to 2-minutes resulted in 

an inactivation of ³99.95% (22.7 and 45.5 A/m2) and the complete inactivation of R. solani at 6.82 

mA/cm2. The highest current density tested (90.9 mA/cm2) resulted in complete inactivation of R. 

solani at a 1-minute contact time.  Although the addition of  20 mg/L chloride substantially 

improved inactivation, in comparison to previous research with RuO2 DSA electrodes the required 

current density was considerably higher (90.9 A/m2 for BDD vs 68.2 A/m2 for DSA) and the 

contact time is twice that required for RuO2 DSA (1-minute for BDD vs 30 seconds for RuO2 

DSA) (Bruguera-Casamada et al., 2017; Lévesque et al., 2019). 

The free chlorine generated by the BDD electrodes was monitored to ensure that the system 

would not release free chlorine in excess of cited phytotoxic thresholds (~2.5 mg/L) (Cayanan et 

al., 2009).  The highest concentration of effluent-free chlorine (~0.17 mg/L) was well below 

reported phytotoxic thresholds (Cayanan et al., 2009) (Figure 4.5).  The effluent free-chlorine 

concentration does not follow a consistent trend with increasing contact time and current density.  

Regardless of the variability, free chlorine residuals never breached phytotoxic thresholds. 
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Figure 4.4: Electrochemical inactivation of R. solani as a function of current density and contact time in 
solutions containing 20 mg/L of chloride and 0.5 g/L of fertilizer.  Error bars are ±SEM, n=3 

 

Figure 4.5:  Effluent free chlorine concentration as a function of contact time and current density in solutions 
containing 20 mg/L of chloride and 0.5 g/L of fertilizer.  CT = contact time and the error bars are ±SEM, n=3.   
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4.3.5 Plant nutrient dynamics 

The individual plant nutrient ions were monitored pre- and post-treatment at a current 

density of 90.9 A/m2 (Figure 4.6).  No differences were detected for PO42-, Na+, K+, Mg2+, and 

Ca2+.  Chloride decreased with contact time, which is consistent with the pseudo-first-order 

kinetics governing the formation of free chlorine species (Sirés & Brillas, 2012).  Chloride was 

determined to have the greatest decrease (7.69 ± 0.13 mg/L) at a contact time of 3-minutes (data 

not shown).  Additional mechanisms that could also account for the decrease in chloride include 

chlorine off gassing, chloride entrapment in inactivated pathogen cells, and the formation of other 

chlorinated species (eg. NH4Cl).   There were small but significant increases in NO3- (6.35 ± 0.28 

mg/L; p = < 0.0001), NH4+ (5.32 ± 0.63 mg/L; p = < 0.0001), and SO42- (1.72 ± 0.43 mg/L; p = < 

0.0001) after the solutiuon passed through the cell (Figure 4.6).  The increase in NO3- may be due 

to the direct and/or indirect oxidation of NH4+ (Benito et al., 2017).  The increases in SO42- could 

be attributed to the oxidation of trace amounts of sulphide (Kraft, 2007; Waterston et al., 2007) or 

sulphur containing amino acids such as cysteine and methionine (Stipanuk & Ueki, 2011).  An 

alternative source of these ions could be from the degradation of proteins, released during pathogen 

inactivation, and subsequent deamination of amino acids (Berg et al., 2002; Enache & Oliveira-

Brett, 2011; Goldstein et al., 1992b).  The deamination of amino acids has been known to occur in 

the presence of radical species and results in the increase in NH4+ rather than a decrease from 

nitrification reactions. The reactions are further catalyzed by copper ions, which were present in 

trace amounts in the fertilizer used in the experiment (Goldstein et al., 1992a).  Additional research 

should be conducted to further characterize these processes and their influence on fertility 

dynamics in solutions containing protein bound nutrients. 
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Figure 4.6:  Concentrations of nitrate, ammonium and sulphate when applying a current density of 90.9 A/m2 
to the solution with varying contact times.  The solution contained both fertilizer and chloride during treatment 
and are directly measured from the same samples from figure 5.  Blue lines depict the mean concentration of 
ions without applying treatment to the solution, while black lines show the relative changes in ion concentration 
following treatment.  CT = contact time and the error bars are ±SEM, n=3. 

 

4.4 Conclusion 

The boron-doped diamond electrochemical system presented showed promise as an 

electrochemical advanced oxidation system for the control of the plant pathogen Rhizoctonia 

solani.  Applying a comparatively low current density (e.g., 22.7 A/m2) to solutions containing 

considerable populations of R. solani resulted in a 95% inactivation of the pathogen in the absence 

of fertilizer or chloride salts.  Although this is a respectable reduction, the goal was to achieve 

complete inactivation.  Complete inactivation was achieved but required the inclusion of 20 mg/L 
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chloride in the solution to allow for a moderate production of free chlorine to complement the 

EAOP. The complete inactivation of R. solani was achieved while maintaining acceptable nutrient 

balances and without a build-up of free chlorine beyond reported phytotoxic thresholds (Cayanan 

et al., 2009).  Perchlorate generation was an initial concern; however, the concentration remained 

well below accepted drinking water quality standards in the solutions tested.  Further work is 

needed to confirm perchlorate production in the presence of fertilizer salts.  Small but significant 

increases in ammonium, nitrate, and sulphate were observed that may correspond with the 

observed decrease in organic carbon.  It is suggested that the production of hydroxyl radicals and 

other ROS resulted in the degradation of proteins and other organic compounds present in the 

solutions, thereby causing the release or formation of ammonium, nitrate and sulphate. 
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5 Comparative analysis in irrigation water treatment methods for 
the degradation of ubiquitous pesticides used in agriculture 

 

5.1 Introduction 

In modern agriculture, we continue to experience the increased use of pesticides to support 

many benefits such as protecting crop production, providing financial security for growers and 

food security for consumers (Aktar et al., 2009).  However, with the increased use of these 

compounds, we observe these products accumulating in trace amounts in the soil, groundwater and 

surface water (Aparicio et al., 2013; Botta et al., 2009; Stempvoort et al., 2014).  Many plant 

growers are adopting the capture and reuse of irrigation water to reduce water use, fertilizer use 

and releasing residual pollutants towards the environment (Raudales et al., 2014).  However, when 

recirculating irrigation solutions, the irrigation water may contain pesticides that can accumulate 

and negatively affect the quality of crops (Grant et al., 2018).  

Some examples of emerging and ubiquitous pesticides that are found in the environment, 

as well as being found in greenhouse production systems, are glyphosate and paclobutrazol 

(Reemtsma et al., 2013).  Glyphosate is heavily used in agriculture and it can be found in food, 

water and even alcoholic drinks (Cook, 2019; Postigo & Barceló, 2015; Tadeo et al., 2000).  

Glyphosate is an herbicide, which has been estimated to have an average half-life of 91 days in 

water (Tomlin, 1997).  Glyphosate can also be degraded into another compound called 

aminomethylphosphonic acid (AMPA), which is even more persistent and toxic in the environment 

(Botta et al., 2009; Neto & Andrade, 2009; Stempvoort et al., 2014). Glyphosate and AMPA are 

both highly soluble in water and can easily be transferred into nearby surface water and 

groundwater after field application (Hites, 2006). Paclobutrazol is also used as a plant growth 

regulator and a fungicide in the agricultural industry and it also can be detected in food, surface 

water and groundwater (Kishore et al., 2015; Postigo & Barceló, 2015).  Paclobutrazol has been 

shown to be much more persistent in water than glyphosate with an average half-life being 164 

days (Million et al., 2002).  Although concentrations are greatly decreased in comparison to 
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glyphosate, the precarious effects and the persistence of the contaminant can pose a significant 

threat to crops, as well as terrestrial and aquatic ecosystems (Grant et al., 2018). 

With these agrichemicals present in source water and also introduced to greenhouse plants 

when required, there is a need for the removal of these compounds if the water is going to be reused 

or discharged towards the environment.  Furthermore, these contaminants can be present in a 

grower’s source water and they would need to be removed in order to prevent contaminants 

reaching their crops.  Some water treatment methods that have been found to degrade organic 

pollutants, which includes ozone (O3(aq)), Advanced Oxidation Processes (AOP) and 

electrochemical water treatment (Assalin et al., 2009; Neto & Andrade, 2009; Rubí-Juárez et al., 

2016).  Ozonation has been used in water treatment for disinfection, as well as for the removal of 

some pollutants (Assalin et al., 2009; Nakada et al., 2007; Reungoat et al., 2010).  AOP’s are 

classified as various methods to produce hydroxyl radicals (OH•) and one example that is used is 

the combination of ozone with ultra-violet light (O3(aq) + UV) (Pera-Titus et al., 2004).  Like 

ozonation, AOP’s have been used for water disinfection but mainly have been admired for their 

ability to degrade organic contaminants (Ikehata et al., 2007; Oturan & Aaron, 2014; Pera-Titus 

et al., 2004).  Electrochemical water treatment can be separated into many different types of metal 

oxides and other conductive materials.  This research will only focus on two different materials 

for the degradation of glyphosate and paclobutrazol.  The first type to be tested includes ruthenium 

dioxide electrodes, which are part of a class termed Dimensionally Stable Anodes (DSAs) (Neto 

& Andrade, 2009).  The second type is the use of Boron-Doped Diamond electrodes, which are 

also known as Electrochemical Advanced Oxidation Processes (EAOP) (Bejan et al., 2012; Brillas 

et al., 2008; Chaplin, 2014; Sirés et al., 2014).   EAOP uses the same principle of producing 

hydroxyl radicals as AOP’s, however, they are produced in situ through electrolysis. The hydroxyl 

radicals cause the degradation of pollutants and this process has been studied extensively on a 

number of pollutants in wastewater (Chaplin, 2014; Garcia-Segura & Brillas, 2011; Marselli et al., 

2003; Sirés et al., 2014). 

Although many of these water treatment methods have been used for treating glyphosate 

in solution due to its extensive use in agriculture, little to no known studies have used these 
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techniques for treating water from paclobutrazol.  The objectives of this study are to 1) determine 

the LOEC concentrations of both pesticides on Lemna minor and adjust the tested concentration 

to be relative to field application rates and 2) compare all systems for treating these pollutants that 

are spiked in water and monitor the growth of Lemna minor. 

 

5.2 Materials and methods  

5.2.1 Culturing Lemna minor 

A sterile culture of Lemna minor was obtained from the laboratory of Dr. Ryan Prosser 

(University of Guelph, School of Environmental Sciences).  The culture was transferred to a 1L 

Erlenmyer flask containing a ½ strength Hoagland solution (Hoagland & Arnon, 1950). The 

cultures were transferred to a growth chamber and was left for a growing period of 7 days.  After 

the growth period, the Erlenmeyer flasks were brought to the lab to use the healthy plants for 

bioassay and water treatment experiments following the methods provided by Moody & Miller, 

2005. 

 

5.2.2 The growth chamber conditions 

The temperature and humidity sensors were built in house by staff in the Controlled 

Environment Systems Research Facility (CESRF), University of Guelph.  The growth chamber 

conditions for humidity and temperature were recorded using an Acer Aspire 7750 laptop (P7YEO, 

Acer, Taiwan) and using the Termite software for data logging (version 3.4) (Figure 5.1a).  The 

temperature was maintained at 25.7 ± 0.2 °C and the relative humidity was 38.3 ± 0.5 %.  

Lumigrow pro 325 LED lights (LU60001, Lumigrow, USA) were used at a 80:10:10 ratio of 

Red:Blue:White as overhead lighting for plants (Figure 5.1a & 5.1b).  Furthermore, a grid system 

inside the growth chamber with 36 grid boxes are used to place Erlenmeyer flasks in a completely 

randomized design (Figure 5.1c).  Each ‘grid’ was measured for photosynthetically active radiation 

(PAR) using a modular spectrometer (USB2000+, Ocean Optics Inc., USA).  This allowed to 
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account for random differences attributed to light intensity within the growth chamber.  A heat 

map was generated with this information and in the middle of the ‘grid box’ there was a maximum 

intensity of 100 µmol/m2 (Figure 5.2). 

 

               

Figure 5.1: Growth chamber used to grow Lemna minor plants showing a) the outside of the chamber covered 
by black tarp, as well as the LED light and laptop for data logging over top of the chamber and b) 
demonstrating the inside of the chamber with Red:Blue:White ratio used to grow plants and c) showing the 
Erlenmyer flasks containing Lemna plants under white light for demonstration with temperature and humidity 
sensors on the right hand side. 

 

 

Figure 5.2: Heat map of PAR levels for each ‘grid’ inside the growth chamber with red boxes depicting areas 
of low intensity, while higher light intensities were found in the middle of the chamber depicted by green 
boxes. 

A) B) C) 
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5.2.3 Determining the lowest observable effect concentration (LOEC) 

The analysis of dose-response curves for affecting the growth of Lemna minor was 

determined using the ‘drc’ package (v. 3.0-1, Christian Ritz, 2016) in the statistical program 

RStudio (v. 1.0.153, RStudio Inc., USA).  The EC50 dose response was determined using the 

statistical program, while the LOEC was determined using ANOVA analysis as described by  

(“Biological Test Method–Test for Measuring the Inhibition of Growth Using the Freshwater 

Macrophyte Lemna minor,” 1999). Both methods were used in combination from Moody & Miller, 

2005 to determine the partial inhibition of growth for each measured parameter for plant health 

and reproduction of the number of plants, number of fronds and the dry weights of plants after 7 

days of growth. 

 

5.2.4 Water treatment 

5.2.4.1 Electrochemical treatment of chemical standards 

Initial water treatment was performed by treating the solution by batch cell using the DSA 

and BDD anodes, as well as stainless steel (SS) cathodes.  The experiment used a 2 L beaker and 

filled the beaker with 1.8 L of deionized water and dissolved the chemical standards glyphosate 

(45521, Sigma-Aldrich, USA) or paclobutrazol (46046, Sigma-Aldrich, USA) for separate 

treatments.  The solution was constantly mixed using a magnetic stirrer (220T, Fisher Scientific, 

Canada) and bar during treatment with chemical standards.  Samples containing glyphosate and 

paclobutrazol standards were submitted to the Agriculture and Food Laboratory (University of 

Guelph) to quantify samples using LC-MS/MS.  The mean quantifiable limit for the analytical 

method was 8 µg/L for glyphosate, AMPA and paclobutrazol.  The non-purgeable organic carbon 

(NPOC) and total nitrogen (TN) of the solution was determined using a Shimadzu TOC-Vpn & 

TNM-1 analyzer.  A calibration curve (R2= 0.99) was produced before performing the sample 

analysis using TOC and TN standards.   
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5.2.4.2 Chlorination with BDD electrodes on Lemna minor 

Chlorination was performed with BDD anodes and SS cathodes by passing a solution with 

20 mg/L of chloride and deionized water through an electrochemical flow cell (EFC).  The flow 

cell configuration was performed using the same methods and equipment as previous experiments 

with R. solani (Lévesque et al., 2019a & b). The solution was then collected and fixed to 75 mL 

inside an Erlenmyer flask with a matching 75 mL of full-strength Hoagland solution.  The 

experiment was performed in triplicate and placed inside the Grid box for further analysis. 

 

5.2.4.3 Various water treatment methods with commercial pesticides 

Water treatment for the recalcitrant organic pollutants (glyphosate and paclobutrazol) was 

performed by ozonation (O3(aq)), AOP, DSA and BDD.  The irrigation solution was spiked with 7 

mg/L of glyphosate (Glyfos, FMC corporation, USA) and 3 mg/L of paclobutrazol (Bonzi, 

Syngenta Canada Inc., Canada) in multiple 20 L buckets containing 10 L of deionized water.  

Ozonation was performed with a batch reactor that was built in house at the CESRF (Figure 3a).  

The batch reactor consisted of an oxygen concentrator (AS013-5, Airsep Corporation, USA), 

ozone generator (CD1500P, Clearwater tech., USA), PVC pipe (1.8 m x 12 cm) and a 60 µm pore 

air stone diffuser at the base.  The ozone gas stream that was injected into the batch reactor was 

measured by a high concentration ozone analyzer (Mini-Hicon, IN USA, USA).  The ozone off 

gas was also measured by the ozone analyzer after removing the water vapour using the Sample 

conditioning system (SC-010-R, IN USA, USA). The ozone off gas from the solution was also 

carried out to the ozone destruct system (OCD-11, Clearwater tech., USA) after passing through 

the ozone analyzer.  Furthermore, ozone was maintained at ~5 mg/L O3(aq) in solution and verified 

using Ozone AccuVacÒ Ampules (2518025, Hach Company, USA) and a colourimeter (DR/850, 

Hach Company, USA).  Once the ozone is injected in solution to the desired level, the solution 

was then allowed to stand for 20 minutes. 

 The AOP treatment was performed following ozonation with the batch reactor by opening 

a check valve and allowing the irrigation solution to flow through a UV chamber by gravity at 310 
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mL/min (Figure 5.3b).  The desired flow rate through the UV chamber was determined by 

measuring the effluent for ozone using ozone ampules and colourimeter.  The flow rate was 

adjusted until no residual ozone could be measured in solution. 

 

 

Figure 5.3:  Batch reactor system built in the Controlled Environment Systems Research facility for injecting 
ozone through the bottom of the batch reactor (Left) and the solution is then passed through the UV chamber 
by gravity to provide the AOP treatment (Right). 

 

 The electrochemical treatments used DSA and BDD anodes with SS cathodes for both 

treatment methods.  The EFC was configured in the same way as previous experiments conducted 

on inactivating R. solani (Lévesque et al., 2019a & b).  The solution also added 20 mg/L of Cl- in 

the form of KCl to match previous experiments that were conducted for disinfecting irrigation 

water.  The flow rate and current densities used were performed using the same equipment and 
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parameters as described in previous experiments conducted with R. solani (Lévesque et al., 2019a 

& b). 

 All solutions were treated with the four different water treatment methods and 75 mL of 

effluent solution was collected and added in 250 mL Erlenmyer flasks.  Negative control samples 

only contained 75 mL of deionized water, while all other treatments (positive control, Ozone, 

AOP, DSA and BDD) contained 75 mL of the treated and non-treated solution.  In a separate 3-

litre beaker, a full-strength Hoagland solution was prepared and mixed with a magnetic stirrer 

(220T, Fisher Scientific, Canada).  For each of the Erlenmyer flasks containing the treated 

solutions, 75 mL of the Hoagland solution was added into each flask.  The dilution factor with the 

Hoagland solution resulted in a half strength Hoagland solution for plant growth.  Lemna minor 

that were previously cultured and acclimated to the ‘Grid box’ were then added to each flask.  Two 

Lemna minor plants with three fronds each were added to flasks for the experiment. All 5 

treatments contained 3 Erlenmyer flasks giving a total of 18 flasks with 36 Lemna plants and the 

experiment was performed in triplicate.  All of the flasks were placed at random inside the growth 

chamber within each grid and recorded their location.  The pH and electrical conductivity of the 

solutions were also measured after the 7-day growth period. 

 

5.2.5 Statistical analysis 

Statistical analyses were performed using JMP version 14.0 (SAS Institute Inc, Cary, NC).  

The residuals between data points and predicted values were tested for normality using the 

Shapiro-Wilk test.  Residuals that did not follow a normal distribution were transformed and the 

analysis was conducted on the transformed data.  One-way ANOVA was used to determine the 

significance between treatments, with the significance falling under a = 0.05.  All graphs used the 

calculated mean of samples within treatments with the standard error of the mean used for error 

bars. 
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5.3 Results and Discussion 

5.3.1 Lemna minor bioassay 

When performing the bioassay on Lemna minor, the number of plants, fronds and the final 

dry weights show to a negative trend with the concentration of glyphosate with respect to 

additional surfactants contained in Glyfos.  Significant differences were only observed at the 

concentration of 15 mg/L of glyphosate for the final number of fronds and the dry weight of plants 

(Figures 5.4a & 5.4b).  However, significant decreases in the number of plants were observed with 

glyphosate concentrations of 2.5, 5 and 15 mg/L (Figure 5.4a).  Noticeable differences such as the 

number of plants, lighter colour of fronds and spindly roots can be visualized in comparison with 

the control (Figure 5.5a) to the presence of 15 mg/L of glyphosate (Figure 5.5b).   
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Figure 5.4: The effects of glyphosate (Glyfos) on a) the final number of Lemna minor plants, fronds and b) their 
dry weights with increasing concentration on the horizontal axis.  Plant samples were measured after a growth 
period of 7 days in the growth chamber.  Error bars are ±SEM, n = 3. 
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Figure 5.5: Demonstration the growth of Lemna minor a) without the presence of glyphosate and b) with of 15 
mg/L of glyphosate in solution and grown over a period of 7 days in the growth chamber. 

 

 When performing the same bioassay using paclobutrazol (Bonzi), the results show more 

profound effects on the growth and reproduction of Lemna plants.  Significant decreases were 

observed for all tested concentrations in comparison to the control group with all of the tested 

parameters for plant physiological and reproductive health (Figures 5.6a & 5.6b).  These visual 

differences can be observed in figure 5.7, showing the plants growing over top of each other and 

causing very spindly roots, which ultimately effects the growth of the plants.  

 

 

 

 

 

A) B) 



76 

 

 

 

 

 

Figure 5.6: The effects of paclobutrazol (Bonzi) on a) the final number of Lemna minor plants, fronds and b) 
their dry weights with increasing concentration on the horizontal axis.  Plant samples were measured after a 
growth period of 7 days in the growth chamber.  Error bars are ±SEM, n = 3. 
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Figure 5.7: Demonstration the growth of Lemna minor a) without the presence of paclobutrazol and b) with of 
5 mg/L of paclobutrazol in solution and grown over a period of 7 days in the growth chamber. 

 

Noticeable differences for all measured parameters in the health of Lemna minor was 

between 5 and 15 mg/L for glyphosate, while paclobutrazol had significant differences at even the 

lowest concentration of 0.05 mg/L.  An analysis of dose-response for determining the EC50 dose 

with glyphosate was 40.07 ± 3.89 mg/L and the LOEC being 15 mg/L using the data from figure 

5.4.  However, the chosen dose for foregoing experiments was slightly lowered to 7 mg/L to be 

equivalent to 170 times higher than the background ratios typically found in surface water in 

Ontario, Canada (Van Stempvoort et al., 2014).  This allows to test the system as per the worst-

case scenario if poor spraying management was utilized by a neighbouring grower.  With 

paclobutrazol, the dose-response analysis determined that the EC50 concentration was 9.15 x 10-3 

± 3.60 x 10-6 mg/L and the EC10 is 2.27 x 10-3  ± 1.27 x 10-2 using the data collected from figure 

5.6.  An LOEC value was not able to be determined in this analysis and is estimated to be below 

the EC10.   However, the chosen concentration was increased to 3 mg/L as per the worst case 

scenario that a high concentration entering surface water due to the foliar application, which can 

range anywhere between 1-200 mg/L (Grant et al., 2018).  However, it must be considered that 

these levels will be 130,000 times higher than what is typically found in surface water ponds 

(Fisher et al., 2016). 

A) B) 
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5.3.2 Electrochemical degradation of agrichemicals 

The degradation of both glyphosate (8.5 mg/L) and paclobutrazol (12 mg/L) was explored 

with the use of electrochemical systems for a direct comparison on their efficacies in a batch cell 

configuration.  When applying a current density of 22.7 A/m2 with the presence of glyphosate, the 

NPOC and TN were shown to significantly decrease with the contact time by both electrochemical 

systems (Figure 5.8).  The NPOC had decreased by 16.18%, while the TN decreased by 85.97% 

with the use of DSA electrodes.  Furthermore, the NPOC decreased by 19.73% and the TN 

decreased by 32.61% with BDD electrodes with the same compound.  For paclobutrazol, the 

NPOC was unaffected and the TN decreased by only 7.12% with the DSA electrodes.  However, 

the NPOC decreased by 18.41% and TN decreased by 22.58% when BDD electrodes were utilized.  

The NPOC and TN had larger decreases between the 3 and 6-minute contact time with the DSA 

electrodes for glyphosate, while the changes were subtler with the use of BDD electrodes.  

Although with the presence of paclobutrazol, there were larger decreases in NPOC and TN 

exhibited with the BDD electrodes. 

 

 

 



79 

 

 

 

 

Figure 5.8: The NPOC and TN measured following treatment from DSA and BDD electrodes on glyphosate 
and paclobutrazol standards in a batch cell.  The solution also contained 20 mg/L of chloride with both 
systems for treating the water. Error bars are ±SEM, n = 3. 

 

 

With the same standards in solution from figures 5.8a & 5.8b, there were significant 

decreases with both systems for glyphosate and paclobutrazol when applying the same current 

density of 22.7 A/m2.  The DSA electrodes removed glyphosate and AMPA from solution to levels 

below the detection limit (< 8 µg/L) between contact times of 0 and 6-minutes (Figure 5.9a).  BDD 

electrodes achieved a reduction of 72.47% of glyphosate but increased AMPA by 0.10 mg/L.  

Although, when paclobutrazol was present, there was a reduction of only 28.29% with DSA’s and 

a reduction of 80.94% with BDD electrodes (Figure 5.9b). 
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Figure 5.9: Treatment of solution using the BDD and DSA electrodes for treating the solution from chemical 
standards a) glyphosate, AMPA and b) paclobutrazol using a current density of 22.7 A/m2 with a 6-minute 
contact time.  The treatment was performed in a batch cell with constant mixing.  Only 20 mg/L of chloride 
and the chemical standard were present in solution.  Error bars are ±SEM, n = 3. 
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The complete degradation of glyphosate (< 8 µg/L) was achieved using DSA electrodes 

with a current density of 22.7 A/m2 and a contact time of 6-minutes (Figure 5.9a).  The system 

was shown to have degradation, which is supported by the decrease of 16% in NPOC and 86% in 

TN (Figure 5.8).  This indicates that not only glyphosate is being degraded, but also the derived 

compounds sarcosine and AMPA are being further degraded by losing their amine groups and 

releasing nitrate as proposed by Neto & Andrade, 2009.  Furthermore, the loss of TN is due to the 

reduction of nitrate to ammonium and forming chloramines, which reacts with hypochlorite and 

denitrifies from solution (Lacasa et al., 2012).  This reaction is largely dependent on the pH and 

the ClO-/NH4+ molar ratio to completely remove nitrogen from solution.  Lower pH values favour 

the degradation of glyphosate (Neto & Andrade, 2009) and the final pH of the test solution was 

~6.5 with a current density of 22.7 A/m2 and a contact time of 6-minutes.  Likewise, lower current 

densities also promote higher current efficiencies for the degradation of glyphosate due to the 

prevention unnecessary side reactions such as oxygen evolution reactions (Neto & Andrade, 2009).  

Additionally, lower current densities prevent the formation of organochloride compounds and 

chlorates (Lacasa et al., 2012; Neto & Andrade, 2009).  However, the average measured free 

chlorine values with a current density of 22.7 A/m2 and a contact time of 6-minutes was 5.38 mg/L, 

which would not be compatible with plant growth (Cayanan et al., 2008).  Further studies should 

be conducted with the presence of fertilizer on the degradation of glyphosate.  The presence of 

fertilizer would decrease the effluent free chlorine level making the solution more suitable for plant 

production systems (Lévesque et al., 2019a & b).   

 With BDD electrodes, the system only achieved a degradation of 72% of glyphosate with 

the same current density and contact time of 6-minutes (Figure 5.9a).  Furthermore, the NPOC and 

TN showed a moderate decrease in solution, indicating that the current efficiency is lower for 

removing glyphosate in comparison to DSA electrodes.  The fact that glyphosate was not 

completely removed from solution with BDD electrodes is comparable with the results presented 

by Rubí-Juárez et al., 2016.  NPOC removal was found to be 79% with 10 mA/cm2 with their 

analysis in comparison to 20% with 22.7 A/m2 found in this study (Figure 5.8).  Furthermore, 

AMPA was shown to increase from 0.009 to 0.11 mg/L and the TN in solution had only decreased 
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by 32%.  This indicated that glyphosate was being degraded at a low current density, however, the 

mass balance between the release and degradation of AMPA favoured its accumulation in solution.  

A higher current density and pH may be needed for the complete removal of glyphosate and AMPA 

in solution to favour mineralization and denitrification reactions.  However, this must be further 

investigated to find the optimal parameters for practical applications so as to avoid the formation 

of chlorates and perchlorates as described by Kapalka et al., 2010. 

 With the presence of paclobutrazol in solution, the results were found to be the opposite 

from what was presented with the degradation of glyphosate.  The DSA electrodes showed to have 

a minor effect with decreasing the TN by only 7% and having no significant effect on decreasing 

the NPOC (Figure 5.8).  The small decrease in TN indicates that there is degradation occurring at 

the location of the heterocyclic compound triazole in paclobutrazol and this is also supported by 

the results shown in Figure 5.9b.  The DSA electrodes had demonstrated to remove 28% of the 

paclobutrazol in solution, however, it is unclear whether the system can degrade the compound 

into harmless derivatives.  With the NPOC remaining unaffected, it indicates that the system is 

unable to reach complete mineralization of the contaminant and there could be an array of derived 

products such as chlorobenzene.  It should be noted that chlorobenzene growth inhibition in maize 

has been found with concentrations above 10 mg/L (San Miguel et al., 2012).  However, 

chlorobenzene levels are unlikely to reach this high and it has been found that exposure to 1 mg/L 

of chlorobenzene over 3 days had no effect on broadbean seedlings (Liu et al., 2005). It should be 

necessary to characterize and quantify these discharged products for future research. This future 

research would determine whether the efficacy of DSA electrodes are limited to pollutants such as 

paclobutrazol.  

 The degradation of paclobutrazol by BDD electrodes was shown to be more efficient in 

comparison to the use of DSA electrodes (Figure 5.9b).  The loss of 18% of the NPOC and 23% 

of TN indicates some mineralization of the compound in solution and resulted in an 81% reduction 

of paclobutrazol in solution (Figure 5.8).  The increased destruction of this molecule is due to a 

combination of direct oxidation by electron transfer, the discharge of water molecules to form 

adsorbed hydroxyl radicals, indirect oxidation by other reactive oxygen species (ROS) and organic 

radical intermediates (Chaplin, 2014; Comninellis, 1994; Marselli et al., 2003).  The complete 
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mineralization of the compound can be attributed to the degradation of aromatic rings by 

electrophilic substitution (Anbar et al., 1966; Raghavan & Steenken, 1980).  The electrophilic 

substitution occurs by the addition of hydroxyl radicals at various positions onto the aromatic ring 

depending on the charge of the structure (Lundqvist & Eriksson, 2000; Tokmakov & Lin, 2002).  

The production of hydroxyl radicals differentiates both electrochemical systems for the 

degradation of paclobutrazol.  This process explains why BDD electrodes were more effective at 

removing paclobutrazol.  Although both systems could not completely remove paclobutrazol, there 

were still reasonable reductions in comparison the initial concentration.  If paclobutrazol was 

found in trace amounts in irrigation water, both systems could greatly improve water quality for 

plant growth.  However, it must be noted that with smaller concentrations of any reactant will 

decrease the mass transfer coefficient and reduce the removal rate of this compound (Gojković, 

2004).  Thus, further studies should be conducted on the removal of these contaminants when their 

concentrations are found in trace amounts in source water.  Also, the study show be performed 

with the presence of a fertilizer in solution to explore alterations for both systems in degrading 

these agrichemicals.   

 

5.3.3 Effects of chloride with the use of BDD anodes 

The effects of free chlorine and possibly other chlorinated species formed such as chlorates 

and perchlorates were explored to evaluate potential effects on plant growth with BDD anodes.  

The health and reproduction of plants was evaluated in relation to the current density applied to 

the solution.  Significant decreases were observed with the number of fronds with current densities 

³34.2 A/m2 (Figure 5.10a).  However, significant decreases in the number of plants and dry 

weights were not observed until reaching current densities of  ³45.5 A/m2 (Figure 5.10a & 5.10b).  

When observing the concentration of free chlorine exiting the cell, there is a positive trend for 

increasing free chlorine with current density (Figure 5.11).  However, a saturation point is reached 

at both current densities of 34.1 and 45.5 A/m2 and a moderate decrease is shown for preceding 

currents. 
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Figure 5.10:  Measured parameters for plant health in relation to the current density with a) the number of 
plants, fronds and b) the total dry weight of plants.  The system was configured to the EFC with only the 
presence of 20 mg/L Cl- in solution.  Error bars are ±SEM, n = 3. 
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Figure 5.11:  Measured values of free chlorine in the effluent stream from the EFC in relation to the current 
density applied to the solution. The system was configured to the EFC with only the presence of 20 mg/L Cl- in 
solution.  CD = current density and the error bars are ±SEM, n = 3.  

 

It has been well documented that BDD electrodes have the potential to form chlorate and 

perchlorate at higher current densities (Kapalka et al., 2010; Kraft, 2007).  However, the effects of 

chlorination and other possible products without the presence of fertilizer or pollutant in solution 

was needed to be investigated.  The results shown in figure 10 demonstrate that no effects on plant 

growth or function occur with current densities £ 22.7 A/m2.  Although no difference in the dry 

weight and number of plants was observed with a current density of 34.2 A/m2, there was a 

moderate decrease in the number of fronds (Figure 5.10).  The concentration of free chlorine was 

shown to peak at ~1.75 mg/L for both of these current densities (Figure 5.10).  These minor effects 

that are experienced relate to free chlorine concentrations approaching the determined phytotoxic 

threshold (2.5 mg/L) for most major crops (Cayanan et al., 2008).  However, when increasing the 

current density ³ 34.2 A/m2, there are clear decreases in the form and function of plants (Figure 

5.10).  The level of free chlorine had moderately decreased to ~1.25 mg/L, indicating that chlorates 

could be formed (Figure 5.11).  Previous experiments have determined that the formation of 

perchlorates is highly limited under the same conditions previously tested (< 2 µg/L) (Lévesque et 
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al., 2019b).  These results are also confirmed by Sánchez-Carretero et al., 2011, stating that current 

densities <300 A/m2 will be extremely limited in forming perchlorate.  However, chlorates can 

still be formed at these current densities and it can pose a significant threat to plants.  Some effects 

on plants by the presence of chlorates is the reduction of the photosynthetic rate and stomatal 

conductance by damaging chloroplasts (Lu et al., 2017).  The negative effects on plant growth 

were experienced at 45.5 and 68.2 A/m2 (Figure 5.10).  However, this experiment should be 

repeated with the presence of fertilizer in solution to determine whether the formation of chlorates 

can be prevented.  The degree for removing the chemical contaminants glyphosate and 

paclobutrazol must also be investigated with the presence of fertilizer to detect for any inhibition 

effects. 

 

5.3.4 Degradation of agrichemicals by various water treatment methods 

The commercialized product Roundup was added in solution to a concentration of 7 mg/L 

of the active compound glyphosate in deionized water (Figure 5.12).  The solution was treated 

with varying contact times by all treatment methods previously mentioned for this study.  Both 

electrochemical systems used a current density of 22.7 A/m2 with various contact time, while the 

ozone and AOP treatments had an injection of ozone for 10 mins reaching 4.7 ± 0.26 mg/L O3(aq).  

The AOP treatment followed the ozone treatment by passing the solution through UV light with a 

flow rate of 310 mL/min.  There were no significant differences in the number of plants, fronds or 

the dry weights of Lemna minor following the AOP treatment (Figure 5.12a & 5.12b).   BDD 

electrodes also did not show any significant differences in the number of plants, fronds and the dry 

weight of plants (Figure 5.12a & 5.12b).  With the DSA electrodes, there were no significant 

differences found in the growth of Lemna minor with a contact time of 1-minute.  However, when 

increasing the contact time ³ 2 minutes, there were significant decreases in the growth and 

reproduction of plants.  Ozonation had the same concentration of 4.7 mg/L used for the AOP 

treatment and it showed significant decreases in plant growth for all measured parameters with a 

contact time of 10 minutes.   

 



87 

 

 

 

 

 

Figure 5.12:  Results on plant growth and reproduction after treatment with AOP, BDD, DSA and O3 on the 
commercial product Roundup.  Parameters measured were a) the number of plants, fronds and b) the dry 
weights of plants in relation to the contact time each treatment. The electrochemical systems were configured 
to the EFC with only the presence of 20 mg/L Cl- in solution.  Error bars are ±SEM, n = 3 
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All of the treatments were successful at removing glyphosate to concentrations low enough 

to maintain healthy plants following treatment, except for ozonation (Figure 5.12).  Ozonation has 

been demonstrated to easily remove glyphosate from solution with a concentration of 3 mg/L 

(O3(aq)) and a contact time of 5 minutes with 1 x 10-3 mg/L of glyphosate (Speth, 1993).  

Furthermore, longer contact times of 30 minutes with 3 mg/L O3(aq) is needed to remove higher 

concentrations of glyphosate (1000 mg/L) (Assalin et al., 2010).  Thus, the decrease in plant 

growth should not be associated with the presence of glyphosate in solution but rather an ozone 

residual that is too high for plant growth.  This occurred with even allowing the solution to stand 

for 20 minutes before adding the Hoagland solution and Lemna minor into Erlenmyer flasks.  A 

partial amount of ozone would have been consumed with the introduction of the Hoagland 

solution, however, the residual ozone concentration must have been above 1.5 mg/L.  It has been 

accepted that by applying aqueous ozone concentrations < 1.5 mg/L will not cause detrimental 

growth effects to plants (Graham et al., 2009).  When AOP was employed, the residual 

concentration of ozone was absent in solution which lead to no adverse effects on plant growth as 

experienced with ozone.  BDD electrodes were also successful at removing glyphosate and even 

had significant increases in plant growth with the contact time.  A hypothesis for this effect is the 

release of the phosphatic group and nitrogen found in glyphosate after the compound is 

mineralized by hydroxyl radicals and other side reactions (Rubí-Juárez et al., 2016).  This releases 

orthophosphate, ammonium and nitrate in solution and increases the amount of available nutrients 

needed for plant growth.  This increase in nutrients ultimately lead to improved growth conditions 

in comparison to the control plants.  With the DSA electrodes, no significant differences in plant 

growth were observed by treating the solution with 22.7 A/m2 for a 1-minute contact time.  

Indicating that glyphosate had been removed at (the very least) to concentrations lower than 2.5 

mg/L (Figure 5.4 & 5.12).  However, increasing the contact time (³ 2 minutes) lead to a decrease 

in growth due to the residual free chlorine concentration approaching phytotoxicity for plants.  The 

residual free chlorine concentrations at the 2-minute contact time were more than 1.5 mg/L and 

this shows phytotoxicity effects on Lemna minor at these higher concentrations.   

 Paclobutrazol was added in solution in the form of the commercialized product Bonzi at a 

concentration of 3 mg/L of paclobutrazol (Figure 5.13).  The solutions were then subjected to 
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treatment by AOP, BDD, DSA and ozonation, same as the previous experiment conducted with 

Glyfos.  For all treatments, there was significant decreases in plant health and reproduction with 

all contact times that were tested.  With the DSA electrodes, it showed to have an additive effect 

for decreasing plant health with a longer contact time of 6 minutes.  No signs of improvement for 

Lemna minor was found with all tested parameters for this experiment. 

 

 

 

 

 

 

 

 

 

 



90 

 

 

 

 

 

 

Figure 5.13:  Results on plant growth and reproduction after treatment with AOP, BDD, DSA and O3 on the 
commercial product Bonzi.  Parameters measured were a) the number of plants, fronds and b) the dry weights 
of plants in relation to the contact time each treatment.  The electrochemical systems were configured to the 
EFC with only the presence of 20 mg/L Cl- in solution.  Error bars are ±SEM, n = 3. 
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When 3 mg/L of paclobutrazol is in solution from the commercial product Bonzi, all 

treatments had been shown to be ineffective at completely removing the compound.  Some of the 

paclobutrazol and surfactants must have been removed by all treatments, as partially indicated by 

figure 5.9.  However, all treatment methods were not able to completely remove the concentration 

of paclobutrazol and return the health of plants to the control (0 mg/L) as shown in figure 6.  

Paclobutrazol has been shown to be highly recalcitrant, demonstrating that stronger treatment 

methods are needed to completely remove the chemical.  The BDD electrodes had been shown to 

be the most effective treatment known for removing the compound (Figure 5.9) and thus this 

treatment method was further investigated. 

 

5.3.5 Recirculation experiment with paclobutrazol 

The experiment with paclobutrazol from figure 13 was reperformed with longer contact 

times by recirculating the solution through the electrochemical flow cell with BDD electrodes 

(Figure 5.14).  The solution was recirculated at a flow rate of 64 mL/min with a total volume of 

2.14 L in a 3 L beaker.  The solution had a contact time of 6 minutes with the electrodes and took 

approximately 35 minutes for the solution to recirculate completely for 1 pass.  Each pass added 6 

minutes, as the solution would be in contact with the electrodes for a total of 18 minutes with a 

total of 3 passes.  With each pass there was a positive improvement with all parameters monitored 

for plant health.  However, there were still significant differences with even the longest contact 

time of 18 minutes in comparison to the control without paclobutrazol present. 
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Figure 5.14:  Results on plant growth and reproduction after treatment with BDD on the commercial product 
Bonzi.  Parameters measured were a) the number of plants, fronds and b) the dry weights of plants in relation 
to the contact time each treatment.  The electrochemical system was configured to the EFC with only the 
presence of 20 mg/L Cl- in solution and recirculated 3 times with a 6-minute contact time.  Error bars are 
±SEM, n = 3. 
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  With the solution being recirculated with longer contact times and using the same current 

density was needed to identify whether it is possible and practical to remove the compound with 

this system.  Although there was still a difference in comparison to the control, there was an 

encouraging trend for remediating water quality for plant growth and function.  These results 

suggested that a contact time of 24 minutes could possibly remove paclobutrazol to levels low 

enough to have no significant differences.  Upon looking at the growth parameters of plants, there 

was a definite indication that paclobutrazol levels were lower than 0.05 mg/L by comparing the 

results between figures 5.6 & 5.14.  Furthermore, having a concentration of 3 mg/L of 

paclobutrazol in the source water of a greenhouse may be unlikely.  Thus, the system does 

demonstrate that significant improvements can be made to source water if paclobutrazol was only 

present in trace amounts. 

 

5.4 Conclusion 

Bioassays performed with Lemna minor for chemical contaminants had determined the 

LOEC levels to be 15 mg/L for glyphosate and < 2.27 x 10-3 mg/L for paclobutrazol.  The 

degradation of these compounds from chemical standards using DSA and BDD electrodes had 

shown to be effective.  DSA electrodes were more effective with glyphosate, while BDD electrodes 

were more successful with paclobutrazol.  However, caution with both electrochemical systems is 

needed when using chlorination as some effects on plant growth had been observed.  All water 

treatment methods (O3(aq), AOP, DSA and BDD) had been shown to be effective at removing 

glyphosate from solution to levels that would remediate plant health.  BDD electrodes had shown 

to also increase plant growth following treatment with glyphosate in comparison to the control 

sample.  However, all systems were shown to be less effective with the presence of paclobutrazol 

in solution.  Reperforming the experiment with BDD electrodes and applying longer contact times 

had shown promising results for improving water quality and plant growth.  All systems have 

demonstrated the ability to remove contaminants to various degrees and the study has shown 

applications that could be used in crop production systems.  Water treatment methods should be 

reconducted with the presence of fertilizer to account for alterations in the degradation rates of 
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these contaminants.  This would further explore applications for each system in the presence of a 

fertigation solution. 
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6 Comparative analysis between conventional and novel fertigation 

water treatment technologies for growing ornamental crops with 

recirculating hydroponics 

 

6.1 Introduction 

In the 21st century, agriculture is becoming more dependent on the reuse of irrigation water 

with rising concerns over lake eutrophication and water quality degradation (Peters & Meybeck, 

2000; Verhoeven et al., 2006).  These problems are advancing and becoming global issues as we 

continue to use water for various purposes in the agricultural industry.  This creates an increased 

demand on freshwater supplies and the issue will continue to aggravate if water is continuously 

used as a finite resource.  Water scarcity is not only an issue with the increased consumption of 

water but it is also closely related to the quality of water (Pereira et al., 2002).  Water scarcity will 

be the largest threat to a growing human population across the globe.  We will continue to find 

water bodies that are in need for remediation, which includes reviving aquatic ecosystems and be 

suitable for human consumption.  Although, prevention is a key factor for avoiding contamination 

of freshwater sources following anthropogenic activities.  Strategies such as recycling water 

sources are vital for protecting aquatic ecosystems and provide water security for future 

generations (Grewal et al., 2011; Raudales et al., 2017).  Furthermore, the total costs with 

recirculating fertigation water (including treatment costs) in comparison to non-recirculated 

solutions was determined to be 4 times lower in recirculating hydroponics (Rosa E. Raudales et 

al., 2017).  

Controlled Environment Agriculture (CEA) stands in a unique position for controlling the 

inputs and outputs of water resources and it can also support the process of recycling irrigation 

water (Kozai et al., 2015).  Spent fertigation water is a type of wastewater that can be reused in 

hydroponic irrigation, which would limit nutrient loading into freshwater sources and greatly 

reduce water consumption (Raudales et al., 2017).  Although, a major concern with recirculating 

fertigation solutions is the proliferation of plant pathogens, which can lead to the repeated 
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inoculation of pathogens onto crops (Hong & Moorman, 2005).  Water treatment technologies are 

needed to prevent the development of pathogens throughout the whole hydroponic system and to 

protect crops from devastation.  There are endless numbers of innovative technologies available 

to growers to enable the recirculation of fertigation solutions.  To name a few, there are water 

treatment technologies such as ozonation (O3(aq)), ultra-violet light (UV), chlorination, hydrogen 

peroxide and Advanced Oxidation Processes (AOP) (Stewart-Wade, 2011).  There are also 

emerging technologies such as electrochemical disinfection (Hong, 2014; Stewart-Wade, 2011) 

with electrode types such as Dimensionally Stable Anodes (DSA) (Hong, 2014) and Boron-Doped 

Diamond (BDD) (Lévesque et al., 2019b).  Conventional and emerging water treatment 

technologies have been previously compared for their efficacy for pathogen removal (Diao et al., 

2004; Kerwick et al., 2005; Li et al., 2011).  Although, these comparisons have only been explored 

for drinking water purposes and have yet to be used for treating fertigation water in hydroponic 

systems.   

Previous research conducted by Lévesque et al., 2019a determined that an electrochemical 

flow cell (EFC) with DSA electrodes can achieve the complete inactivation of Rhizoctonia solani 

in a fertigation solution.  This was achieved all while maintaining free chlorine below phytotoxic 

levels for most major crops.  The objective of this study is for a direct comparison between 

ozonation, AOP and the EFC system with DSA electrodes for pathogen disinfection inside a 

greenhouse.  Cyclamen persicum was used as the ornamental crop of choice with a recirculating 

the fertigation solution.  The plant pathogen Fusarium oxysporum f.sp. cyclaminis was inoculated 

in solution to replicate a pathogen contaminated fertigation solution.  The goal of the study is to 

evaluate the efficacy and suitability of each water treatment technology for being used 

recirculating hydroponics.  
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6.2 Materials and methods 

6.2.1 Pathogen culture 

Fully grown C. persicum were purchased from a retail store located in Guelph, ON, Canada 

and grown in the greenhouse.  The plants were irrigated using 20-8-20 water soluble fertilizer 

(Master PlantProd Inc., Canada) for a period of 3 weeks, when wilting and crown rot was observed 

by F. oxysporum f.sp. cylaminis (Figure 6.1).  A tuber cutting was collected with a sterilized 

scapula and transported to laminar flow hood with a sterile plastic bag.  The cutting was surface 

sterilized using a cotton Q-tip and 70% ethanol solution.  The sterilized cutting was inserted inside 

3 Petri dish plates with potato-dextrose agar (PDA) and antibiotics (0.1 g/L Streptomycin & 

0.05g/L ampicillin).  The plates were incubated at 25 °C inside a sterile Tupperware and further 

purified by culturing the outer most mycelia and repeating culturing steps another 3 times over a 

3 weeks period.  Pure cultures were added DI water inside the Petri dish, while gently pressing and 

stirring the solution with a sterile L-shaped hockey stick.  The supernatant was filtered by 

cheesecloth and the filtered solution was used as the final inoculum for experiments.  The process 

was repeated 5 times for each Petri dish to ensure all conidia are dislodged and transferred in 

solution.  The conidia were counted under a microscope with a haemocytometer to evaluate the 

pathogen inoculation concentration. 
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Figure 6.1: Cyclamen persicum purchased by a local retail store for pathogen culture.  Plants were maintained 
until wilting and crown rot was established and cultured for pathogen inoculum. 

 

6.2.2 Greenhouse conditions and experimental design 

The greenhouse conditions were monitored and manipulated by an automated control 

system (2TX & EX-16, Argus Control Systems, Canada) for maintaining the desired conditions 

for plant growth.  Conditions were monitored over the 6 weeks growth period with C. persicum in 

the greenhouse.  Temperatures were maintained at 19.26 ± 0.17 °C/15.76 ± 0.16 °C for day/night, 

while relative humidity was maintained at 75%.  Daily light levels averaged around 400 µmol/m2/s 

over an average of 10 hours of light per day.  Supplemental light provided by HPS bulbs were 

automatically turned on if outdoor light levels were below 700 µmol/m2/s.  Plants were exposed 

to supplemental at night to provide a day light integral of 14 hours per day.  Carbon dioxide levels 

were not supplemented but assumed to be at ambient concentrations of 410 ppm. 

 The experiment was arranged as a randomized complete block design with 5 treatment 

levels (troughs) on each grow bench (both controls set up in front of one grow bench) (Figure 

6.2a).  Each grow bench is nested with all five treatments for a positive control, negative control, 

ozone, AOP, and DSA.  The negative control was not inoculated with F. oxysporum in solution, 
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while the positive control, ozone, AOP and DSA treatments did contain the inoculum.  A water-

soluble fertilizer (20-8-20, Master Plant Prod Inc., Canada) was added for each treatment at a 

concentration of 0.5 g/L in each reservoir.  The pH of the solution was monitored (6LR61, Hanna 

Instruments Inc., USA) and maintained at 5.8-6.2 through the addition of 1M HNO3 when the 

solution was found to be increasing towards 6.1.  The irrigation system was arranged by drip 

irrigation with spikes inserted in the soil (LC1 Grower mix, Sun Gro, USA) and drippers with a 

flow rate of 4 L/hour.  Plants were placed along troughs and spaced apart by 60 cm on a total of 4 

different grow benches.  All treatments contained 2 reservoirs, one reservoir captures the 

fertigation solution after passing through treatments (Reservoir 2) and the other captures the 

fertigation water following the application to crops (Reservoir 1) (Figure 6.2b).   Diaphragm 

pumps (8025-733-256, SHURFlo, USA) draw the fertigation water from the reservoir towards the 

treatment systems and a second set further distributes towards the drippers.  Plants were irrigated 

twice a week for 20 minutes, which provided an estimated amount of 1.3 L of irrigation solution 

to each plant for every irrigation event.  One full recirculation of the total 80 litres of fertigation 

solution was completed every 1.5 weeks for a total of 4 recirculation’s over the 6-week 

experimental period.   
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Figure 6.2:  Experimental design in the greenhouse depicting a) top view of the randomized complete block 
design with 4 growth tables and randomized troughs for each respective treatment type.  The direction of flow 
b) was from reservoir 1 to treatment and enters the second reservoir, following by the distribution to each 
ornamental crop.  Each treatment had its own irrigation setup that would distribute the fertigation solution to 
all 4 growth tables. 

 

A) 

B) 
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6.2.3 Water treatment technologies 

Control treatments did not have any water treatment technologies for inactivating 

pathogens.  Both control treatments only had polyethylene tubing and pumps, which directed the 

fertigation solution towards both reservoirs and towards the ornamental crops through the drip 

irrigation system.  Water treatment technologies used for treating fertigation solutions with the 

presence of pathogens were ozonation, AOP and DSA (Figure 6.3a).  Ozonation was performed 

using a Stabilized Aqueous Ozone dispenser (LQFC225K, Tersano Inc., Canada) and oxygen 

concentrator (AS013-5, Airsep Corporation, USA).  Modifications to the ozone dispenser was 

conducted for adapting the technology for fertigation treatment and managing larger back 

pressures imposed by the drip irrigation system.  Modifications included the addition of a venturi 

injector (287, Mazzei Injector Company, USA) and the addition of a ½ inch HDPE hose with static 

diffusers downstream from the venturi injector.  AOP used matching components for ozonation 

(Ozone dispenser and oxygen concentrator) but with the addition of a UV lamp component 

(GAUV-6SM, Greenway Water Technologies, Canada) downstream from the ozone dispenser 

(Figure 6.3b).  UV dosage was monitored during treatment with 80% transmittance at an intensity 

of 750 J/m2 to the fertigation solution.  Ozonation and AOP treatments were measured for 

concentrations of aqueous ozone using Ozone AccuVacÒ Ampules (2518025, Hach Company, 

USA) and a colourimeter (DR/850, Hach Company, USA).  The ozonation treatment measured an 

average dose of 3.82 ± 0.04 mg/L in solution following treatment.  The solution was allowed to 

stand for approximately 30 minutes and remeasured until the residual ozone was below 0.4 mg/L 

before applying to crops.  The AOP treatment measured a residual ozone concentration < 0.1 mg/L 

following treatment with the UV lamp and was able to be applied to plants directly after treatment.  

The EFC treatment with DSA followed the previous methods described by Lévesque et al., 

(2019a), though applying a current density of 45 A/m2 with a 1-minute contact time.  A power 

supply (DF1730SC 20A DC power supply, Gold Source, China) was directly connected to the 

EFC and monitored for the current and voltage using multimeters (Fluke 189, Fluke Corporation, 

Canada).  Free chlorine concentrations were measured using DPD Test ‘N Tube cuvette and 

colourimeter (Hach Company, USA).  The treatment with the use of DSA was determined to have 

a residual free chlorine concentration of 0.25 ± 0.01 mg/L following treatment of the fertigation 
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solution.  Energy consumption was determined for each water treatment technology by measuring 

power (W) with an electricity usage monitor (LGP4400, P3 International Corporation, USA).  

However, DSA treatment was directly measured for current and voltage with multimeters and 

calculated for energy consumption.  

 

        

Figure 6.3: Depicting the arrangement of a) each water treatment technology that are located at the front of 
each growth tables.  As an example for water treatment technologies, b) the AOP treatment used the Stabilized 
Aqueous Ozone dispenser and UV chamber.  Fertigation water was treated by each system and directed 
towards reservoir 2 for each treatment located behind each base board coloured in brown. 

 

6.2.4 Plant growth and water quality analysis 

After 6 weeks of growth, noticeable differences were becoming apparent between 

treatments and were evaluated for plant growth, disease severity and water quality characteristics.  

Disease severity index was assessed by four levels from healthy plants (4), leaf necrosis (3), wilting 

(2) and crown rot (1) (Figure 6.4).  Plant growth was evaluated at the end of the growth period by 

measuring total number of leaves, total leaf area, average petiole length and dry weights of plants.  

Total leaf area of plants was measured by removing leaves and passing through a leaf area meter 

DSA 

AOP 

O3 

B) 

A) 
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(LI-3100C, LI-COR Inc., USA).  Final dry weight measurements were performed by adding plants 

in paper bags, dried over 4 days at 55 °C in a drying oven (OV-510A-2, Blue M-Electric Company, 

USA) and weighed (MS32001L, Mettler Toledo, Switzerland). Water quality was analyzed for 

each recirculation (Reservoir 1) and after each treatment (Reservoir 2) by taking 3 samples of 

fertigation water from both reservoirs. Individual macro and micronutrient ions were measured 

with a Shimadzu HPLC system consisting of a DGU-20A3 degasser, a SIL-10AP autosampler, 

two LC-20AT pumps, two CDD-10A VP conductivity detectors, CTO-20AC column oven, and 

CBM-20A system controller.  Initial treatment samples were analyzed for pathogen inactivation 

by performing serial dilutions and counted in petri dishes for Colony Forming Units analysis after 

incubating for 2 days as described by Lévesque et al., 2019a.  All petri dishes contained PDA agar 

and antibiotics as previously described in the pathogen culturing methods.  
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Figure 6.4: Visual analysis for performing the disease severity index evaluation by a) crown rot, b) wilting, c) 
leaf necrosis and d) healthy plants. 

 

6.2.5 Statistical analysis 

All graphical figures and statistical analyses were performed using the statistical program 

JMP version 14.0 (SAS Institute Inc., USA).  The residuals for all data was tested for normality 

using the Shapiro-Wilk test and all data was determined to have a normal distribution.  Statistical 

analysis on plant growth parameters (number of leaves, leaf area, petiole length and dry weights) 

was conducted by performing a one-way ANOVA between water treatment method.  Significance 

level was established to be a = 0.05, where p < 0.05 was considered significantly different.  

c) d) 

b) a) 
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Individual macronutrients and micronutrients were determined for differences through a regression 

analysis and slope comparison to a slope of zero. 

 

6.3 Results 

Pathogen inactivation was monitored for all treatments within the first pass from reservoir 1 

towards reservoir 2 (Figure 6.5).  F. oxysporum was found to be relatively unchanged from passing 

between reservoirs for the positive control.  This indicated that stable colonies were passing 

through the irrigation system and reaching the crops.  The negative control treatment had no 

external fungal pathogens inoculated in the fertigation water.  All water treatment technologies 

used for disinfection were shown to achieve complete inactivation of pathogens in the fertigation 

solutions. 
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Figure 6.5: Pathogen inactivation following each treatment of the fertigation water with respect for both 
control treatments.  Water samples were collected before treatment and directly after treatment for all 
treatment types.  Error bars are ±SEM, n=3.  

 

 After 6 weeks of growth, all treatments exhibited significant differences in comparison to 

the positive control for leaf area, number of leaves, petiole length and dry weights of C. persicum 

(Figure 6.6).  In comparison to the negative control, all water treatment technologies were not 

found to have significant differences in plant growth.  Furthermore, no visual differences were 

observed between water treatment technologies, though, clear differences in the health of plants 

was discerned with the positive control due to pathogenicity (Figure 6.7).   
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Figure 6.6: Measured parameters in plant health following 6 weeks of growth following different water 
treatment types.  Plants were measured for the number of leaves, leaf area, average petiole length and weight 
of plants.  Error bars are ±SEM, n=3. 
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Figure 6.7:  Photo providing the visual differences between treatments following 6 weeks of growth in the 
greenhouse.  The positive control was shown to have critical damage to the ornamental crop, while all other 
treatments were determined to be healthy.  No differences could be found for all water treatment technologies 
in comparison to the negative control. 

 

 Fertigation solutions for all treatments were analyzed for individual macro and 

micronutrients in solution after each treatment and recirculation phase.  Nitrates are shown to 

remain relatively constant up until reaching the 3rd recirculation of the fertigation solution (Figure 

6.8).  Fertigation solution collected from the negative control was determined to have a slope of 

zero and no significant difference was observed.  Although, during the last recirculation there was 

a large decrease in nitrate by approximately 150 mg/L, indicating that nitrate was greatly 

decreasing.  Some water treatment technologies were shown to have significantly increasing slopes 

for DSA (p = 0.0016) and ozone (p = 0.0494), while AOP did not have any significant increases 
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(p = 0.5300).  The positive control had the largest significant increase in nitrate (p <0.0001) 

comparison to all treatments. 

 

Figure 6.8:  Nutrient dynamics of nitrate following each treatment over the number of recirculations.  Yellow 
line depicts the time when the recirculated solution was supplied with an additional solution (0.5 g/L of 20-8-
20 water soluble fertilizer).  Error bars are ±SEM, n=3. 

 

  Significant changes in phosphate were only found for the positive control treatment 

(p = 0.0004), while all treatments had slopes that were significantly decreasing for ammonium (p 

<0.0001) (Figure 6.9).  Potassium showed no significant differences in the slopes for AOP, DSA 

and ozonation, although, sharp declines were experienced with the first recirculation of the 

solution.  Potassium did have a significant decrease with the negative control (p <0.0001) and a 

significant increase with the positive control (p = 0.0079).   
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Figure 6.9:  Nutrient dynamics of phosphate, ammonium and potassium following each treatment over the 
number of recirculations.  Yellow line depicts the time when the recirculated solution was supplied with an 
additional solution (0.5 g/L of 20-8-20 water soluble fertilizer).  Error bars are ±SEM, n=3. 

 

 Sulphate was shown to have a significantly increasing slope for all treatments (p <0.0001), 

except for DSA’s which did not have any significant difference (Figure 6.10).  However, DSA’s 

did experience a large increase in sulphate within the first recirculation and following treatment.  

Though, this increase was followed by a gradual decrease in sulphate with increasing number of 

recirculations of the fertigation solution.  All treatments exhibited significant increases for 

magnesium and calcium in the fertigation solution (p <0.0001).  Both magnesium and calcium 

were shown to increase the most with the positive control with increasing recirculations. 
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Figure 6.10:  Nutrient dynamics of sulphate, magnesium and calcium following each treatment over the 
number of recirculations.  Yellow line depicts the time when the recirculated solution was supplied with an 
additional solution (0.5 g/L of 20-8-20 water soluble fertilizer).  Error bars are ±SEM, n=3. 

 

 Significant increases in the concentration of iron was only observed for the positive control 

treatment with increasing duration of recirculations (p <0.0001) (Figure 6.11).   All other 

treatments were not found to have any significant increase or decrease in slopes.  Although, AOP 

and ozone treatments experienced decreases in iron followed by treatments during the recirculation 

phases 2.5 and 3.5.  The DSA treatment also showed signs of a decreasing trend after the 1st 

recirculation, though, the decrease appears to be more gradual, similar to the AOP treatment. 
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Figure 6.11:  Nutrient dynamics of iron following each treatment over the duration of recirculations.  Yellow 
line depicts the time when the recirculated solution was supplied with an additional solution (0.5 g/L of 20-8-
20 water soluble fertilizer).  Error bars are ±SEM, n=3. 

 

6.3.1 Water treatment cost analysis 

The energy consumption from all water treatment technologies without the added energy 

costs of irrigation pumps and carbon filters (removal of atmospheric ozone) is summarized in 

Table 1.  The power consumption by irrigation pumps were identical between treatments and thus 

it was removed from the cost analysis.  The cost of ozonation was determined by the power 

consumption for the Tersano ozone dispenser and by the oxygen concentrator.  The cost for AOP 

was the same as the ozonation treatment, though, with the added power consumption of the UV 

light.  The cost for the electrochemical flow cell was directly related to the power consumption 

provided to the electrodes for maintaining a current density of 34.1 A/m2.  The energy consumption 

for the EFC was determined to be 3 times lower than AOP and ozonation treatments.  Although, 

the time required to treat the volume of 80 litres was found to be 9 times higher than AOP and 

ozone treatments.  
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Table 6.1:  Energy consumption by each water treatment technology used in the recirculating fertigation 
system. The energy consumption was calculated for the direct time needed for treating the full volume of 
fertigation solution. 

Technology Power 
consumption (W) 

Flow rate 
(L/min) 

Time (hrs)* Energy 
consumption 

(kWh) 

AOP 514 3.50 0.38 0.195 

Ozone 491 3.50 0.38 0.187 

DSA 18 0.38 3.51 0.063 

*The time the system takes to fully treat 80 litres of the fertigation solution 

 

6.4 Discussion 

F. oxysporum was shown to remain unchanged in the positive control, while the negative 

control did not have the presence of the pathogen in the fertigation solution.  The difference 

between both treatments has demonstrated that pathogenicity observed in the positive control was 

solely caused by the presence of the inoculated pathogen in the fertigation solution.  Furthermore, 

the water treatment technologies for ozonation, AOP and DSA have all shown to be effective for 

achieving complete inactivation of F. oxysporum in solution. 

The inoculation of F. oxysporum was shown to be highly infectious through the rapid 

damage of C. persicum in the positive control treatment.  Plants in the negative control did not 

display any symptoms of pathogenicity from other potential pathogens that could have been 

present in the greenhouse.  Furthermore, all water treatment technologies did not exhibit any 

adverse effects as demonstrated by the positive control treatment.  Upon analyzing the plant growth 

parameters for number of leaves, leaf areas, petiole length and dry weights, there were no 

significant differences between the water treatment methods and the negative control.  Although, 

all treatments did have significant differences in plant growth in comparison to the positive control.  
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All water treatment strategies have demonstrated that crops can be protected by a fertigation 

solution which is plagued with pathogens that would decimate greenhouse production systems.  

Thus, with all water treatment systems demonstrating their suitability for pathogen control, there 

are other factors needed to be considered in a fertigation solution such as nutrient dynamics, energy 

consumption and ease of use. 

Using soil in a recirculating hydroponics system can be difficult to monitor and maintain 

the nutrients that are depleted and nutrients that are accumulating.  All nutrients remained 

relatively stable and maintained for the first 3 recirculations, mainly due to the resupply of 

fertigation water after the second recirculation.  However, reaching the 4th recirculation showed 

some fluctuations in nutrients due to the increase in plant growth, interactions with the substrate, 

development of algae and some minor effects by water treatment strategies.  Nitrate was shown to 

decrease in the negative control, though, slight increases where experience for ozonation, AOP 

and DSA.  The delayed decrease in nitrate could be attributed to the water treatment technologies 

nitrifying NH4+ and other organic sources.  This causes the concentration of NO3- to remain stable 

for longer periods with water treatment technologies in comparison to the negative control.  

Furthermore, NO3- could be depleted by the presence of algae in the irrigation line, as well as 

developing at the soil surface for potted plants, which was most apparent in the control treatments.  

Ozone experienced the highest concentration of nitrate on the 4th recirculation, while AOP and 

DSA had marginal increases, as all technologies are known to nitrify NH4+  (Berger et al., 1999; 

Luo et al., 2015).  Ammonium was shown to decrease for all treatments, which could be a 

combination of nitrification reactions caused by the water treatment methods, soil dwelling 

bacteria (Fan et al., 2011) and plant uptake of NH4+.  Other nutrients that were shown to increase 

with the number of recirculations such as PO42- and SO42-, which are likely caused by the resupply 

of fertigation water during the second treatment.  Although, the increase of Mg2+ and Ca2+ 

experienced by all treatments can be explained by the dissolution of amended dolomitic limestone 

in the growth medium.  The biggest difference between water treatment technologies is the 

presence of chelated iron.  Although complicated with the recirculation of the solution through 

soil, there are clear indications of AOP and ozone decreasing the concentration of Fe2+ in solution 

following treatment.  Both technologies have been known to destroy the iron chelator EDTA, 
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which will precipitate Fe2+ out of solution (Fe3+) (Sillanpää et al., 2011).  Furthermore, DSA’s 

have been known to destroy EDTA with preferential conditions (pH > 7, high [Cl-]), although, a 

long contact time of ~ 50 minutes is needed to fully destroy EDTA using a low current density are 

(Khelifa et al., 2013).  In cases, there was no EDTA that was removed in solution when the pH of 

the solution is less than 7.   As shown for iron dynamics in figure 11, iron will be depleted over 

time, though, it may remain stable in solution for longer periods of time in comparison to ozonation 

and AOP treatments.  Future research should encompass longer growth periods to differentiate all 

treatments for the stability of chelated iron in solution with recirculating solutions.  This aspect 

should be conducted in a soilless hydroponic system to remove external factors imposed by the 

soil growth medium. 

Energy consumption was also an additional factor to consider between water treatment 

technologies for determining the most suitable for greenhouse production.  The EFC system was 

determined to have the lowest cost for treating irrigation water.  Although, the time needed to treat 

the full volume of fertigation water was 9 times longer than AOP and ozonation treatments.  The 

EFC unit could be scaled 10 times to handle a larger volume of fertigation solution and treat the 

full volume with the same efficacy but at a faster flow rate.  With the current increased by 450 A, 

and assuming the voltage and resistance remain the same, the energy consumption would still 

equate to 0.063 kWh.  However, considerations must be made for equipment that can handle higher 

currents and will increase the cost of the technology.  Other considerations for increasing the flow 

rate for treating irrigation water is having multiple smaller units while keeping the same 

parameters.  Nonetheless, the EFC system did exhibit higher efficiencies in water treatment costs, 

which would be reduced by 3 times with the use of electrochemical disinfection.  Further testing 

is needed to understand scaling capabilities and whether the technology can be scaled in a linear 

trend while producing the same results as previously described. 

The last factor in consideration for comparison of water treatment technologies is their ease 

of use.  Ozonation and AOP can be challenging for operating and monitoring with multiple 

components that are needed to be monitored.  The components include monitoring the flow rate of 

fertigation water, flow of concentrated oxygen, pressure and venturi injection flow.  AOP also 
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adds more complexity with monitoring the turbidity of the solution due to the effects in 

transmittance of UV light through the solution.  The EFC system was determined to be the simplest 

to operate and monitor as only the components of fertigation flow rate, current and voltage of the 

system remained constant throughout treatment.  It includes no moving parts, with the exception 

of pumps directing the solution to the EFC system.  Other aspects such as clogging imposed by 

algal development in irrigation lines were not evident with the use of ozonation and DSA 

treatments.  Therefore, less maintenance and replacement of irrigation lines throughout the use of 

the hydroponic system would be required.  AOP did not have algal development near the water 

treatment system, although, some algal development was noticed further downstream of the 

irrigation system.  The EFC system has been determined to have the lowest maintenance between 

all treatments, which can save significant operational and maintenance costs. 

 

6.4.1 Conclusion 

The recirculation of fertigation solutions with the production of ornamental crops has been 

shown to be an effective way for conserving resources such as water and fertilizer, as well as 

maintain the health of crops.  Though, it had been demonstrated that without a water treatment 

system in place, plants can be easily decimated from pathogens present in the fertigation solution.  

All water treatment strategies (Ozone, AOP & DSA) have been demonstrated to protect crops from 

pathogens in a recirculating fertigation system without impeding on the growth of crops.  Plant 

nutrients have also been demonstrated to remain relatively constant following treatment with 

respect to plant nutrient uptake and resupply of the fertigation solution.  Although, close 

monitoring procedures should be in place for chelated iron for all treatments.  The degradation of 

EDTA was of most concern with AOP and ozonation treatments, while DSA’s show to remain 

stable for longer periods of time.  Energy consumption was determined to be 3 times higher for 

AOP and ozonation in comparison to fertigation treatment with DSA.  Further research is needed 

to scale the technology for treating larger volumes of fertigation solutions in shorter periods of 

time.  The simplest method for water treatment was with operating the EFC system due to no 

moving parts and minimal system monitoring during treatment.  
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7 Summary 

Throughout the demonstrated experimental protocols, there were clear indications that 

water treatment technologies such as ozonation, AOP, and electrochemical disinfection with DSA 

and BDD electrodes can be used in recirculating hydroponics.  All technologies have shown their 

benefits, as well as exposing variable weaknesses between each technology.  Each technology 

poses technical challenges, however, there are encouraging trends following the use of 

electrochemical flow cells for treating fertigation solutions.  The novel electrochemical 

disinfection systems (DSA and BDD) have proved successful against a common fungal pathogen 

(R. solani) present in fertigation water for greenhouse production.  This result was achieved while 

maintaining free chlorine residuals well below phytotoxic thresholds that would impede crop 

production.  Furthermore, electrochemical treatment has been shown to degrade recalcitrant 

organic pollutants, which will benefit human health and better protect the environment.  Lastly, 

conventional water treatment was compared with electrochemical treatment with the EFC with 

DSA’s.  All systems were verified to prevent pathogenicity in C. persicum with a recirculating 

fertigation solution that was contaminated with F. oxysporum inside a greenhouse.  Many 

milestones have been reached with the presented work, however, there are many other aspects that 

need to be explored for future research.  These research topics will help to better understand how 

to implement electrochemical systems for large-scale field trials, as well as future commercial 

applications.  

 

7.1 Future directions 

7.1.1 Mechanisms for pathogen inactivation 

Mechanisms for inactivating pathogens have been proposed throughout the presented 

thesis, though, knowledge gaps remain.  Many of the proposed mechanisms are built upon other 

authors demonstrating inactivation mechanisms for drinking water, while few have been 

demonstrated with the presence of nutrients in solution.  As previously mentioned in Chapter 2 for 

the inactivation of pathogens with BDD electrodes, there are different mechanisms of inactivation 

with the presence of different types of ions in solution.  If these aspects can be further identified 
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and isolated from nutrient components from the fertigation solution, killing mechanisms can be 

optimised with different crop and pathogen types.  This will explore the limits of the technology 

with a variety of solutions.  This also includes the degradation of cell components, which can 

release nutrients through mineralization reactions.  These aspects could be further broadened to 

other organic materials that could be potentially used in hydroponic systems such as organic 

fertilizers. 

 

7.1.2 Scaling capabilities 

Scaling the electrochemical systems is a vital component for technologies becoming viable 

for real world applications.  The behaviour of systems, once scaled, can act in a different manner 

and these differences are needed to be identified.  Theoretical scaling for electrochemical 

disinfection systems show to be suitable for large scale greenhouse production, however, further 

testing is needed to better compare between technologies.  Future research should also include 

aspects such as automation of the water treatment technologies, as well as the cost for larger 

equipment, installation, maintenance, and operation of the system.  Lastly, a comparison between 

increasing the size of the electrochemical system versus having multiple smaller units should be 

included.  This will direct the most cost effective and practical method for growers to retrofit their 

existing irrigation system.  Personalized methods could be advised in conjunction to the various 

types of irrigation systems that are available in the CEA industry. 

 

7.1.3 Other emerging technologies 

There are numerous other technologies that have yet to be tested in recirculating 

hydroponics.  For example, there is the use of Magnéli phase Ti4O7 ceramics that can be explored 

for electrochemical treatment in fertigation solutions.  Ceramic electrodes has been shown to 

inactivate bacteria in water (Liang et al., 2018) and the removal of recalcitrant organic pollutants 

(Ganiyu et al., 2016).  However, they have not been tested in a hydroponic system and shares many 

of the same aspects as BDD electrodes by being inactive and having a high overpotential for 
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oxygen evolution (Bejan et al., 2012).  Yet, their cost is significantly smaller than BDD electrodes, 

they would certainly be a viable alternative for growers with cost of BDD electrodes being a 

significant barrier.  Another aspect that needs to be explored is the use of nanotechnology such as 

the use of reduced graphene oxide (rGO) in conjunction with BDD electrodes.  The combination 

of rGO with BDD electrodes has been shown to be superior for inactivating bacteria in comparison 

to BDD electrodes alone and it should be further investigated for pest management (Qi et al., 

2015).  Caution should be made when using rGO at higher concentrations because phytotoxicity 

effects can occur due to oxidative stress (Chen et al., 2018).  The aforementioned points are just 

some examples for future directions of electrochemical processes to become integrated in CEA 

research. 

 

7.2 Final thoughts 

In this thesis, there have been many aspects explored which would greatly benefit many 

sectors in the CEA industry, such as greenhouses and vertical farming.  Although, as indicated, 

there is still a need in research to explore the most compatible and cost-effective technologies for 

recirculating fertigation solutions.  These aspects include automation of the electrochemical 

disinfection systems in relation to the chemical oxygen demand (COD) of the irrigation water.  

Automation would allow for less interaction of people with plants and greatly limit the chance of 

pathogens, as well as adjust energy consumption in relation to the demands for water treatment.  

If we were to become more sustainable with water resources, we may be able to alleviate many of 

the growing issues surrounding water scarcity, which includes water quality degradation. 
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