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ABSTRACT 

 

LEACHING NUTRIENTS FROM SWITCHGRASS FOR BIOFUEL: EFFECTS OF 

EXTRACTION CONCENTRATION, TEMPERATURE AND SOLVENT 

 

Chad Henderson        Co-Advisors: 

University of Guelph, 2015       Dr. Andy Gordon       

                     Dr. Timothy Rennie 

 

 The amount of nutrients in biomass will affect combustion efficiency.  Homogenized 

samples of spring harvested switchgrass cv. Cave-in-Rock were ground to 1 mm, treated at 

varied switchgrass concentrations (25, 50, 75 and 100 g/L), temperatures (20, 40 and 60 ˚C) and 

initial mineral concentrations in several water solvents (distilled, tap and well water).  After 

solvent removal, percent weights of nitrogen, calcium, phosphorus, potassium, magnesium, 

sulphur and chlorine in the switchgrass were analysed.  Switchgrass concentration of 100 g/L 

reduced phosphorus leaching by 46 % and potassium by 54 % compared to 25 g/L.  Higher 

temperature had a significant effect on the amount of potassium and sulphur that could be 

removed.  Solvent type had a significant effect on leaching for calcium, phosphorus, potassium, 

magnesium, chloride and sulphur, but the best water type for leaching varied.  Spring harvested 

switchgrass of this cultivar does not need to be further leached to meet combustion standards. 
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1.1 - Introduction 

 It is now considered to be extremely likely that climate change is being forced by human 

activities, especially the burning of fossil fuels for energy (Keeling et al. 1989; Ma et al. 2001; 

Lal 2004; IPCC 2013).  The consequences of climate change are far ranging and difficult to 

quantify, but associated costs are likely to be considerable.  The United States Natural Resource 

Defense Council estimates that at current trends, climate change will cost the US 3.8 trillion of 

today's dollars, per year, by the year 2100 (NRDC 2008).  Climate change reduction strategies 

might seem costly, but doing nothing will undoubtedly be far more costly.  It is imperative that 

steps are taken to limit the release of climate forcing pollution and help to alleviate the future 

cost of climate change.  This will mean a step away from fossil fuel consumption and a step 

towards cleaner technology. 

 There is evidence that the discovery of new fossil fuel reserves and potential for 

production has already peaked, whereas global consumption continues to rise (Murphy and Hall 

2011; Miller and Sorrell 2013).  Chapman (2014) gives estimates for the peak of global oil 

production ranging from 2005 – 2035, based on various sources.  Discovery of large basins of 

conventional oil peaked in the 1960’s, forcing oil producers to move towards non-conventional 

oil sources with lower energy returns, such as tar sands and deep ocean wells (Chapman 2014).  

Most recently, however, there appears to be a surplus of oil.  The price of oil dropped to around 

$48 per barrel by January 2015, a six year low, due to projected surplus and stagnant oil demand 

growth globally (IEA 2015).  Estimates for global demand growth for 2015 have since been 

raised considerably, and the price of oil increased 30 % between January and March 2015 (IEA 

2015).   The oil market is clearly volatile and hard to predict.  Further, although cheap oil 
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alleviates stress on consumers in the short term, reliance on cheap oil hinders development 

towards cleaner alternatives and erodes dedication to climate change reduction strategies.  If the 

impact of climate change is to be minimized, there needs to be a commitment to clean 

technology regardless of fossil fuel prices.    

The options to reduce greenhouse gas emissions and to capture carbon are diverse, and 

many alternative energy sources such as wind, solar and biofuel are in use to various extents 

around the world while their efficiency continually improves.  Farming crops for use as biofuel, 

to replace fossil fuels and contribute to a net reduction in CO2, may become an increasingly 

important part of climate change reduction strategies (McLaughlin and Kszos 2005).   

Combustion of plant tissue for energy production is considered cleaner than fossil fuel regarding 

climate forcing emissions.  Since plants remove carbon dioxide from the atmosphere during 

photosynthesis in order to grow, their net contribution of carbon dioxide to the atmosphere is 

lower than that of fossil fuels which are retrieved from the earth and are non-renewable on a 

human time-scale.  However, the release of pollutants such as nitrogen and sulphur oxides during 

the combustion of plant material may still be an issue and needs to be minimized.  Research 

suggests that removal of these minerals from the biomass before combustion can help alleviate 

this problem. 

  Consumption of biomass for the production of energy has become a highly researched 

and highly feasible alternative to the burning of fossil fuels for the production of energy (Weimer 

et al. 2005, Guretzky et al. 2011) and currently provides around 10 % of global energy (Khatib 

2012).  If the externalities associated with the release of carbon to the atmosphere were 

appropriately determined and affixed to the end cost of energy delivery, biomass crops would be 
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considerably more valuable and an increase in their production would likely follow (Alig et al. 

2010).  For example, a carbon tax of $50 per tonne of CO2 emissions had a projected increase in 

the value of switchgrass (Panicum virgatum L.) by 1200% and an increase in production of 1100 

% (Alig et al. 2010).  However, it is essential that bioenergy production does not detract from 

food and animal feed production in an already highly stressed agricultural system (Watson et al. 

1997).  These concerns can be alleviated by planting bioenergy crops on marginal lands, 

conservation lands and land otherwise deemed unfit for agricultural production, by limiting the 

amount of nutrients being removed from the field and by recycling nutrients back to the field 

(Tilman et al. 2009; Alig et al. 2010; Guretzky et al. 2011; Song et al. 2011; Anderson et al. 

2013). 

 Ontario has a large amount of arable land and the agricultural capacity to grow bioenergy 

crops on a globally significant scale.  Ontario has 28,747,000 acres of land, constituting 38 % of 

the total land area, that are within the soil classes two through six (CLI 2013).  These land 

classes represent areas that have moderate to severe restriction on the range of crops which can 

be grown, but where perennial crops are still viable. This represents considerable opportunity for 

the production of bioenergy from home-grown biomass for Ontarians (Samson 2007, Cennatek 

2011a).  In order to optimize the production and use of biofuels as an alternative to fossil fuels, 

an understanding of the chemical properties of biomass crops and of the combustion process are 

necessary (Liu and Bi 2011).   

Switchgrass, a perennial C4 grass, has a deep root system that can provide long-term 

carbon storage (Lee et al. 2012).  These root systems increase the organic carbon levels deep in 

the soil where it is not easily degraded (Chamberlain et al. 2010). Crops which grow large root 
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systems are often perennial and offer other advantages over crops that need to be cultivated and 

planted year after year.  These include a reduction in net carbon emissions from farming 

practises, significant reductions in erosion and nutrient leaching from fields, improved soil 

fertility and structure, higher biological diversity, and increased levels of carbon sequestration 

(Ma et al. 2000; Liebig et al. 2005; Collins et al. 2010; Culman et al. 2010; Dien et al. 2006; Kell 

2011).  Growing biomass crops such as switchgrass to produce energy has the potential to offset 

1 to 2 Pg of Carbon per year globally (Cannell 2003). 

 The presence of minerals in plant material can give biomass crops undesirable properties 

in their raw form for the production of energy by combustion or gasification (Cennatek 2011a, 

Ajayi and Akande 2012).  Therefore, research on the removal of nutrients that contribute to these 

problems is important, to enhance biofuel production efficiency (Liu and Bi 2011).  To help 

understand the process and the motivation for the current research, this literature review focuses 

on the basic chemistry of raw biomass material, as well as the underlying components of the 

agronomic process, with an emphasis on switchgrass. 

  

1.2 - Nutrient Requirements of Bioenergy Crops  

 No plant can survive without the presence of a range of nutrients (Marschner 1995; Jones 

2003).  There are 16 nutrients essential to plant life: nitrogen (N), phosphorus (P), potassium (K), 

sulphur (S), calcium (Ca), magnesium (Mg), boron (B), chlorine (Cl), copper (Cu), iron (Fe), 

manganese (Mn), molybdenum (Mo) and zinc (Zn), as well as carbon (C), hydrogen (H) and 

oxygen (O) (Jones 2003).  These essential nutrients are required in various amounts to allow 
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plants to create the organic compounds necessary for life.  The concentration and accessibility of 

labile nutrients to plants will determine the nutritional health of a given plant (Jones 2003).  

 Plants acquire C, H and O from air or water in the process of photosynthesis, where 

plants use energy from the sun in the presence of chlorophyll, to split a water molecule and 

combine it with carbon dioxide, to form a carbohydrate and an O2 molecule.  The 13 remaining 

elements need to be acquired by plants through minerals in the soil and are thus classified as 

mineral nutrients (Jones 2003).  N can also be acquired from N-fixing bacteria on root nodules in 

a symbiotic process found in leguminous plants (Jones 2003). 

 Mineral nutrients generally fit into one of two categories based on the amount of that 

nutrient required to sustain plant life: macronutrients and micronutrients.  However, there are a 

few nutrients that do not fit well into these categories.  For this reason macronutrients can be 

divided into two sub-categories: primary and secondary macronutrients. N, P and K are 

macronutrients: nutrients which are required in relatively large amounts.  They can also be 

referred to as primary macronutrients.  These nutrients need to be present in high concentrations, 

to control the growth and functions of the plant.  Secondary macronutrients, which are required 

in high enough amounts such that they are not considered trace elements, but are not required in 

high enough amounts to be considered primary macronutrients include Ca, Mg and S (Jones 

2003; Cennatek 2011a).  Cl, B, Cu, Fe, Mn, Mo and Zn are considered micronutrients (Jones 

2003).   

 N is often considered to be the most important nutrient for plant growth, as plant 

composition depends more on N than any other nutrient, and it is therefore often a main 

ingredient in fertilizers (Marschner 1995, Cennatek 2011a).  Inorganic N, in the form of nitrate 
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(NO3
-) and ammonium (NH4

+) is taken into the plant and then quickly transformed into organic 

compounds (Marschner 1995).  Ammonium is toxic to plants and therefore needs to be combined 

with C into non-toxic, organic compounds, such as amino acids, which are used by the plant to 

perform essential functions (Marschner 1995).  Nitrites are also toxic to plants at very low levels, 

however, nitrite can be quickly transformed by plants into nitrous oxide through the process of 

nitrite reduction, or bacteria in the plant (nitrobacteria) can transform it into nitrate (Jones 2003).   

 The complex dynamic of the N cycle affects the availability of N to plants at any given 

time (Marschner 1995).  N will undergo various states of oxidation which may or may not be 

available for plant uptake depending on the form (Jones 2003).  A deficiency of N can cause 

early maturity and plant growth can be stunted (Jones 2003).  Deficiency will be noticeable 

because the plant and leaves will be a lighter colour of green and over time leaves will turn 

yellow to brown and then die (Jones 2003).  N is often provided to plants as a fertilizer to 

maintain good health, foster higher yields and avoid the problems associated with N deficiency.  

This adds significantly to the environmental impact of a given crop, as N fertilizer is expensive 

and energy intensive to produce using the Haber-Bosch process which is primarily produced 

through the burning of natural gas (Huo et al. 2012).   

 P enters the plant through the soil as hydrogen phosphate or dihydrogen phosphate and is 

an integral component of ATP, which plants require to produce energy (Marschner 1995; Jones 

2003; Cennatek 2011a).  Phosphorous compounds also help the plant carry out photosynthesis 

and respiration, as well as cell replication and cell growth (Marschner 1995; Jones 2003; 

Cennatek 2011a).  P is a structural element that is necessary to form nucleic acids which make up 

DNA and RNA, allowing genetic information to be passed on from one generation to the next 
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(Marschner 1995).  P deficiency can cause plants to senesce prematurely.  It may also cause a 

reduction in the size and number of leaves on plants, as well as the number of flowers and the 

production of seeds (Marschner 1995). 

 K and Cl are essential to plants for their use in the opening and closing of stomata, 

thereby regulating water retention (Marschner 1995; Cennatek 2011a).  K is also used in the 

make-up of molecules used for other plant functions including photosynthesis, respiration and 

protein synthesis (Marschner 1995; Cennatek 2011a).  K is important for the growth of roots and 

helps to prevent diseases in plants (Jones 2003).  It is also a factor in the size and quality of fruit 

produced by plants (Jones 2003).  Slow and stunted plant growth can be caused by K deficiency 

and will be apparent by purple colouration on the underside of leaves (Jones 2003). 

 There is still some debate as to which nutrients are essential for plant life (Jones 2003).  

Silicon is not universally accepted as an essential mineral nutrient, although it can be found in 

switchgrass at over 3% of dry matter content and it has significant benefits to plant health when 

present (Jones 2003, Woli et al. 2011).  Silicon is important for plants to help prevent lodging, 

improve drought and disease resistance, to prevent damage from pests, improve nutrient uptake, 

enhance fertility and improve water use efficiency (Woli et al. 2011). 

 Secondary macronutrients and micronutrients also help to perform plant functions and the 

health of plants will be negatively affected if there is a deficiency of any of the essential 

nutrients.  The presence of a nutrient does not, however, guarantee its availability for plant 

uptake; the interactions among elements can affect the ability of plants to assimilate nutrients 

(Jones 2003).  
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1.3 - Typical Nutrient Content in Harvested Biomass and the Factors which 

Affect Nutrient Content 

 An understanding of the nutrient content of biofuel crops is necessary when determining 

the feasibility of their use for energy production.  The presence of higher levels of nutrients, 

which can cause issues with downstream processing, will ultimately affect the efficiency and 

feasibility of the process.  Plants contain nutrients at varying concentrations but often within a 

similar range.  Around 2-5 % of a plant's dry weight will be composed of N.  P is present in 

plants at around 0.3-0.5 % dry weight.  K is contained in similar levels to N in plants and 

accounts for between 1-5 % of dry weight (Marschner 1995, Cennatek 2011a).  Other essential 

nutrients are contained at varying levels in plants. 

 The amount of any given nutrient available for uptake in plants is affected by various soil 

qualities (Jones 2003).  Soil moisture is of the upmost importance, considering that water 

provides a vehicle for the transport of nutrients, thereby affecting the distance which any given 

nutrient can travel to be used in the plant.  Soil pH can also be affected by soil moisture and the 

level of acidity in the soil can affect which nutrients can be absorbed by the plant.  Fe, Al, Zn, 

Mn and B are more difficult for plants to absorb at a high pH, whereas Mg and P are harder for 

plants to absorb in more acidic soils (Jones 2003).  Soil compaction also has an effect on nutrient 

acquisition.  A heavily compacted soil will limit root growth, reducing exposure of the roots to 

nutrients.  Heavily compacted soils will also contain less O2, which is important for roots to 

produce the energy necessary for nutrient absorption (Jones 2003).  Soil compaction can be 

affected by agricultural practises such as reduced, no-till or conventional tillage (Paul 2007). 

Since switchgrass is a perennial species, the need for tillage is greatly reduced and its long root 
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structure of potentially greater than two meters helps alleviate soil compaction (Parrish et al. 

2008). 

  There is a wide range of agronomic practices which can be implemented on any given 

farm that affect the nutrient content of the soil.  There is evidence that different crop rotations 

and fertilization regimes, as well as different cultivation practices, can have an effect on organic 

matter content as well as nutrient levels in the soil (Janzen 1992; Paul 2007; Allison et al. 2012).  

Spraying pesticides or fumigation can also have an effect on nutrient levels.  For example, 

fumigation has been shown to reduce N content resulting from necrosis of N-fixing bacteria 

(Janzen 1992).  The resulting amount of nutrients in the field will affect the amount of nutrients 

that will be found in biomass grown there (Lestander and Rhén 2005). 

Reduced tillage can cause layering of nutrients, since the mixture of soil by cultivation is 

reduced (Paul 2007).  This means that any nutrient supplementation will mostly remain in the top 

layer of the soil and not be available for absorption in the deep root zone (Jones 2003).  The plant 

variety determines the genetic capability for absorption of nutrients and associated yields (Jones 

2003).  Hybridization or genetic modification of species to maximize nutrient absorption can be 

used to promote higher yields.  Yield is also dependent on the environmental conditions of any 

given site.  Warmer temperatures and higher rainfall allow for maximum nutrient availability and 

uptake, whereas cooler, drier climates will restrict uptake of nutrients and limit plant growth 

(Jones 2003).   
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1.4 - Issues with Nutrient Content in Biomass for Direct Combustion  

 It is evident that the quality of a feedstock for bioenergy production will affect the 

efficiency of the combustion process (Jenkins et al. 1996; Jenkins et al. 1998).  For direct 

combustion of biomass, the effects of excessive mineral content on the efficiency of energy 

production can be significant (Jenkins et al. 1998).  High levels of nutrients such as K, Cl, N and 

S will contribute to noxious gas effluents and particulate matter pollution (REAP Canada 2008).  

Ca, Mg and K in the presence of Cl contribute to boiler fouling and corrosion.  Therefore, the 

presence of these elements in biomass needs to be minimized from the field or somehow reduced 

by the time of biomass combustion. 

 When biomass is used for direct combustion, the burning of the plant residue is never 100 

% complete.  The inorganic material that is left behind after direct combustion is referred to as 

ash and contains various elements including K, Si, Ca, Na, Mg, Al, Zn and Pb (Ogden et al. 

2010).  The concentration of a nutrient does not always exhibit a linear relationship with boiler 

fouling, however, as it is often the interaction between two or more nutrients that decreases the 

melting point of the subsequent ash mixture by creating an eutectic compound (McKendry 

2002b; Monti et al. 2008).  The buildup of ash on surfaces is caused by the melting of alkali and 

alkaline earth metals which have a melting point that is lowered in the presence of K and Cl.  K 

reacts with Cl to produce primary fouling compounds, while Cl acts to transport alkali and 

alkaline earth metals to boiler surfaces where they contribute to corrosion and fouling (Monti et 

al. 2008).  The potential for fouling is thus higher with higher concentrations of these elements 

(Jenkins 1998; Tonn et al. 2011).   
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 The formation of slag and subsequent fouling of the boiler tubes may cause reduction in 

flow, loss of heat transfer, increased corrosion of boiler materials, higher maintenance costs, 

shorter lifespan of furnace components and a subsequent increase in the overall cost of operation 

(Cennatek 2011a; Woli et al. 2011; Ajayi and Akande 2012).  It is, therefore, important to take 

measures to minimize the mineral content of the feedstock, thereby reducing such issues.  

Jenkins et al. (1996) found that leaching in water could remove 90% of Cl and greater than 80% 

of the alkali metals from sugar cane bagasse, resulting in lower ash fusion temperatures and 

improved combustion characteristics.   

 Fouling is a complicated phenomenon affected by a number of variables, but the result 

put simply, is that the more the boiler gets fouled, the less efficient and the higher the cost of 

operation for the furnace or generator will be (Ajayi and Akande 2012).  Table 1.1 shows the 

various oxides that contribute to ash formation from the combustion of switchgrass. 

Table 1.1 - Percent contribution of oxides to ash formation from switchgrass combustion (From 

Jenkins et al., 1996). 

 Oxide                   Percent ash 

 SiO2   65.18 

        Al203           4.51 

TiO2   0.24 

       Fe2O3           2.03 

 CaO   5.60 

MgO   3.00 

                                                        Na2O           0.58 

  K2O   11.60 

  SO3    0.44 

 P2O3    4.50 

 
 

The type of biomass being burned and the presence of nutrients within the biomass play a 

significant role in the level of fouling that will occur (Ajayi and Akande 2012).  The type of 
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boiler also plays a significant role and modern boiler designs incorporate this knowledge and are 

now more effective at limiting the effects of fouling (Ajayi and Akande 2012).  The efficient 

burning of nutrients is not environmentally conscious, however, if the nutrients could otherwise 

be recycled and returned to the field.  The harvesting process can introduce impurities such as 

soil or even insects and small animals which can reduce production efficiency and increase 

issues with combustion equipment (McKendry 2002a).  The amount of water left in the biomass 

presents issues for combustion as well and introduces the potential need for pre-drying to achieve 

ideal combustion moisture characteristics (McKendry 2002a). 

 

1.5 - Agronomy and Harvesting Methods for Switchgrass 

 Among the numerous species assessed for their potential as bioenergy crops in North 

America, switchgrass is deemed to have the most potential for energy production (Vogel 1996; 

Lewandowski et al. 2003; McLaughlin and Kszos 2005; Fike et al. 2006; Wright et al. 2010).  

This is in part due to its ability to produce good yields in the short growing seasons encountered 

in Canada (Madakadze et al. 1999; Tubeileh et al. 2014).  The United States has deemed 

switchgrass a "model" bioenergy crop and has devoted significant resources to its study 

(McLaughlin and Kszos 2005).  Switchgrass uses the C4 photosynthetic pathway making it grow 

optimally during the hot summer months when C3 grasses do not perform as well (Madakadze et 

al. 1998).  Like other perennial plants, switchgrass is very water and N-use efficient, thus 

requiring minimal inputs (Samson et al. 2005).  Due to the high efficiency of switchgrass, it can 

be used in water and nutrient deficient environments with good results, outperforming traditional 

row-crops (Bransby et al. 1989).  It can also be used for regenerative growth on sites which have 
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been substantially decimated, making growth for other vegetation unlikely (Parrish and Fike 

2005).  Figure 1.1 shows the natural jurisdictional range of switchgrass in North America.   

 

Figure 1.1 – Natural jurisdictional range of switchgrass in North America (USDA 2009). 

 

 Species selection is key when choosing bioenergy crops, as it will affect nutrient content 

and yields (Madakadze et al. 1999; Lewandowski et al. 2003).  Switchgrass has two main 

morphological types: lowland and upland (Parrish et al. 2008).  Lowland ecotypes originate from 

wet climates with mild winters and are generally capable of higher yields because they grow 

taller and thicker (Allison et al. 2012).  Upland ecotypes are more resistant to drought and severe 

weather but do not grow as large and therefore provide lower yields (Allison et al. 2012).  These 

genetic traits can make specific varieties of switchgrass good choices in regions with short 

growing periods such as Eastern Canada (Madakadze et al. 1998).  However, certain species are 

going to be more productive on a given site due to climatic variables and the genetics of the 

plant, determined by its origin, and therefore site specific selection is important (Lewandowski et 
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al. 2003, Parrish et al. 2008).  Figure 1.2 illustrates that differences exist within ecotypes which 

will affect the suitability of a species to a given site.  Species within the same morphological 

category can still mature at different times of the year (Lee and Boe 2005, USDA 2009). 

 

Figure 1.2 – Two upland varieties of switchgrass, Dacotah (left) and Sunburst (right), mature at 

different times of year (USDA 2009). 

 

 Switchgrass can potentially be harvested multiple times a year, with the aim of increasing 

yields, depending on the end use of the biomass.  Thomason et al. (2004) found that harvesting 

switchgrass three times a year produced the best yields and would be suitable for a crop that was 

used as forage.  This is due to the high nutrient levels found in the biomass before plant 

senescence (Samson 2007).  Cutting more than once a year will increase the need for fertilizer 

(Guretzky et al. 2011).  Multiple cutting may also reduce stand longevity, as plant density was 

observed to decrease over time with a multiple cutting management system (Thomason et al. 

2004).  A one cut management system is likely best for end use in direct combustion or 

gasification, so that nutrient levels in the harvested biomass can be minimized by harvesting after 

plant senescence when nutrient levels are low (Samson 2007).  
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 Fertilization of switchgrass is often not considered necessary to generate sufficient yields 

for biomass production, and there is evidence that reduced levels of N fertilization provides a 

higher quality feedstock for use in direct combustion energy production (Kludze et al. 2013).  

Thomason et al. (2004) found that although the highest yields were attained at a high N 

fertilization rate (448kgN/ha), applying no fertilizer produced yields nearly as high, yielding 

18Mg/ha and 16.9Mg/ha respectively.  Allison et al. (2012) found, however, that on marginally 

productive land, switchgrass yields were significantly improved with the addition of N fertilizer, 

finding a 43% increase in yields with a moderate 100kg/ha application rate.  Life cycle analysis 

of switchgrass would need to be performed to determine the validity of fertilizer application.  

The need to add fertilizer could clearly detract from the economic and environmental viability of 

switchgrass as an energy crop. 

 Harvesting methods for bioenergy crops such as switchgrass have mostly been limited to 

pre-existing practises used for the harvesting of hay crops (Venturi et al. 2004).  Development of 

species specific harvesting equipment can be prohibitively costly.  Therefore, as long as the 

available equipment can get the job done, new machinery will not be developed (Venturi et al. 

2004).  Essentially, the crop needs to be cut, dried and collected, followed by transport to bio-

refineries that can use the feedstock to produce energy (Venturi et al. 2004).  Switchgrass needs 

to be cut using some type of swathe, mower, sickle bar mower, or forage chopper (Turn et al. 

1997; Venturi et al. 2004; Adler et al. 2006).  These machines will leave the felled crop chopped 

up to varying extents, which can affect field losses from material left behind by collection 

implements (Turn et al. 1997) and also affects nutrient losses due to variation in the surface area 

exposed to leaching (Turn et al. 1997). 
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 Kumar and Sokhansanj (2007) determined price rates for various methods of collecting 

switchgrass for transport to bio-refineries. The methods of collection include round or square 

baling, where the biomass is raked into a windrow and a baling machine follows the windrow, 

picks up the hay and forms it into a bale which can then be transported in this compacted form.  

The biomass can also be formed into a loaf after raking, whereby a loafing machine forms the 

biomass into a large pile and then compacts it, leaving it in dome shaped piles along the side of 

the field where it can dry further.  The raked biomass can also be picked up by a forage harvester 

that shreds the biomass and then blows it into a storage wagon which is towed behind the 

harvester.  The biomass can be left in rows before collection for varying lengths of time based on 

weather conditions and temperature in order to attain the desired moisture content.  Depending 

on the moisture content, biomass collected by a forage harvester can either be collected into a 

large dry pile using a belt conveyor, or wet biomass can be dumped from the harvester wagon 

into a pit and compressed to form silage (Kumar and Sokhansanj 2007).  These various forms of 

collection will affect the nutrient levels in the biomass as exposure to leaching will differ. 

 

1.6 - Effects of Harvesting Management on Nutrient Content and Yield  

 Research in some parts of the world began in the 1970's to determine which grass species 

might become good sources for bio-energy feedstock (Hadders and Olsson 1997).  In the 1980's 

it became apparent that summer and early fall harvested biomass had restrictively high amounts 

of nutrients and ash, making the process less than economically feasible (Hadders and Olsson 

1997).  It was then proposed in 1989, that the stands should be left over winter to be harvested in 
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the spring, when plant senescence would cause the translocation of nutrients to the roots of the 

plant (Hadders and Olsson 1997). 

  The time of harvest directly affects the mineral content of the biomass (Adler et al. 2006; 

Ogden et al. 2010; Shahandeh et al. 2011).  Allowing crops to be weathered over winter and 

harvested in spring can produce a feedstock which is lower in mineral nutrients and therefore 

more efficient for direct combustion processes, whereas harvests with high lignocellulose content 

are more desirable for gasification and ethanol production (Adler et al. 2006).  Also, allowing 

switchgrass to remain standing on the field over winter and harvested in spring makes 

switchgrass pellets easier to mold because the grass is less waxy on the surface (Stamler 2009). 

Leaving crops standing until after plant senescence and overwintering of standing or cut 

and windrowed plants can help achieve high levels of field leaching, but the results are not 

always ideal and there are associated risks.  Biomass left on the field is subject to weather 

variability, so production and nutrient content will not be consistent year to year.  Plants left 

standing in the field are subject to lodging and direct field losses by collection equipment in the 

spring can be significant. Losses of 25% or more of total yield have been observed (Stamler 

2009).  Organic matter can also be lost due to microbial degradation which can happen faster 

than nutrient removal later in the spring (Cennatek 2011a).  Scheduling of other crops can be 

affected if harvest conditions are unpredictable (Cennatek 2011a) and late spring harvesting of 

switchgrass would compete for time and equipment required for grain crops, as well as affect the 

early nesting habits of grassland bird species (Gamble et al. 2015).  This can result in direct 

economic losses to farmers.  Therefore an industrial leaching process may be necessary to 

standardize the feedstock and make it more appealing to farmers. 
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Table 1.2 compares the energy potential and nutrient content of wood pellets and wheat 

straw compared to switchgrass harvested in the fall or the spring.  Ash, N and K are reduced 

significantly over winter (Stamler 2009).  Reduced nutrient and moisture content of the spring 

harvest would be preferable for processes requiring low levels of nutrients and for situations 

where moisture content is a factor in storage and transportation costs (Anderson 2013).  

Switchgrass is a fast growing herbaceous crop that is significantly less dense than woody 

biomass which makes the process of nutrient removal from the feedstock after harvest easier and 

more effective (Liu and Bi 2011) but also makes transport more expensive.   

  

Table 1.2 - Ash, N, K and Cl percentages in wood pellets, wheat straw and switchgrass 

 (From Stamler, 2009) 

Unit                     Wood pellets      Wheat straw  Switchgrass 

                  Fall harvest Spring harvest 

Energy (GJ/t)  20.3              18.6-18.8              18.2-18.8                      19.1 

Ash (%)                              0.6                         4.5                  4.5-5.2                  2.7-3.2 

N (%)             0.30                       0.70                      0.46                       0.33 

K (%)                                0.05                      1.00               0.38-0.95                      0.06 

Cl (%)              0.01              0.19-0.51                        n/a                        n/a 

  

 Not only can time of harvest affect mineral content, it can also affect yields.  Adler et al. 

(2006) found that delaying switchgrass harvest until spring resulted in a 40% loss of the harvest 

in winters with heavy snowfall.  Since the water content of plants is significantly less in the 

spring, increased breakage of the plant results in field losses from material being missed by the 

baler (Girouard and Samson 1997; Adler 2006).  The plant is dead at this point and the water 

content is low enough that the leaves are highly sensitive to breakage.  When plant tissue is dry, 

becomes rewetted and then dry again, the stress on the tissue can cause damage to the cell walls 
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and vacuoles which retain nutrients within the plant, allowing the nutrients to be leached out of 

the tissue more easily (Tonn et al. 2011).  K and Cl are present in plants in ionic form making 

them highly susceptible to leaching from either rainfall in the field or mechanical leaching 

processes away from the field, especially when the biomass is dry (Marschner 1995; Tonn et al. 

2011). 

Measured differences in yields from field experiments as a result of low water content in 

the spring causing breakage of delicate plant parts included around 80 % seed heads, 30 % 

leaves, 12 % leaf sheaths and 4 % stems (Stamler 2009).  Since the concentration of nutrients 

differs among the various plant parts, the concentration of nutrients in the harvested biomass will 

be affected.  Monti et al. (2008) showed that the leaves of the switchgrass plant have higher 

concentrations of nutrients than the seed heads and stems, so if the highest losses are from seed 

heads overall nutrient concentrations may decrease along with yield losses.  Cutting the crop in 

the fall and leaving it on the field until spring may provide a solution, as nutrient and water 

content can be reduced as well as yield losses being minimized (Stamler 2009). 

 Girouard and Samson (1997) found that using a cereal grain swathe as opposed to a 

mower conditioner could reduce field losses of overwintered crops by 74 %.  Additionally, 

cutting and windrowing the biomass in the fall and allowing it to lie on the field over winter has 

been found to reduce losses by 23 % over a strictly spring harvest (REAP 2008).  These losses 

are still significant and must be weighed against the gains of efficiency in direct combustion 

from reduced nutrient concentrations of field weathered material.  Girouard and Samson (1997) 

speculated that yield losses could be less than 5 % in the future if best management practises for 

switchgrass harvest in spring were undertaken.  
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 Han et al. (2011) suggested that only a certain sustainable portion of crop yields be taken 

from the field and the rest of the crop residue left behind in order to contribute to the soil organic 

matter pool and help sustain healthy microbial populations.  This can affect the availability of 

nutrients to future crops and their subsequent nutrient content.  Leaving crops standing or cut on 

the field over winter can also increase the soil nutrient turnover efficiency, as nutrients will leach 

back into soil over the winter period (Girouard and Samson 1997). 

 It is important to remember the effect of weather on harvest management.  If time of year 

is important for determining nutrient and water content, then acceptable harvest times may 

overlap with unacceptable weather conditions for harvesting.  Hwang et al. (2009) showed that 

there can be significant restrictions on the number of days that can actually be spent in the field.  

This must be taken into consideration when deciding when to harvest biomass crops. 

 

1.7 - Effects of Weathering on Nutrient Content after Harvest and Current 

Knowledge of Nutrient Losses in Field Weathering 

If biomass can be left on the field over winter, one would expect that the amount of 

nutrients would be less in the spring.  This would depend on the amount of rainfall and rainfall 

intensity as well as other factors such as freeze-thaw cycles, humidity, sun intensity and wind 

exposure.  Tonn et al. (2011) found that the effect of rainfall intensity on nutrient leaching differs 

among nutrients, based on natural rainfall exposure and intensive irrigation scenarios.  For ash, 

they found that a high intensity leaching event had a higher leaching rate.  Cl had a slightly lower 

leaching rate with the high intensity treatment and the rate of leaching for K was largely 
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unaffected by rainfall intensity.  This variation may be caused by differences in the amount of 

water able to infiltrate the tissues of plants being restricted with heavier rainfalls (Tonn et al. 

2011).    

 The total amounts of ash, Cl and K removed by leaching in the Tonn et al. (2011) study 

were the inverse of their response to rainfall intensity.  The removal of ash was the most 

difficult, and amounts removed by leaching were too low to have a beneficial effect on reduction 

of dust emissions during combustion processes.  Concentrations of K and Cl were significantly 

reduced, however.  Tonn et al. (2010) found that although N was not significantly leached from 

biomass that was left cut on the field, K and Cl were found to be leached between 55-82 %.  

Thus, leaching of biomass should have significant benefits for reducing slag build-up, corrosion 

and fouling of boilers caused by K and Cl interactions.   

Excess N may cause significant problems in the combustion of biomass including the 

production of particulate matter and harmful nitric oxide emissions, along with the production of 

smog and acid rain (Cennatek 2011a).  Tonn et al. (2011) found that even with hydrothermal 

conditioning and mechanical dewatering they could not observe significant reductions in N 

concentrations of dried biomass.  Studies that had found reductions in N concentrations by field 

leaching observed this only after a five month period of field exposure with a large amount of 

natural precipitation.  Also, they suggest that due to the non-controlled environment of this field 

trial, the observed losses of N may have been the result of processes other than leaching (Tonn et 

al. 2011).  Thus, the removal of N by leaching appears to have limited potential.  

 Turn et al. (1997) compared the use of a John Deere Model 34 forage chopper and a 

Jeffco cutter for cutting banagrass into different sizes, resulting in different levels of nutrient loss 
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after exposure to leaching processes.  The Jeffco cutter left the grass cut to a size of 1mm 

(standard deviation of 2.2), whereas the John Deere forage chopper cut the grass to a size of 

3.9mm (standard deviation of 1.9).  The Jeffco cutter combined with a press/rinse/press treatment 

resulted in lower ash and alkali metal concentrations compared to the John Deere forage chopper 

with the same treatment.  Both methods of cutting followed by leaching treatments lowered the 

concentrations considerably resulting in high quality biogas feedstock.  Reductions in the 

concentration of K by 90 %, Mg, Na and P by 70 % and S by 54 % were achieved with the Jeffco 

cutter along with almost 100 % of the Cl.   

 Research into nutrient recycling began in an effort to reduce the amount of nutrients 

removed from the field with biomass harvests which would subsequently reduce the need for the 

application of fertilizers and improve the long-term sustainability of biomass production (Turn et 

al. 1997).  The research has since progressed towards limiting nutrients in biomass feedstock to 

improve combustion efficiency and reduce boiler fouling (Turn et al. 1997).  Turn et al. (1997) 

showed that alkali metals and Cl could be effectively removed from straw biomass after harvest 

with various levels of chopping and either spraying or soaking of the material.  The chopped 

biomass can be exposed to a process similar to the rewetting and mechanical compression 

process that is used to extract sugar from sugarcane (Turn et al. 1997).  Cennatek (2011b) 

proposed processes for removal of nutrients from biomass and also recovery of nutrients from 

the leachate by reverse osmosis or other methods. 

 Some studies have shown that field leaching will result in an initial reduction in nutrients, 

but over time the percent weight of nutrients will actually increase, due to biological degradation 

of organic material happening at a faster rate than the leaching process (Cennatek 2011a).  The 
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report by Cennatek (2011a) concluded that field leaching is not sufficient for providing a high 

quality combustible fuel source and thus, an industrial leaching process is necessary to 

sufficiently remove the nutrients. 

 

1.8 - Research Opportunities to Advance Nutrient Cycling  

 As climate change is projected to increase average global temperatures (IPCC 2013), the 

range and feasibility for production of switchgrass may increase, allowing more opportunity for 

switchgrass production in Ontario.  Modelling programs could be used to examine long-term 

trends in yield increases due to climate change.  If yields are likely to increase, the feasibility of 

various biomass production strategies might improve.  The potential for increases in temperature 

and variability in precipitation caused by climate change could also have effects on nutrient 

cycling, and this has not yet been studied with a focus on switchgrass. 

 Lee et al. (2012) used the modeling software DayCENT to determine switchgrass yields 

in California, using data from across the United States to validate the model.  Since the model 

has been well validated, it might now be used to estimate yields and various other plant and soil 

qualities for switchgrass production in other places such as Ontario.  The model allows for the 

prediction of various nutrient contents in above and below ground live biomass, as well as in the 

soil organic matter, and if properly validated could provide valuable long-term assessment of 

switchgrass nutrient contents and biomass yields. 

 Hwang et al. (2009) showed that the length of the harvest period can significantly affect 

the cost of biomass production.  They estimated the number of days available in Oklahoma for 
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cutting and baling switchgrass.  These same estimates are lacking in Eastern Canada and should 

be expanded in order to better assess the feasibility of biomass production from switchgrass in 

Ontario.  Completion of such a study could also help align harvest times with times of optimal 

biomass quality.  Climate change may also have an effect on the number of days available for 

harvest and this could be modelled. 

 Shen et al. (2010) used proximate analysis to determine the concentration of C, H and O 

in various biomass species.  They suggested that a standard method be developed in order to 

accurately determine elemental concentrations of plants.  The extension of proximate analysis 

into the prediction of mineral nutrients in switchgrass and other biomass crops may be helpful in 

the future in order to maximize biofuel production efficiency. 

 The application of an industrial process for removing nutrients from switchgrass and 

returning it back to the field has not been thoroughly researched.  There is evidence that the size 

of the material and associated surface area can have an effect on leaching (Cennatek 2011b, Turn 

et al. 1997).  Turn et al. (1997) showed that with banagrass, the size distribution of the biomass 

was related to the resultant leaching.  If the size/leaching ratio can be optimized, equipment 

could be used that would leave the switchgrass cut on the field within the size variation that 

would maximize nutrient leaching from field weathering.  This research could be carried out on 

various plant species including switchgrass.  There is also evidence that the agitation rate and 

intensity of exposure to water has an effect on the resultant leaching of nutrients (Cennatek 

2011a, Tonn et al. 2011).  There is opportunity to advance the process of in-situ and ex-situ 

leaching of nutrients from switchgrass, based on gaining maximum reductions in nutrient levels 
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of biomass with minimal amounts of energy input.  This research should focus on particle size, 

agitation rate, biomass to water ratio, leaching temperature and solvent type. 

 Nutrient recovery from biomass leachate can be achieved through processes similar to 

that used for desalination.  The specific parameters necessary to remove water from the nutrient 

dense leachate, in order to concentrate it into fertilizer, are not well researched.  These 

parameters include the type of membranes necessary, the behaviour of solutes at the membrane, 

and clogging characteristics.  Temperature, pH and trans-membrane pressures have also not been 

researched specifically for biomass leachate (Cennatek 2011b). 

 

1.9 - Current Area of Research  

 If nutrients are to be further removed from switchgrass after harvest, either after or in 

place of field leaching, an industrial process for their removal will be required.  Literature on the 

process requirements to effectively remove nutrients from switchgrass is lacking. This process 

will require the optimization of various standards for removing the necessary nutrients in the 

most efficient way.  This will include maximizing results while minimizing energy inputs.  Some 

of the factors that need to be determined are the amount of time required to remove an acceptable 

amount of nutrients from the biomass, the concentration of solution during leaching, the 

temperature at which the process takes place, and the type of water and concentration of pre-

existing elements in the water used.   

Cennatek (2011a) compared soaking, soaking/agitation and spraying methods of liquid 

nutrient extraction from miscanthus (and found that soaking with agitation was the best way to 
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remove the nutrients.  They also suggested that the water to biomass ratio be between 10:1 to 

12:1 based on trials using 8:1, 10:1, 12:1 and 15:1.  This study will consider the effect of 

changing the ratio for leaching from switchgrass.  Residence times should be kept below two 

hours according to Cennatek.  Since processing time has direct capital and energy costs, shorter 

residence times are desirable and the optimal time needs to be determined.  This study will focus 

on shorter residence times to determine leaching in the early stages of exposure of switchgrass to 

water.  This study will also explore the effect of water temperature on the leaching process, as 

well as the type of water and concentration of pre-existing elements in the water, and what effect 

these factors may have on the leaching process. 
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Chapter 2 - Hypotheses and Objectives 

Hypothesis one: Changing the concentration of switchgrass in water (grams of switchgrass per 

litre of water) will not affect the amount of nutrients leached into the water.  

The first objective is to determine the relationship between concentration and nutrient leaching.  

The concentration of the leaching solution has implications regarding water usage and material 

throughput.  Lower concentrations could extract more nutrients, but there is a limit where the 

amount of water used will become prohibitively costly to the process.  There is a need to 

understand the relationship between concentration, energy input and cost. 

Hypothesis two: Changing the temperature of the processing water will not affect the amount of 

nutrients leached from the switchgrass and into the water. 

The second objective is to determine the relationship between water temperature and nutrient 

leaching.  In this way the cost associated with heating the water can be compared to any 

associated gains in leaching potential. 

Hypothesis three: The mineral content of the water used will not affect the ability of nutrients to 

leach from the switchgrass and into the water. 

The third objective is to determine whether the mineral content (water quality) of water used for 

extraction will affect leaching potential.  Accessibility and cost of well water, city water and 

distilled water varies by location.  An analysis of commonly accessible water types and an 

assessment of the initial elemental concentrations of these water sources compared to the 

leaching potential of the water will help potential users make cost/benefit analyses. 
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Chapter 3: Materials and Methods 

All samples for this experiment were derived from a stand of Cave-in-Rock switchgrass, 

established in 2010, cut and windrowed on Dec 28th 2012 and baled April 21, 2013.  The 

material was then stored in an enclosed shed until collection in September 2014.  All samples 

were ground using a Standard Model No. 3 Wiley Mill (Arthur H. Thomas Co., Philadelphia, 

USA) using 1mm mesh screen then stored at room temperature in a sealed container prior to 

analysis.  Experiments took place over a one month period.  Samples were homogenized prior to 

use by shaking of the storage container and mixing with a lab sampling spoon.  Samples were 

weighed to the nearest 0.01 g.  Percent moisture was determined by drying a ~100 g sample in a 

drying oven at 105˚C for 48hrs or until constant weight was achieved.  Lab protocols used for 

elemental analysis were:  Ca %: A204a, P %: A204a, K %: A204a, Mg %: A204a, Zn: A204a, 

Mn: A204a, Cu: A204a, Fe: A204a, S %: A221. 

 

3.1 – Concentration 

 Homogenized samples of switchgrass were weighed at 5, 10, 15 and 20 g to the nearest 

0.01g and added to a 500mL flask.  Two hundred mL of distilled water at room temperature, 

measured to within 1 mL, was added to the flask yielding concentrations of 25, 50, 75 and 100 

g/L (without adjustment for 12.1% moisture content).  The flask was stirred on a Lab Companion 

HP-3100 heat and stir plate with heat turned off at 65 rpm for 40 minutes, after preliminary trials 

showed very little leaching occurred beyond this residence time.  The flask was then drained 

through a 250 µm (No. 60) screen into a beaker to remove the switchgrass from the water.  The 

water was filtered through 2V (8 µm pore size) filter paper to remove fine particulate, then tested 
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for conductivity using an Oakton Cond6+ handheld conductivity meter.  The samples were dried 

to constant weight at 105 ˚C then sealed in a plastic bag.  Three replications were performed at 

each of the four concentrations producing 12 samples in total.  The samples were sent to SGS 

Agrifood Laboratories (Guelph, ON) for wet chemistry analysis of N, Ca, P, K, Mg, Zn, Mn, Cu, 

Fe, S, Cl and B.  Three control samples were also sent for analysis without treatment.  

Statistical analyses were performed using SAS Version 9.3 (SAS Institute, Cary, NC).  A 

Shapiro-Wilk’s test was used to test for normality of the residuals.  Levene’s test of equality was 

used to test for heterogeneity of the residual absolute values.  Lund’s test for outliers was used to 

determine outliers.  Mixed effects analysis of variance was used to determine any significance of 

the concentration treatment effect.  Tukey’s test was used for a post-hoc analysis of all possible 

comparisons. A covariance structure was applied to deal with heterogeneity of error over 

treatments if necessary.   

 

3.2 – Temperature 

 Homogenized samples of switchgrass were weighed to 5 g within 0.01 g and added to a 

500 mL flask.  Two hundred mL of distilled water was then added to the flask to within 1 mL 

resulting in a concentration of 25 g/L.  Twenty five g/L was chosen for the temperature 

experiment in order to limit any effects that higher concentrations might have on nutrient 

extraction rates and to allow the influence of temperature to be more detectable.  The water was 

preheated to 20, 40 or 60˚C in an oven. Once the switchgrass was combined with the preheated 

water, it was stirred on a Lab Companion HP-3100 heat and stir plate at 65 rpm.  The hot plate 

was calibrated to 20, 40 and 60˚C and preheated prior to stirring the samples.  The samples were 
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maintained at temperature and stirred for 5, 10, 20 or 40 minutes.  The samples were then 

strained using a 250 µm (No. 60) screen and filtered using a 2V (8 µm pore size) filter.  The 

filtrate was analysed for conductivity using an Oakton Cond6+ handheld conductivity meter.  

The switchgrass was dried at 105 ˚C until constant weight was achieved and then stored in sealed 

Ziploc bags.  Three replications at each temperature and time combination were performed 

yielding 36 samples in total.  The switchgrass samples were sent to SGS Agrifood Laboratories 

(Guelph, ON) for wet chemistry analysis of N, Ca, P, K, Mg, Zn, Mn, Cu, Fe, S, Cl and B.   

 Statistical analyses were performed using SAS Version 9.3 (SAS Institute, Cary, NC).  A 

Shapiro-Wilk’s test was used to test for normality of the residuals.  Levene’s test of equality was 

used to test for heterogeneity of the residual absolute values.  Lund’s test for outliers was used to 

detect outliers.  Mixed effects analysis of variance was used to determine the significance of 

temperature and time effects.  The SAS slicing technique was used for tests that showed 

significant interaction effects, in order to compare simple effects.  Temperature and time effects 

were sliced to show the significance of the effect at each level, since comparison of combined 

means is inappropriate when interaction effects are significant. Regression responses were 

analysed by using contrast statements to generate variance partitions.   

 

3.3 – Water Type 

 Four types of water were collected for the analysis and tested for conductivity with an 

Oakton Cond6+ handheld conductivity meter.  Well water was collected from Carp, ON, and had 

an initial conductivity of 940 µs/cm.  Tap water was collected from Kemptville, ON, which had 

an initial conductivity of 750 µs/cm and from Ottawa, ON, which had an initial conductivity of 

130 µs/cm.  Distilled water had an initial conductivity of 2.0 µs/cm.  Samples of the water were 
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sent out in triplicate to Caduceon Environmental Laboratories (Ottawa, ON) for analysis of 

chloride (Reference Method: SM4110C), total Kjeldahl nitrogen (MOEE 3367), total P (MOEE 

3367), Ca, Cu, Fe, Mg, Mn, K, S and Zn (SM 3120). 

 Samples of switchgrass were weighed at 5 grams to the nearest 0.01 g and added to a 500 

mL flask.  Two hundred mL of water was added to the flask, resulting in a concentration of 25 

g/L.  Twenty five g/L was chosen for the water type experiment to limit any effects that 

concentration had on nutrient extraction and to maintain consistency with the temperature 

experiment.  The flask was transferred to a stir plate and stirred at a rate of 65 rpm.  Samples 

were stirred for either 5, 10, 20 or 40 minutes.  Three replications were tested for each time for 

each of the four water types yielding 48 samples in total.  The samples were then strained 

through a 250 µm (No. 60) screen.  The switchgrass in the screen was transferred to a tinfoil 

container and placed in the drying oven at 105 ˚C until constant weight was achieved.  The 

samples were then sealed in plastic bags.  The biomass was sent to SGS Agrifood Laboratories 

(Guelph, ON) for wet chemistry analysis of N, Ca, P, K, Mg, Zn, Mn, Cu, Fe, S, Cl and B.   

Statistical analyses were performed using SAS Version 9.3 (SAS Institute, Cary, NC).  A 

Shapiro-Wilk’s test was used to test for normality of the residuals.  Levene’s test of equality was 

used to test for heterogeneity of the residual absolute values.  Lund’s test for outliers was used to 

detect outliers.  Mixed effects analysis of variance was used to determine the significance of 

water type and time effects.  The SAS slicing technique was used for tests that showed 

significant interaction effects, in order to compare simple effects.  Water type and time effects 

were sliced to show the significance of the effect at each level, since comparison of combined 

means is inappropriate when the interaction effect is significant. Orthogonal regression sub-

partitions were analysed.   
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Chapter 4 – Results 

 In this chapter, the results of the experiments for the effects of solution concentration, 

temperature of the solution and mineral content of the solvent are presented.  All values are 

given in percent weight.  The conversion for percent weight to g/kg is (percent weight)*10 = 

g/kg. 

 

4.1 – Concentration 

The results presented are for the amount of the element remaining in switchgrass samples 

after leaching treatment in distilled water at 20 ˚C for 40 minutes at four concentrations.  

Experimental design was randomized complete block with three replications. 
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Nitrogen 

Mixed effects ANOVA showed no significant effect for leaching treatment on the amount 

of N remaining in switchgrass samples after leaching (Appendix 4.1.1).  Tukey’s post hoc 

comparison of all possible combinations of means showed no difference in the amount of N 

removed at any of the four concentrations compared to the control (Table 4.1.1). 

 

Table 4.1.1 - Means comparison of percent weight of N remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

    Treatment                 N remaining            se 

             (% weight) 

         25 g/L            0.683   a          0.028 

             50 g/L                       0.670   a                     0.028 

       75 g/L            0.640   a          0.028 

      100 g/L            0.680   a          0.028 

   Control            0.690   a          0.028 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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Calcium 

 Mixed effects ANOVA showed that leaching had a significant effect on reducing the 

amount of Ca in leached samples compared to control samples (Appendix 4.1.2).  Tukey’s post 

hoc comparison of all possible combinations of treatment means showed that there was a 

significant amount of Ca removed at each of the four concentrations compared to the control, 

however, there was no significant difference between any of the four concentrations (Table 

4.1.2).  Fourteen percent of the Ca was removed at 25 g/L, 8 % at 50 and 100 g/L and 11 % at 75 

g/L. 

 

Table 4.1.2 - Means comparison of percent weight of Ca remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment       Ca remaining  se 

        (% weight) 

        25 g/L                 0.207   b          0.0033 

        50 g/L                 0.220   b          0.0033 

        75 g/L                 0.213   b          0.0033 

      100 g/L                 0.220   b          0.0033 

      Control                 0.240   a          0.0033 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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Phosphorus 

Mixed effects ANOVA showed that leaching had a significant effect on the amount of P 

remaining in switchgrass samples after treatment (Appendix 4.1.3).  Tukey’s post hoc 

comparison of all possible combinations of treatment means showed a significant amount of P 

was removed at each of the four concentrations compared to the control (Table 4.1.3).  Seventy-

five percent of the P was removed at a concentration of 25 g/L.  Sixty-one percent of the P was 

removed at both 50 and 75 g/L concentrations and 54 % was removed at 100 g/L. 

 

Table 4.1.3 - Means comparison of percent weight of P remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment           P remaining  se 

           (% weight) 

           25 g/L                 0.0233   c            0.0033 

        50 g/L                 0.0367   bc          0.0033 

        75 g/L                 0.0367   bc          0.0033 

      100 g/L                 0.0433   b          0.0033 

      Control                 0.0933   a          0.0033 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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Potassium 

Mixed effects ANOVA showed that leaching had a significant effect on the amount of K 

remaining in switchgrass samples (Appendix 4.1.4). Tukey’s post hoc comparison of all possible 

combinations of treatment means showed that a significant amount of K was removed at each of 

the four concentrations compared to the control (Table 4.1.4).  Seventy-six percent of the K was 

removed at 25 g/L.  Sixty four percent was removed at 50 g/L and 57 % was removed at 75 g/L 

but the two were not significantly different.  Forty-eight percent removal was achieved at 100 

g/L. 

 

Table 4.1.4 - Means comparison of percent weight of K remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment           K remaining  se 

           (% weight) 

        25 g/L                 0.183   d          0.014 

        50 g/L                 0.273   c          0.014 

        75 g/L                 0.327   c          0.014 

      100 g/L                 0.397   b          0.014 

      Control                 0.763   a          0.014 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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Magnesium 

Mixed effects ANOVA showed that leaching treatment had a significant effect on the 

amount of Mg remaining in switchgrass samples (Appendix 4.1.5).  Tukey’s post hoc 

comparison of all possible combinations of treatment means showed that Mg was significantly 

removed at all four concentrations compared to the control although there were no significant 

differences among the four concentrations (Table 4.1.5).  One third of the Mg was removed at 25 

g/L and 75 g/L on average, while one quarter was removed at 50 g/L and 100 g/L. 

 

Table 4.1.5 - Means comparison of percent weight of Mg remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment        Mg remaining  se 

            (% weight) 

        25 g/L                 0.0533   b          0.0021 

        50 g/L                 0.0600   b          0.0021 

        75 g/L                 0.0533   b          0.0021 

      100 g/L                 0.0600   b          0.0021 

      Control                 0.0800   a          0.0021 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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Sulphur 

Mixed effects ANOVA showed that leaching treatment had a significant effect on the 

amount of S remaining in switchgrass samples (Appendix 4.1.6). Tukey’s post hoc comparison 

of all possible combinations of treatment means showed that S was significantly removed at all 

four concentrations compared to the control, but that there were no significant differences 

between the four concentration treatments (Table 4.1.6).  Fifty percent of the S was removed at 

25 g/L, 38 % at 50 and 75 g/L and 29 % at 100 g/L. 

 

Table 4.1.6 - Means comparison of percent weight of S remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment           S remaining  se 

            (% weight) 

        25 g/L                 0.0400   b          0.0047 

        50 g/L                 0.0500   b          0.0047 

        75 g/L                 0.0500   b          0.0047 

      100 g/L                 0.0567   b          0.0047 

      Control                 0.0800   a          0.0047 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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Chloride 

 

Mixed effects ANOVA showed that leaching treatment had a significant effect on the 

amount of Cl remaining in switchgrass samples after leaching (Appendix 4.1.7). Tukey’s post 

hoc comparison of all possible combinations of treatment means showed that Cl was 

significantly removed at 25 g/L (59 %) and 50 g/L (55 %) from the control but not significantly 

reduced at 75 g/L (38 %) or 100 g/L (41 %)  (Table 4.1.7). 

 

Table 4.1.7 - Means comparison of percent weight of Cl remaining in switchgrass samples after 

leaching treatment at four concentrations of biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment            Cl remaining  se 

               (% weight) 

        25 g/L                 0.0400   b        0.0057 

        50 g/L                 0.0433   b        0.0088 

        75 g/L                 0.0600   ab          0.020 

      100 g/L                 0.0567   ab        0.0067 

      Control                 0.0967   a          0.012 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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N, Ca, P, K, Mg, S and Cl Combined  

 

 When Mixed effects ANOVA was performed on the sum of the percent weights of N, Ca, 

P, K, Mg, S and Cl remaining in switchgrass samples, leaching treatment was found to have a 

significant effect (Appendix 4.1.8).  Tukey’s post hoc comparison of all possible combinations of 

treatment means showed that all concentration treatments were significantly different than the 

control.  The 25 g/L treatment was significantly different than the 75 and 100 g/L treatments and 

the 50 g/L treatment differed from the 100 g/L treatment (Table 4.1.8).  Forty percent of the 

concentration of these elements was removed at 25 g/L and 26 % was removed at 100 g/L.  This 

amounted to 0.81 % and 0.53 % respectively, of the total dry weight of the switchgrass. 

 

Table 4.1.8 - Means comparison of the sum of the percent weights of N, Ca, P, K, Mg, S and Cl 

remaining in switchgrass samples after leaching treatment at four concentrations of 

biomass/distilled water for 40 minutes, RCBD (n=3). 

Treatment               Estimate  se 

               (% weight) 

        25 g/L                  1.23   d          0.031 

        50 g/L                  1.35   cd          0.031 

        75 g/L                  1.38   bc          0.031 

      100 g/L                  1.51   b          0.031 

                                             Control                     2.04   a             0.031 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p < 0.05. 
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4.2 - Temperature Results 

The results presented are for the amount of the element remaining in switchgrass samples 

after leaching treatment of four residence times (5, 10, 20 and 40 minutes) at three temperatures 

(20, 40 and 60˚C).  Experimental design was randomized complete block with three replications.  

The results do not incorporate the control in the statistics.  The control is from the concentration 

experiment and given for reference.  The concentration chosen for the temperature experiments 

was 25 g switchgrass per liter of distilled water. 
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Nitrogen 

 The results for the amount of N remaining in switchgrass samples after leaching at three 

temperatures and four residence times are shown in Figure 4.2.1.  Mixed effects ANOVA for the 

percent weight of N remaining in switchgrass samples after leaching had no statistically 

significant results (Appendix 4.2.1).  Regression analysis also showed no significant responses 

for N to time or temperature after exposure of switchgrass to water. 

 

 

Figure 4.2.1 - Least square means for percent weight N remaining in switchgrass samples after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 
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Calcium 

 

The results for the amount of Ca remaining in switchgrass samples after leaching at three 

temperatures and four residence times are shown in Figure 4.2.2.  Mixed effects ANOVA for Ca 

showed a significant effect for temperature but also showed a significant interaction effect 

between time and temperature (Appendix 4.2.2).  Tests of simple effects showed that times 

differed significantly for 60 ˚C and temperatures differed significantly at 5 and 10 minutes 

(Appendix 4.2.3).  Regression analysis of the Ca response showed that the time*temperature 

linear partition was significant (Appendix 4.2.4), meaning that the temperature slopes were 

significantly different over time.  The 40 ˚C slope was different than the 20 and 60 ˚C slopes 

(Figure 4.2.2, Appendix 4.2.5).  The linear regression equation for 60 ˚C was significant 

(Appendix 4.2.5). 

 

 

Figure 4.2.2 - Least square means for percent weight Ca remaining in switchgrass samples after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 
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Phosphorus 

 

The results for the amount of P remaining in switchgrass samples after leaching at three 

temperatures and four residence times are shown in Figure 4.2.3.  Mixed effects ANOVA for P 

showed a significant time effect and time*temperature interaction effect (Appendix 4.2.6).  Tests 

of simple effects showed that times were significantly different for the 20 ˚C temperature and 

temperatures were significantly different at 5 minutes (Appendix 4.2.7).  Regression analysis of 

the P response showed the time*temperature linear partition to be significant (Appendix 4.2.8) 

meaning that the temperature slopes differed from one another over time.  The three temperature 

slopes were significantly different from each other but only the 20 ˚C slope differed significantly 

from zero (Appendix 4.2.9) and thus was the only significant linear regression for the three 

temperatures. 

 

 

Figure 4.2.3 - Least square means for percent weight P remaining in switchgrass samples after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 
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Potassium 

The results for the amount of K remaining in switchgrass samples after leaching at three 

temperatures and four residence times are shown in Figure 4.2.4.  Mixed effects ANOVA for K 

showed there to be a significant effect for the temperature treatment as well as time (Appendix 

4.2.10).  The three temperature treatments were significantly different from each other and 

certain times differed from each other (Appendix 4.2.11).  Regression analysis showed 

significant responses for time linear and quadratic, as well as temperature linear (Appendix 

4.2.12).   

 

 

Figure 4.2.4 - Least square means for percent weight K remaining in a switchgrass sample after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 
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Appendix 4.2.13.  The stationary point was a saddle point and eigenvector analysis showed the 

minimum response at 59.54 ˚C and 26.21 minutes (Appendix 4.2.14).  

 

 

Figure 4.2.5 -Surface plot of time versus temperature for the amount of K remaining in 

switchgrass samples over four times (5, 10, 20 and 40 minutes) and three temperatures (20. 40, 

60 ˚C) RCBD, n=3, 25 g switchgrass/L distilled water. 

 

 

 The linear regression for temperature is shown in Figure 4.2.6.  The regression analysis 

showed the linear trend to be significant.  This was evidenced by the high R-squared value 

(Figure 4.2.6).   
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Figure 4.2.6 - Means and linear regression for the response of percent weight K in switchgrass 

compared to temperature of leaching solution in RCBD experiment (n=3) with three 

temperatures (20, 40, and 60 ˚), averaged over four times (5, 10, 20 and 40 minutes) at 25 g 

switchgrass/L distilled water.                                                                

   

Magnesium 

The results for the amount of Mg remaining in switchgrass after leaching at three 

temperatures and four residence times are shown in Figure 4.2.7.  Mixed effects ANOVA for Mg 

showed significant time, temperature and time*temperature interaction effects (Appendix 

4.2.15).  Analysis of simple effects showed that times were significantly different at 20 and 40 

˚C and that temperatures differed at 5, 10 and 40 minutes (Appendix 4.1.16).  Regression 

analysis showed a significant temperature*time linear response (Appendix 4.2.17) meaning that 

the temperature slopes differed from one another across time.  Forty degrees Celsius was 

significantly different from 20 and 60 ˚C which were not significantly different from each other.  

The only temperature that had a slope significantly different from zero was 20 ˚C making the 

regression model for 20 ˚C significant (Figure 4.2.7, Table 4.2.18) 
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Figure 4.2.7 - Least square means for percent weight Mg remaining in a switchgrass sample after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 
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Figure 4.2.8 - Least square means for percent weight S remaining in switchgrass samples after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 

 

 

 

 

Figure 4.2.9 - Means and linear regression for the response of percent weight S in switchgrass 

compared to temperature of leaching solution in RCBD experiment (n=3) with four times (5, 10, 

20 and 40 minutes) and three temperatures (20, 40 and 60˚C) at 25 g switchgrass/L distilled 

water. 
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Chloride 

Results for the amount of Cl remaining in switchgrass are shown in Figure 4.2.10.  

Analysis of variance for Cl showed no significant effects of time or temperature on the amount 

of Cl remaining in the switchgrass samples after leaching (Appendix 4.2.23). 

 

 

Figure 4.2.10 - Least square means for percent weight Cl remaining in  switchgrass samples after 

leaching for four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 60˚C) with 

control shown at zero, RCBD, n=3, 25 g switchgrass/L distilled water. 
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were significantly different from each other, and the four times were also significantly different 

from each other (Appendix 4.2.25).  Temperature linear, time linear and time quadratic 

regression responses were detected (Appendix 4.2.26), modeled (Appendix 4.2.27) and plotted 

(Figure 4.2.11).  A linear regression for temperature was also modeled (A-4.2.28) and plotted 

(Figure 4.2.12). 

 

 

Figure 4.2.11 – Conductivity of leachate samples from RCBD experiment (n=3) with four 

residence times (5, 10, 20 and 40 minutes) and three temperatures (20, 40 and 60˚C) at 25 g 

switchgrass/L of distilled water. 
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Figure 4.2.12 - Means and regression for the linear response for conductivity compared to 

temperature of leaching solution in RCBD experiment with four times and three temperatures at 

25 g switchgrass/L distilled water (n=3). 
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the percent weight of N remaining in switchgrass samples showed no significant effect for the 

water type on the amount of N remaining, however, the residence time was a significant effect 

(Appendix 4.3.1).  Means comparison for residence time shows that 10 minutes differed 
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significantly from 20 and 40 minutes (Appendix 4.3.2).  The orthogonal sub-partitions of water 

type and time showed time*lack of fit time to be significant (Appendix 4.3.3), indicating a 

significant non-linear time relationship. 

 

 

Figure 4.3.1 - Least square means for percent weight N remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

 

 

Table 4.3.1 - Means comparison for the percent weight of N remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

                           Distilled    Ottawa Kemptville                   Well 

Initial - waterZ                   <0.05                0.05               0.04                   0.12 

Initial - biomassY               0.690              0.690                   0.690                 0.690                                    

5 minutes                   0.663 ab       0.663 ab          0.663 ab             0.647 ab 

10 minutes                   0.793 a       0.657 ab          0.720 ab    0.667 ab 

20 minutes                   0.650 ab       0.650 ab          0.633 ab   0.637 ab 

40 minutes                   0.657 ab       0.670 ab          0.643 ab              0.607 b 

se                               0.033               0.033          0.033  0.033                                                 

Means with the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of N present in each water type before treatment (mg/L). 

Y Percent weight of N in switchgrass samples before treatment. 
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Calcium 

The results for the percent weight of Ca remaining in switchgrass samples after leaching 

in four water types at four residence times are shown in Figure 4.3.2 and means comparisons are 

shown in Table 4.3.2.  Mixed effects ANOVA for percent weight of Ca remaining in switchgrass 

samples after leaching showed time and water type to be significant effects (Appendix 4.3.4).  

The mean for 40 minutes was significantly different than the 20 minute mean (Appendix 4.3.5).  

The mean for samples leached in Ottawa water was significantly different from Kemptville water 

and well water, but not from distilled water (Appendix 4.3.5).  Orthogonal sub-partitions showed 

time and type to have significant linear regression responses (Appendix 4.3.6).  The regression 

solution coefficients are shown in Appendix 4.3.7.   

 

 

Figure 4.3.2 - Least square means for percent weight Ca remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3).   
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Table 4.3.2 - Means comparison for the percent weight of Ca remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

                                                 Distilled     Ottawa  Kemptville                   Well 

            Initial - waterZ                 0.0533                 8.58               79.6                    92.4 

            Initial - biomassY               0.240               0.240                  0.240                  0.240 

            5 minutes                   0.240 c       0.253 c          0.350 b              0.373 ab 

            10 minutes                   0.240 c       0.253 c          0.357 b              0.373 ab 

            20 minutes                   0.243 c       0.253 c          0.347 b              0.387 a                     

40 minutes                   0.237 c       0.237 c          0.353 b              0.363 ab 

            se                              0.0051      0.0051          0.0051            0.0051 

Means with the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of Ca present in each water type before treatment (mg/L). 

Y Percent weight of Ca in switchgrass samples before treatment. 

 

 

 

Phosphorus 

 The results for the percent weight of P remaining in switchgrass samples after leaching in 

four water types at four residence times are shown in Figure 4.3.3 and means comparisons are 

shown in Table 4.3.3.  Mixed effects ANOVA for percent weight of P remaining in switchgrass 

samples after leaching showed time, water type and the time*water type interaction to be 

significant effects (Appendix 4.3.8).  Simple effects were significant for all times and water 

types except time was not a significant effect for well water (Appendix 4.3.9).  The orthogonal 

sub-partition of time*water type*lack of fit time indicated a significant non-linear relationship 

(Appendix 4.3.10). 

 



 
 

56 
 

 

Figure 4.3.3 - Least square means for percent weight P remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

 

 

Table 4.3.3 - Means comparison for the percent weight of P remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

                           Distilled             Ottawa Kemptville                   Well 

Initial - waterZ                  <0.01                <0.01          <0.01             <0.01 

Initial - biomassY            0.0933      0.0933               0.0933                0.0933 

5 minutes                 0.0367 a           0.0233 bc        0.0300 ab           0.0233 bc 

10 minutes                 0.0267 abc       0.0167 cd           0.0300 ab           0.0233 bc 

20 minutes                 0.0300 ab         0.0167 cd           0.0200 bcd         0.0200 bcd 

40 minutes                 0.0200 bcd       0.0100 d             0.0200 bcd         0.0200 bcd 

se                  0.0022      0.0022         0.0022               0.0022 

Means with the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of P present in each water type before treatment (mg/L). 

Y Percent weight of P in switchgrass samples before treatment. 
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Potassium 

The results for the percent weight of K remaining in switchgrass samples after leaching in 

four water types at four residence times are shown in Figure 4.3.4 and means comparisons are 

shown in Table 4.3.4.  Mixed effects ANOVA for percent weight of K remaining in switchgrass 

samples after leaching showed time, water type and the time*type interaction all to be significant 

(Appendix 4.3.11).  Simple effects analysis showed the water types were significantly different 

at each time and that times were significantly different for Ottawa and distilled water types 

(Appendix 4.3.12).  Orthogonal sub-partitions indicated a significant non-linear relationship 

(Appendix 4.3.13). 

 

 

Figure 4.3.4 - Least square means for percent weight K remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3).   
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Table 4.3.4 - Means comparison for the percent weight of K remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

                           Distilled             Ottawa Kemptville                   Well 

Initial - waterZ                    <0.1                    0.7                   3.43                    2.73 

Initial - biomass                0.763        0.763                 0.763                  0.763 

5 minutes                   0.240 a        0.163 c          0.113 def 0.106 def 

10 minutes                   0.223 ab        0.157 c          0.120  d             0.097 ef 

20 minutes                   0.227 ab        0.177 c          0.113 def 0.100 def 

40 minutes                   0.207 b        0.157 c          0.116 de           0.0933 f 

se                             0.0044              0.0044          0.0044           0.0044                          

Means with the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of K present in each water type before treatment (mg/L). 

Y Percent weight of K in switchgrass samples before treatment. 

 

Magnesium 

The results for the percent weight of Mg remaining in switchgrass samples after leaching 

in four water types at four residence times are shown in Figure 4.3.5 and means comparisons are 

shown in Table 4.3.5.  Mixed effects ANOVA for percent weight of Mg remaining in 

switchgrass samples after leaching showed time and water type to be significant (Appendix 

4.3.14).  The 40 minute mean differed from 5, 10 and 20 minutes, while all four water types had 

significantly different means (Appendix 4.3.15).  Orthogonal regression partitions showed type, 

time and time quadratic to be significant predictors of Mg content (Appendix 4.2.16).  However, 

the linear time coefficient for the model was not significant (Appendix 4.3.17).   
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Figure 4.3.5 - Least square means for percent weight Mg remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

 

 

  Table 4.3.5 - Means comparison for the percent weight of Mg remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

          Distilled             Ottawa         Kemptville                   Well 

Initial - waterZ                     0.01                 2.12            37.9    34.8 

Initial - biomassY                0.08         0.08                    0.08                    0.08 

5 minutes                 0.0700 bcd     0.0600 de        0.0800 ab           0.0767 ab 

10 minutes                 0.0700 bcd     0.0600 de        0.0867 ab           0.0767 ab 

20 minutes                 0.0700 bcd     0.0633 cd        0.0800 ab           0.0767 ab 

40 minutes                 0.0600 de     0.0500 e         0.0800 ab           0.0733 bc           

 se                  0.0020             0.0020                0.0020                  0.002                               

Means with   the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of Mg present in each water type before treatment (mg/L). 

Y Percent weight of Mg in switchgrass samples before treatment. 
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Sulphur 

 The results for the percent weight of S remaining in switchgrass samples after leaching in 

four water types at four residence times are shown in Figure 4.3.6 and means comparisons are 

shown in Table 4.3.6.  Mixed effects ANOVA for percent weight of S remaining in switchgrass 

samples after leaching showed water type and the time*water type interaction to be significant 

(Appendix 4.3.18).  Analysis of simple effects showed that the water types were significantly 

different at 5 and 40 minutes but not at 10 and 20 minutes and that time was a significant effect 

only for Ottawa water (Appendix 4.3.19).  Orthogonal sub-partitions showed time and time*type 

to be significant regression responses (Appendix 4.3.20).  Regression coefficients are shown in 

Appendix 4.3.21. 

 

 

Figure 4.3.6 - Least square means for percent weight Ca remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 
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Table 4.3.6 - Means comparison for the percent weight of S remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

                          Distilled     Ottawa Kemptville                   Well 

 Initial - waterZ                    <0.1                  8.13            19.5                    19.6 

 Initial - biomassY                0.08                  0.08                    0.08                    0.08                                   

 5 minutes                 0.0400 abc     0.0300 c         0.0467 a            0.0400 abc 

 10 minutes                 0.0400 abc     0.0400 abc         0.0400 abc        0.0400 abc 

 20 minutes                 0.0367 abc     0.0400 abc         0.0433 ab          0.0400 abc 

 40 minutes                 0.0333 bc     0.0400 abc         0.0467 a           0.0400 abc 

 se                  0.0024             0.0024                 0.0024               0.0024      

Means with the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of S present in each water type before treatment (mg/L). 

Y Percent weight of S in switchgrass samples before treatment. 

 

 

Chloride 

 The results for the percent weight of Cl remaining in switchgrass samples after leaching 

in four water types at four residence times are shown in Figure 4.3.7 and means comparisons are 

shown in Table 4.3.7.  Mixed effects ANOVA for Cl remaining in switchgrass samples after 

leaching showed time, water type and the time*water type interaction to be significant 

(Appendix 4.3.22).  Simple effects analysis showed that time was significantly different only for 

Kemptville water and that the water types were only significantly different at 5 minutes 

(Appendix 4.3.23).  Orthogonal sub-partitions showed significant non-linear responses 

(Appendix 4.3.24). 
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Figure 4.3.7 - Least square means for percent weight Cl remaining in switchgrass samples after 

leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

 

 

 

Table 4.3.7 - Means comparison for the percent weight of Cl remaining in switchgrass samples 

after leaching at 25 g switchgrass/L with four water types at four residence times, RCBD (n=3). 

                           Distilled     Ottawa Kemptville                   Well 

 Initial - waterZ                    <0.5                  4.93               51.9                  101.3 

 Initial - biomassY            0.0967              0.0967                0.0967                0.0967                                   

 5 minutes                 0.0367 b      0.0133 b           0.327 a            0.0433 b 

 10 minutes                 0.0200 b      0.0100 b         0.0500 b            0.0433 b 

 20 minutes                 0.0600 b      0.0100 b         0.0300 b             0.0533 b 

 40 minutes                 0.0467 b      0.0133 b         0.0300 b            0.0533 b 

se                               0.025        0.025           0.025   0.025                                                     

Means with the same letter are not significantly different with Tukey's HSD test at p<0.05. 
Z Initial amount of Cl present in each water type before treatment (mg/L). 

Y Percent weight of Cl in switchgrass samples before treatment. 
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Chapter 5 - Discussion 

5.1 - Concentration 

 N is the only element that was not significantly leached at any one of the concentration 

treatments.  N is likely to be bound up in organic molecules of particulate that are not broken 

down far enough to completely dissolve.  This does not bode well for the economics of nutrient 

extraction for end use as concentrated fertilizer, since N is the most important element in 

commercial fertilizers.  N also contributes to noxious emissions from combustion, but not to 

clinkering or slagging within boilers (Lewandowski and Kicherer 1997).  Noxious emissions 

could potentially be captured from exhausts, but this would increase the cost of energy 

production accordingly.  Harmful levels of N are generally considered to be anything above 1.0 

% (Lewandowski and Kicherer 1997).  So, although no significant amount of N could be leached 

in this process, the biomass is within acceptable limits at 0.69 % before treatment.  Fall harvest 

plot-scale N levels from Adler et al. (2006) were similar at 0.62 %, and spring levels were also 

within range at 0.54 %.   

 Ca was removed at levels only up to 14 %, which was at a concentration of 25 g/L.  Ca is 

considered to be one of the metals associated with fouling of boilers, as it lowers the ash melting 

point (Lewandowski and Kicherer 1997).  Since this material was fairly old and had been 

overwintered in the field, much of the Ca may have already been returned to the soil, as the 

initial concentration was only 0.24 % compared to 0.436 % weight for plot-scale fall harvested 

switchgrass (Adler et al. 2006).  Leaching does result in a slight improvement overall at each of 

the four concentrations compared to the control but the differences were not statistically 

significant. 
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 P reductions of up to 75 % are promising, however, this was at 25 g/L.  Only 54 % was 

removed at 100 g/L.  P is one of the nutrients that is viable for concentration and resale as a 

liquid fertilizer, so this difference in extraction efficiency will have a direct economic impact on 

the feasibility of the nutrient removal process.  Extraction at 50 g/L and 75 g/L were the same at 

61 %, potentially allowing the 75 g/L concentration to be economically plausible.  The level of P 

in this switchgrass feedstock was actually slightly higher at 0.093 % compared to 0.089 % for 

fresh fall cut at plot scale (Adler et al. 2006).  Adler et al. (2006) found spring cut to be 0.052 %.  

This difference may be accounted for by a number of factors: field inconsistencies, prior 

cropping systems, different stem to leaf ratio in the representative sample, genotype, as Adler et 

al. (2006) used three varieties mixed together and finally, the lab method of determination. 

 K reductions of up to 76 % were achieved at the 25 g/L concentration.  Removal at 100 

g/L was significantly less at 48 %.  This will clearly detract from the value of K as a recycled 

nutrient from the leachate for use in liquid fertilizers.  K is also an alkali metal that contributes to 

clinkering and fouling of boilers.  K levels were much higher in this study than the Adler (2006) 

study.  The initial concentration of K was 0.763 % weight whereas Adler et al. (2006) observed 

0.333 % weight in fall harvest and 0.056 % weight in plot-scale spring harvested switchgrass.  

The higher elemental concentration in this study may be accounted for by field inconsistencies, 

varying soil concentrations of K, prior cropping systems, different stem to leaf ratio in the 

representative sample, or different genotype.  The determination methods also differed. 

 Mg is an alkali earth metal which can contribute to boiler fouling.  Reductions of 25 and 

34 % were seen.  Fifty g/L and 100 g/L were equivalent at 25 % reduction while 25 g/L and 75 

g/L were equivalent at 34 %, but the differences were not found to be statistically significant.  

This may be a result of experimental error.  The numbers were also affected by the detection 
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limits for the test, as results were only given to one significant digit for Mg.  Mg concentrations 

went from 0.08 % initially down to 0.05 or 0.06 % for each of the samples.  The initial Mg 

concentration of 0.08 % weight was similar to Adler et al. (2006) spring harvest levels of 0.071 

% weight. 

 S reductions were significant at all four concentrations compared to the control.  Analysis 

shows reductions of up to 50 % at 25 g/L.  There was high variability in the results and only one 

significant digit given for the percent weight.  More experimentation is necessary to make broad 

conclusions regarding S as it contributes to noxious gas and particulate pollution.  Lewandowski 

and Kicherer (1997) give the critical limit of S in biofuel, above which significant issues arise 

with S emission and raised flue-gas dew-points, to be less than 0.3 % weight.  This level was 

achieved with all of the concentrations tested, and the initial value of 0.08 % weight was already 

well below the critical point making removal of S unnecessary to meet emission standards. 

 Reductions in Cl of up to 59 % were achieved at 25 g/L and 41 % of Cl was removed at 

100 g/L, but these were not significantly different.  Cl is one of the more important elements 

when it comes to fouling and corrosion of boilers.  Cl is corrosive to boiler components.  It also 

interacts with alkali and alkaline earth metals to facilitate fouling by lowering ash fusion 

temperatures.  Lewandowski and Kicherer (1997) give a critical limit of 0.2 % for Cl, above 

which problems arise with corrosion and emissions.  Control values and all concentrations in this 

experiment were below that critical limit.  Untreated samples had an average Cl percent weight 

of 0.0967 %, similar to fall harvested plot-scale trials from Adler et al. (2006) which were 0.099 

%.  The lowest level achieved with treatment was at 25 g/L, which was 0.04 %.  Adler et al. 

(2006) found levels were reduced to 0.027 % with a spring harvest, less than could be achieved 

in this experiment with spring harvested and heavily leached samples.  These differences might 
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again be contributed to field inconsistencies, Cl concentration differences in the soil, prior 

cropping systems, stem to leaf ratio of the samples, genotype, and method of determination. 

 When the percent weights are summed together they exhibit an expected trend.  At 

increasing concentrations, the amount of minerals left in the samples after leaching should 

approach the non-treatment levels, as diffusion becomes progressively more difficult when the 

solvent becomes increasingly saturated.  Cennatek (2011a) suggested that 100 g/L to 125 g/L be 

used for miscanthus, in order to be economically feasible.  Any concentration more dilute than 

this would be prohibitively costly for use with switchgrass, due to the increase in water that 

would have to be removed to make the nutrients concentrated enough to sell as fertilizer.  An 

increase in concentration will clearly reduce the amount of minerals that will be able to be 

leached into the water, so there needs to be an assessment of which minerals are the most 

important, their economic value and the optimum concentration in order to maximize the 

economic feasibility.  Furthermore, once the minerals are in the leachate there may be other 

methods that could be employed to economically extract the nutrients from the leachate for use 

as fertilizer, rather than simply concentrating the solution. 

Conductivity was used as a proxy for leaching during the concentration trials and it gave 

a good indication as to the total amount of leaching taking place.  However, wet chemistry lab 

results were used for the statistical analysis.  When increasing the concentration of switchgrass in 

water there are a number of factors which could affect a potential linear trend in conductivity vs. 

concentration.  A magnetic stir plate was used to stir the material at 65 rpm.  The rpm setting of 

the stir plate is the rate at which the magnet within the plate spins.  The rate at which the magnet 

within a vessel on top of the stir plate can be affected by the density of the substrate.  For 

example, it takes more energy to stir a 100 g/L solution than it does to stir a 25 g/L solution, 
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therefore the agitation rate will not necessarily be consistent. The concentration of the solution 

also affects the rate at which the solution becomes thoroughly mixed and completely saturated.  

This variation could be avoided in future experiments by using a mechanical mixing mechanism 

as opposed to magnetic. Another challenge with the current experimental design, regarding 

conductivity measurements, was that using the same amount of water while increasing the 

amount of biomass caused reducing returns of the amount of water after filtration.  This is due to 

the amount of water absorbed by the biomass.  It was therefore necessary to analyze the biomass 

itself to determine accurate concentration trends. 

 

5.2 - Temperature 

 The amount of N remaining in switchgrass samples at all temperatures was below the 1.0 

% critical limit given by Lewandowski and Kicherer (1997).  Therefore, the guiding purpose for 

reducing N, by increasing temperature, is to recover and recycle nutrients back to the field.  This 

could potentially reduce the amount of N fertilizer required to maintain sufficient yields, thereby 

increasing the efficiency of bioenergy production.  Unfortunately, there is no statistically 

significant response of N to water temperature.  Other enhancements to the process need to be 

considered such as increased agitation rate, decreasing particle size or an alternate solvent.  

Experimental error was as high as 25 % for 20 ˚C at 10 minutes and the analysis did contain an 

outlier. 

 Temperature had a significant effect on the amount of Ca leached from switchgrass 

samples and there was also an interaction effect.  The slopes differed for the temperatures, and 
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the rate at which Ca was removed from the biomass was fastest for the highest temperature.  This 

is the trend that one would expect to see for most minerals.  The regression response for 40 ˚C 

actually showed an increase in the amount of Ca in the sample over time, although the slope did 

not differ significantly from zero (Figure 4.2.3).  This might indicate a level of error in the 

sampling. 

 P had linear regression responses that were somewhat similar looking to Ca, although 20 

˚C was the only slope over time that differed significantly from zero.  In the case of P, a much 

larger proportion of the pre-existing material was removed by the water in comparison to Ca.  If 

control values could have been used for the regression, an exponential decay function could 

potentially have been found for P.  This would show that almost all of the leaching occurred 

within the first five minutes, as indicated by Figure 4.2.3.   

 K and P had similar looking trends in Figures 4.2.3 and 4.2.4.  Again it appears to be a 

decay function.  By looking at Figure 4.2.4 one can infer that the decay process happens very 

rapidly over the first 5 minutes and then levels off to almost nothing over the next 35 minutes, 

even though the time means were significantly different in some cases (Appendix 4.2.11).  

Response surface analysis resulted in a saddle point at 59.54 ˚C indicating the temperature to 

base future experiments around in order to find the true minimum response.  Economic analysis 

would prove that to be unnecessary.  There is a linear response to temperature as depicted in 

Figure 4.2.6.  However, at 20 ˚C, 71 % of the existing K is already being leached.  Increasing the 

temperature another 40 ˚C nets only an additional 4.1 % removal.  The cost to heat the water 

would far outweigh the marginal improvement in K removal.   
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 The Mg response is somewhat less clear.  There is a time*temperature interaction effect 

and a significant temperature*time linear regression response, meaning that the temperature 

slopes over time differ from one another and from zero in some cases.  Interestingly, the greatest 

Mg reduction was at 20 ˚C (at 40 minutes).  This might result from interactions with other 

minerals that are more readily leached into water at higher temperatures.  These elements might 

form Mg salts that could reattach to the switchgrass.  This is merely speculative, but potential for 

this type of dynamic interaction within the leachate over time is certainly possible, and there are 

other instances where it seems plausible such as with Cl.  Mg is an alkaline earth metal which is 

known to form eutectic compounds, subsequently reducing the ash melting point, so these 

reactions are of interest. 

 S is an important contributor to noxious gas pollution from direct combustion power 

generation.  The critical limit of S concentration in biomass for combustion is < 0.3 % 

(Lewandowski and Kicherer 1997).  The percent weight of S in the untreated switchgrass was 

already considerably below this level at 0.08 %.  The amount of S that could be removed by 

increasing the heat nearly followed a linear relationship.  Increasing the temperature of the water 

solvent reduced the amount of S at a rate of 0.00015 % per degree.  Since starting values were 

already significantly below the critical limit, and since S is not often used in fertilizers and thus 

will not add recycle value to the leachate, there is no need to raise the temperature of the solvent 

to reduce S.  The cost to heat the water would outweigh any economic benefit in this case. 

 The amount of Cl in biomass for direct combustion is of the upmost importance, as Cl 

facilitates the reactions of alkali and alkaline earth metals to reduce ash melting temperatures, 

and Cl also directly causes corrosion of boiler components.  Presence of Cl also facilitates the 
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release of HCL (Lewandowski and Kicherer).  The critical limit for the presence of Cl to prevent 

these issues is 0.2 % (Lewandowski and Kicherer 1997).  Concentrations between 0.1 to 0.2 % 

cause boiler temperatures to be kept low, in order to reduce issues caused by Cl, thereby 

reducing the efficiency of the process.  In this case the untreated biomass had an average percent 

weight of Cl of 0.097 %.  The leaching process decreased this to a minimum of 0.02 % which 

happens to occur at 20 ˚C.  Temperature had no significant effect on the process and initial 

concentrations were below the critical levels.  Therefore, offsite leaching is not necessary to 

reduce Cl in this particular feedstock. 

It is interesting to note how the various minerals seemed to respond differently to 

leaching exposure at different temperatures.  The maximum leaching response sometimes 

occurred at 20 ˚C, for example in the cases of Mg and Cl.  Regression responses were quite 

varied across the different minerals.  The measure of conductivity however, may have given a 

clear indication as to the collective response.  Conductivity is a measure of the total ion activity 

and thus gives a measure of the combined response of the minerals to leaching. 

Conductivity gives a clear relationship for temperature.  Conductivity represents the 

cumulative leaching response of all the minerals in water.  The minerals will contribute to the 

conductivity based on the ionic charge of the particle. Figure 4.2.11 and Table 4.2.26 show that, 

based on conductivity measurements, the collective leaching response to temperature was linear 

whereas the time response was quadratic.  Therefore, the maximum amount that could be leached 

was determined by temperature.  The response is based on what is leaching into the water, i.e. 

the conductivity of those elements, as opposed to what is remaining in the biomass, i.e. percent 

weight remaining.  One would expect the inverse of the exponential to maximum trend seen for 



 
 

71 
 

conductivity for the percent weight remaining in the biomass, i.e. exponential decay.  The 

difference in the conductivity trend compared to the trend of the individual nutrients gives 

evidence of complex interactions of ions in solution. 

 

5.3 Water Type 

 The switchgrass seemed to absorb a slight amount of N from the water initially then 

release it again.  The amount of N remaining in switchgrass went up from 5 to 10 minutes for 

three of the four water types.  The mean across the four water types was not significantly 

different for 5 and 10 minutes but it was significantly lower at 20 and 40 minutes than it was at 

10 minutes (Table 4.3.2).  This may potentially have been due to experimental error, however, 

Ca, Mg and Cl showed some indication that they may have had a similar response.  Initial 

amounts of N in the water were similar for the four water types and the amount of leaching was 

similar across the four water types and four times (Table 4.3.4).  The amount of N removed was 

fairly low, showing maximum removal of 12 % at 40 minutes with well water.  It was surprising 

to see that the maximum response occurred with well water, as this water type generally had the 

highest concentration of minerals and by far the highest conductivity.  The non-linear response 

found significant in Table 4.3.5 is likely a form of exponential decay.  Figure 4.3.1 shows 

visually that an exponential decay response for N is likely for Ottawa and well water, and 

perhaps for the other two water types as well.   

 Ca showed an expected trend in relation to the initial amount of the given element in the 

water before treatment.  The less Ca there was in the water initially, the less Ca was left in the 

grass after leaching.  However, the level of Ca in the grass did not go down compared to 
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untreated levels (Figure 4.3.2).  In fact, the percent weight of Ca in the biomass generally 

increased upon exposure to each of the water types, with the exception of distilled water, which 

maintained about the same percent weight of Ca after treatment.  Ca showed linear responses that 

appeared to be independent of initial concentrations of Ca in the biomass (Figure 4.3.2).  The 

response was, however, clearly affected by the water type and the concentration of minerals in 

the water.  An increase in the amount of Ca in the material is undesirable as Ca will form eutectic 

compounds, thereby lowering the ash fusion temperature.  This should be considered when 

selecting a leaching solvent. 

Regression for P gave evidence of a non-linear relationship.  Although it looks like a 

cubic relationship, it is almost certainly a case of exponential decay.  P and K had very similar 

results.  Both are likely examples of exponential decay.  The element is quickly leached, 

exhibiting nearly all of the leaching in the first five minutes.  These two minerals are important 

in fertilizer, so it is promising that most of the leaching happens very quickly.  The interaction of 

time and water type was very similar for the two minerals also.  Further experiments should look 

at time intervals between zero and five minutes to better understand the fast leaching dynamic 

and establish accurate values for the leaching rate. 

Mg appears to follow a quadratic relationship, as quadratic regressions were significant 

for all of the water types.  If the regression were to include the control values there might be 

more evidence here for a decay function.  The amount of Mg in the water follows the order: 

distilled < Ottawa < well < Kemptville.  The amount of Mg remaining in the switchgrass samples 

after leaching follows the order Ottawa < distilled < well < Kemptville.  Kemptville water is high 

in Mg and leaches out the least amount, well water follows the same trend, whereas distilled and 
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Ottawa are reversed in order.  This is potentially due to the presence of other elements in the 

Ottawa water which cause the interactions to be more complex.   

It is possible with S that the amount went way down in the biomass in the first five 

minutes then slowly came back up due to reactions in the leachate, re-absorption into the tissue 

or residue adhering to the tissue.  It was more likely another case of exponential decay.  With 

distilled water the level did drop at 20 and 40 minutes, giving evidence for exponential decay.  

The other three water types had considerably higher amounts of most minerals tested so there 

was far more potential for reactions of ions in solution to form molecules which could bond to 

tissue surfaces or reabsorb into the tissue due to diffusion potential. 

For Cl it appeared that the different water types displayed different relationships.  All 

orthogonal partitions were significant, indicating that there was a significant non-linear 

relationship.  Ottawa water looked quite linear.  Distilled water looked quadratic. They were 

likely experiencing exponential decay.  The up and down nature of the response was possibly 

due in part to experimental error.  It also might have been due to complex interactions in 

solution.  Cl is highly prone to ionization and interacts with many of the other minerals in this 

solution.  The amount of leaching of Cl did not appear to be directly related to the amount of Cl 

in the water before treatment.  However, the results for Kemptville water are intriguing.  At 5 

minutes the amount of Cl in the biomass was very high (0.50, 0.18 and 0.30 % mean of 0.327).  

At 10 minutes the mean dropped significantly to 0.0500 %.  Since the biomass only started with 

a percent weight of 0.0967 %, it has clearly absorbed Cl after 5 minutes.  Well water does not 

show this trend even though the initial amount of Cl in well water was around twice that of the 

Kemptville water samples which were analysed.  This was perhaps due to inconsistency in the 

water used and a spike in the amount of Cl in the water that was used for the leaching treatments 
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compared to those sent out for analysis.  The water was drawn from the tap and placed into 10 L 

sealed containers but some samples came from different containers. 

Although there were patterns in the data that reflected a direct relationship between the 

amount of an element in the water type before leaching exposure and the amount of that element 

that was removed from the switchgrass upon exposure, this was often not the case.  This was 

likely due to reactions between ions which created salts, and potential inconsistency in the water 

used for the leaching treatments.  Eventually the solution should reach a point of homeostasis in 

relation to the solubility of the ionic compounds present.   
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Chapter 6 - Conclusions 

 Hypothesis one was rejected since the concentration of switchgrass in water directly 

affected the efficiency of removal from the plant tissue for some minerals.  The results for this 

experiment indicated that leaching treatment removed a statistically significant amount of Ca, P, 

K, Mg and S at all concentrations.  Cl was significantly removed only at 25 and 50 g/L 

concentrations and N was not significantly removed at any concentration.  Varying the 

concentration of the solution did not have a significant effect on the amount of Ca, Mg, S and Cl 

removed but it did have a significant effect on the amount of P and K removed.  Higher amounts 

of leaching occurred at lower concentrations for P and K.  Cumulatively, as indicated by the 

conductivity trend with all minerals combined, higher concentrations result in reduced leaching.  

This is due to a reduced opportunity for any given particle to come into contact with water that 

has not yet reached its ionic and particulate carrying capacity.   

The amount of water used in the process will directly affect the efficiency of the process.  

Increasing the amount of water will increase the amount of leaching for some minerals but will 

also increase the amount of space required by the reactor.  Higher water usage would also make 

the nutrient retrieval process more expensive, since more water would have to be concentrated 

through reverse osmosis or other methods.  Any increase in size and the space used by extraction 

and retrieval equipment will directly increase the capital cost.  The amount of water used is 

therefore directly cost proportionate.  The associated cost will also depend on water sourcing, 

which is affected by local regulations, water cost and availability.   

This report did not cover agitation rate.  Increasing the agitation rate may reduce the 

amount of water necessary to extract sufficient amounts of nutrients from the switchgrass by 
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increasing mass transfer rates.  Also, a report by Cennatek (2011b) found that 80 % of the water 

can be recycled through subsequent runs perpetually, without a loss of efficiency in the process, 

as long as 20 % new water is added for each run. 

 Hypothesis two was rejected since temperature did affect the amount of leaching from the 

switchgrass into the water for some minerals.  One would expect that solvent temperature would 

have a direct and significant effect on the ability of any given nutrient to leach into solution.  The 

temperature trend for leaching rate and total amount leached was often not what one would 

expect during these trials.  Temperature did have a significant effect on the amount of Ca, K, Mg 

and S which could be leached, but it was not necessarily higher temperatures which caused 

higher leaching.  For K and S, the highest average amount of leaching occurred at the 60 ˚C 

temperature.  However, for Ca the trend was 40 < 60 < 20 ˚C and for Mg the trend was 40 < 20 < 

60 ˚C.  The maximum amount of a nutrient leached at times occurred at the lowest temperature 

of 20 ˚C (Mg at 40 minutes and Cl at 10 minutes).  This may be due to the influence of other ions 

that were leached into solution which then reacted with the element of interest.  The residence 

time was a significant factor for P, K and Mg but not for N, Ca, S and Cl.   

 No cases were found where temperature was required to reduce the amount of a nutrient 

in the biomass below the critical limits set out by Lewandowski and Kicherer (1997) for N, S, 

and Cl.  However, according to said paper the levels are difficult to quantify for K, Ca and ash.  

Given the results from this experiment one can conclude that switchgrass of this quality should 

be viable for use in direct combustion energy generation without heating of solvent.  Given that 

this material was heavily leached already from over-winter field exposure it would not require 

industrial leaching to be a viable fuel.  Future studies should focus on fall-cut switchgrass so that 
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the issues with over-wintering of crops can potentially be avoided by using an industrial leaching 

process. 

 Hypothesis three was rejected since the mineral content of the water used did affect 

leaching ability for six of the seven minerals.  The initial concentration of minerals in the water 

had a significant effect on the amount that could subsequently be leached into the water for Ca, 

P, K, Mg, S and Cl but not for N.  Residence time was a significant effect for N, Ca, P, K, Mg 

and Cl but not for S.  Interaction effects were significant for P, K, S and Cl meaning that 

comparisons of water type differed depending on the duration of the leaching treatment. 

The ability of a mineral to leach from switchgrass into water does not appear to be 

determined by the amount of that particular mineral in the water before treatment.  Ca mostly 

followed the expected trend where less Ca in the water meant more Ca could be leached into the 

water; K, Mg, S and Cl did not.  Minerals also rarely followed the expected trend of higher 

leaching in water with lower cumulative mineral concentrations (conductivity).  Ca showed the 

expected trend to some extent, where higher amounts of cumulative mineral content in the 

solvent meant less Ca could be leached out of the biomass.  This was not the case for N, P, K, 

Mg, S, or Cl.  K followed the opposite trend where higher cumulative mineral content of the 

water increased the amount of leaching from the biomass.  The lack of a pattern with most of 

these minerals is likely due to interactions among ions in the water which are unclear from the 

current research.  Future experiments could focus on changing the concentration of one or a few 

minerals in the water in order to understand the reactions.  Starting by having only one mineral in 

the solution and varying its concentration, followed by adding in others, could help build an 

understanding of these reactions in a controlled manner.  Undoubtedly there are many 

interactions taking place which are difficult to analyse with so many minerals in solution. 
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 The removal and recovery of nutrients from miscanthus has been calculated to reduce the 

cost of electricity from direct combustion of biomass from $136 to $84/MWh (Cennatek 2011b).  

This is due to higher energy density of pellets and associated increases in combustion efficiency.  

The preceding research should help in future research and in contributing to decisions on 

parameters used in an industrial leaching process for switchgrass. 

 For this particular switchgrass under these conditions, an industrial nutrient removal 

process is not recommended, as the levels of the nutrients are acceptable.  For switchgrass that 

was harvested and dried under the same conditions but still had unacceptable nutrient levels in 

the biomass, an industrial leaching process with 100 g/L concentration at 20 ˚C using distilled 

water, or tap water with a low conductivity (< 200 µs/cm) and a residence time of 5-20 minutes 

would be recommended to sufficiently remove these minerals to acceptable levels.  Area specific 

trials should focus on concentrations greater than 100 g/L at room temperature and with the 

purest water source locally available in order to determine the best parameters for industrial 

leaching processes involving switchgrass. 
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Appendix 1 

 
 
Appendix 1 – Percent weight of elements remaining in switchgrass samples after leaching for 40 minutes 
at four concentrations (25, 50, 75 and 100 g/L) RCBD, n=3. 

Conc Block Cond N(%) Ca(%) P(%) K(%) Mg(%) Zn(ppm) Mn(ppm) 

0 1  0.7 0.24 0.1 0.77 0.08 4.18 39.94 

0 2  0.7 0.24 0.09 0.75 0.08 2.27 40.21 

0 3  0.67 0.24 0.09 0.77 0.08 3.02 41.1 

25 1 527 0.73 0.21 0.03 0.19 0.06 0.1 31.32 

25 2 512 0.73 0.2 0.02 0.18 0.05 0.1 29.91 

25 3 515 0.59 0.21 0.02 0.18 0.05 0.1 30.33 

50 1 956 0.63 0.22 0.03 0.28 0.06 0.1 32.41 

50 2 976 0.67 0.22 0.04 0.27 0.06 0.1 32.07 

50 3 967 0.71 0.22 0.04 0.27 0.06 0.1 31.91 

75 1 1372 0.67 0.21 0.04 0.34 0.05 0.1 30.67 

75 2 1393 0.64 0.22 0.04 0.36 0.06 0.1 32.6 

75 3 1380 0.61 0.21 0.03 0.28 0.05 0.1 30.14 

100 1 1776 0.62 0.23 0.04 0.42 0.06 0.1 33.39 

100 2 1758 0.72 0.22 0.05 0.41 0.06 0.1 32.33 

100 3 1734 0.7 0.21 0.04 0.36 0.06 0.1 31.8 

Conc Block Cond Cu(ppm) Fe(ppm) S(%) Cl(%) B(ppm) 

0 1  2.91 68.82 0.07 0.09 4.47 

0 2  2.46 75.37 0.09 0.11 3.23 

0 3  2.84 75.23 0.08 0.09 2 

25 1 527 2.52 33.52 0.04 0.04 0.61 

25 2 512 2.11 29.79 0.04 0.05 1.21 

25 3 515 1.84 35.21 0.04 0.03 0.61 

50 1 956 1.69 37.97 0.04 0.06 1.17 

50 2 976 1.39 38.71 0.05 0.03 1.14 

50 3 967 2.05 40.31 0.06 0.04 0.57 

75 1 1372 2.35 42.76 0.04 0.03 0.57 

75 2 1393 1.77 49.22 0.05 0.05 0.54 

75 3 1380 1.92 34.34 0.06 0.1 0.56 

100 1 1776 2.37 45.02 0.06 0.08 1.09 

100 2 1758 2 48.23 0.05 0.04 0.59 

100 3 1734 1.93 49.3 0.06 0.05 0.56 
 
Conc (concentration) 
Cond (conductivity) 
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Appendix 2 

 
Appendix 2 – Percent weight of elements remaining in switchgrass samples in a two factor RCBD (n=3) 
experiment with 4 leaching times (5, 10, 20 and 40 minutes) and 3 leaching temperatures (20, 40 and 60 
˚C) at 25 g switchgrass/L water. 

Time Temp Block  N%  CA%  P%  K%  MG%  ZN  MN 

control  control 1 0.7 0.24 0.1 0.77 0.08 4.18 39.94 

control  control 2 0.7 0.24 0.09 0.75 0.08 2.27 40.21 

control  control 3 0.67 0.24 0.09 0.77 0.08 3.02 41.1 

5 20 1 0.67 0.24 0.03 0.23 0.07 10.12 33.16 

5 20 2 0.62 0.24 0.04 0.24 0.07 9.58 34.31 

5 20 3 0.7 0.24 0.04 0.25 0.07 10.21 33.12 

10 20 1 0.74 0.24 0.03 0.22 0.07 8.65 31.92 

10 20 2 0.65 0.24 0.03 0.23 0.07 13.51 33.01 

10 20 3 0.99 0.24 0.02 0.22 0.07 4.58 33.55 

20 20 1 0.63 0.24 0.03 0.23 0.07 4.35 32.62 

20 20 2 0.7 0.25 0.03 0.23 0.07 11.02 33.28 

20 20 3 0.62 0.24 0.03 0.22 0.07 13.75 32.65 

40 20 1 0.68 0.24 0.02 0.21 0.06 7.17 30.88 

40 20 2 0.62 0.24 0.02 0.21 0.06 6 32.22 

40 20 3 0.67 0.23 0.02 0.2 0.06 6.72 30.81 

5 40 1 0.63 0.24 0.02 0.22 0.07 29.94 32.62 

5 40 2 0.66 0.25 0.02 0.23 0.07 8.54 33.08 

5 40 3 0.53 0.23 0.02 0.21 0.06 9.09 31.73 

10 40 1 0.7 0.23 0.03 0.21 0.06 5.38 30.4 

10 40 2 0.58 0.24 0.02 0.21 0.07 6.66 32.59 

10 40 3 0.73 0.23 0.02 0.2 0.06 9.49 30.7 

20 40 1 0.8 0.24 0.03 0.22 0.08 9.58 29.21 

20 40 2 0.65 0.24 0.03 0.18 0.07 17.88 38.09 

20 40 3 0.63 0.25 0.03 0.2 0.07 10.28 29.59 

40 40 1 0.62 0.24 0.03 0.21 0.07 9.55 27.74 

40 40 2 0.61 0.24 0.02 0.2 0.07 11.39 27.71 

40 40 3 0.72 0.24 0.03 0.2 0.07 9.45 28.12 

5 60 1 0.7 0.25 0.03 0.2 0.07 9.63 30.93 

5 60 2 0.65 0.25 0.03 0.2 0.08 9.1 32.49 

5 60 3 0.69 0.25 0.03 0.19 0.08 8.56 30 

10 60 1 0.65 0.26 0.03 0.19 0.08 10.04 30.55 

10 60 2 0.71 0.25 0.03 0.2 0.07 11.47 30.5 

10 60 3 0.63 0.25 0.02 0.2 0.07 12.21 30.44 

20 60 1 0.64 0.24 0.03 0.18 0.07 9.69 29.12 

20 60 2 0.7 0.24 0.03 0.18 0.07 14.11 29.4 

20 60 3 0.68 0.24 0.02 0.17 0.07 13.43 28.65 
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40 60 1 0.5 0.24 0.02 0.18 0.07 10.48 28.41 

40 60 2 0.53 0.24 0.02 0.18 0.07 9.47 28.16 

40 60 3 0.62 0.25 0.03 0.18 0.07 16.4 28.71 

Time Temp Block  CU  FE  S%  CL%  B Conductivity 

control  control 1 2.91 68.82 0.07 0.09 4.47  

control  control 2 2.46 75.37 0.09 0.11 3.23  

control  control 3 2.84 75.23 0.08 0.09 2  

5 20 1 3.91 39.66 0.04 0.02 5.55 450 

5 20 2 3.57 50.73 0.04 0.07 5.09 477 

5 20 3 2.67 44.48 0.04 0.02 4.38 472 

10 20 1 3.5 37.31 0.04 0.02 4.21 490 

10 20 2 3.18 39.11 0.04 0.02 3.93 497 

10 20 3 3.55 51.09 0.04 0.02 5.5 490 

20 20 1 3.48 37.64 0.03 0.04 4.22 505 

20 20 2 3.2 54.86 0.04 0.03 3.27 503 

20 20 3 2.52 53.66 0.04 0.11 2.66 504 

40 20 1 3.14 38.35 0.03 0.03 1.7 510 

40 20 2 2.71 45.1 0.03 0.09 3.42 514 

40 20 3 2.77 39.13 0.04 0.02 3.79 512 

5 40 1 4.24 52.63 0.03 0.05 3.58 494 

5 40 2 3.78 48.09 0.04 0.03 3.71 497 

5 40 3 3.36 40.19 0.04 0.08 3.15 492 

10 40 1 4.72 49.75 0.03 0.07 2.7 517 

10 40 2 3.07 42.85 0.03 0.02 2.59 511 

10 40 3 3.69 43.59 0.04 0.04 3.3 500 

20 40 1 6.39 36.62 0.04 0.03 5.52 530 

20 40 2 14.9 208.05 0.04 0.07 3.97 521 

20 40 3 5.81 34.89 0.04 0.03 2.34 513 

40 40 1 11.18 34.33 0.03 0.04 1.63 540 

40 40 2 6.04 33.19 0.03 0.03   538 

40 40 3 6.83 34.92 0.03 0.04 0.8 531 

5 60 1 5.87 40.63 0.03 0.02 1.73 509 

5 60 2 5.23 39.65 0.03 0.07 0.73 509 

5 60 3 4.8 44.72 0.03 0.04 0.51 511 

10 60 1 6.5 40.71 0.03 0.04   519 

10 60 2 5.29 38.8 0.04 0.09   520 

10 60 3 5.13 36.58 0.03 0.02 0.13 518 

20 60 1 5.46 72.62 0.03 0.05   539 

20 60 2 5.42 44.7 0.03 0.02 0.09 533 

20 60 3 4.36 39.04 0.03 0.07 0.06 530 

40 60 1 4.89 39.11 0.04 0.02   561 

40 60 2 4.63 43.74 0.03 0.02   556 
40 60 3 5.45 40.72 0.03 0.1   544 
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Appendix 3 

 
 
Appendix 3 - Percent weight of elements remaining in switchgrass samples in a 2 factor RCBD (n=3) 
experiment with 4 leaching times (5, 10, 20 and 40 minutes) and 4 water types (distilled, Ottawa, 
Kemptville and well) at 25 g switchgrass/L water. 

Time Type Block 
Nitrogen 
(%) 

Calcium 
(%) 

Phosphoru
s (%) 

Potassiu
m (%) 

Magnesiu
m (%) 

Zinc 
(ppm) 

5 distilled 1 0.67 0.24 0.03 0.23 0.07 10.12 

5 distilled 2 0.62 0.24 0.04 0.24 0.07 9.58 

5 distilled 3 0.7 0.24 0.04 0.25 0.07 10.21 

10 distilled 1 0.74 0.24 0.03 0.22 0.07 8.65 

10 distilled 2 0.65 0.24 0.03 0.23 0.07 13.51 

10 distilled 3 0.99 0.24 0.02 0.22 0.07 4.58 

20 distilled 1 0.63 0.24 0.03 0.23 0.07 4.35 

20 distilled 2 0.7 0.25 0.03 0.23 0.07 11.02 

20 distilled 3 0.62 0.24 0.03 0.22 0.07 13.75 

40 distilled 1 0.68 0.24 0.02 0.21 0.06 7.17 

40 distilled 2 0.62 0.24 0.02 0.21 0.06 6 

40 distilled 3 0.67 0.23 0.02 0.2 0.06 6.72 

5 tap 1 0.66  0.34  0.03  0.11  0.08  7.51  

5 tap 2 0.68  0.35  0.03  0.11  0.08  7.63  

5 tap 3 0.65  0.36  0.03  0.12  0.08  7.39  

10 tap 1 0.67  0.36  0.03  0.13  0.09  7.86  

10 tap 2 0.73  0.36  0.03  0.12  0.09  6.39  

10 tap 3 0.76  0.35  0.03  0.11  0.08  6.08  

20 tap 1 0.66  0.35  0.02  0.11  0.08  6.63  

20 tap 2 0.60  0.34  0.02  0.12  0.08  7.12  

20 tap 3 0.64  0.35  0.02  0.11  0.08  6.09  

40 tap 1 0.66  0.35  0.02  0.12  0.08  6.22  

40 tap 2 0.64  0.36  0.02  0.12  0.08  9.28  

40 tap 3 0.63  0.35  0.02  0.11  0.08  7.14  

5 Ottawa 1 0.65  0.25  0.03  0.17  0.06  8.58  

5 Ottawa 2 0.64  0.25  0.02  0.16  0.06  7.30  

5 Ottawa 3 0.70  0.26  0.02  0.16  0.06  8.84  

10 Ottawa 1 0.63  0.27  0.02  0.16  0.06  5.68  

10 Ottawa 2 0.64  0.24  0.02  0.16  0.06  4.51  

10 Ottawa 3 0.70  0.25  0.01  0.15  0.06  4.81  

20 Ottawa 1 0.61  0.26  0.02  0.19  0.07  10.72  

20 Ottawa 2 0.71  0.25  0.02  0.18  0.06  4.87  

20 Ottawa 3 0.63  0.25  0.01  0.16  0.06  7.31  

40 Ottawa 1 0.65  0.23  0.01  0.15  0.05  4.90  

40 Ottawa 2 0.66  0.24  0.01  0.16  0.05  4.65  
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40 Ottawa 3 0.70  0.24  0.01  0.16  0.05  5.03  

5 Well 1 0.66  0.36  0.02  0.10  0.07  9.10  

5 Well 2 0.66  0.37  0.02  0.11  0.08  22.57  

5 Well 3 0.62  0.39  0.03  0.11  0.08  20.35  

10 Well 1 0.67  0.38  0.02  0.10  0.07  9.06  

10 Well 2 0.60  0.37  0.02  0.10  0.08  6.12  

10 Well 3 0.73  0.37  0.03  0.09  0.08  7.39  

20 Well 1 0.65  0.40  0.02  0.10  0.08  16.52  

20 Well 2 0.62  0.38  0.02  0.10  0.07  6.31  

20 Well 3 0.64  0.38  0.02  0.10  0.08  8.01  

40 Well 1 0.61  0.38  0.02  0.10  0.08  13.22  

40 Well 2 0.64  0.35  0.02  0.10  0.07  7.94  

40 Well 3 0.57  0.36  0.02  0.08  0.07  4.89  

         

Time 
Type Block 

Manganes
e (ppm) 

Copper 
(ppm) 

Iron 
(ppm) 

Sulphur 
(%) 

Chloride 
(%) 

Boron 
(ppm) 

5 distilled 1 33.16 3.91 39.66 0.04 0.02 5.55 

5 distilled 2 34.31 3.57 50.73 0.04 0.07 5.09 

5 distilled 3 33.12 2.67 44.48 0.04 0.02 4.38 

10 distilled 1 31.92 3.5 37.31 0.04 0.02 4.21 

10 distilled 2 33.01 3.18 39.11 0.04 0.02 3.93 

10 distilled 3 33.55 3.55 51.09 0.04 0.02 5.5 

20 distilled 1 32.62 3.48 37.64 0.03 0.04 4.22 

20 distilled 2 33.28 3.2 54.86 0.04 0.03 3.27 

20 distilled 3 32.65 2.52 53.66 0.04 0.11 2.66 

40 distilled 1 30.88 3.14 38.35 0.03 0.03 1.7 

40 distilled 2 32.22 2.71 45.1 0.03 0.09 3.42 

40 distilled 3 30.81 2.77 39.13 0.04 0.02 3.79 

5 tap 1 26.04  1.00  45.01  0.05  0.50   

5 tap 2 26.98  0.63  45.56  0.04  0.18   

5 tap 3 27.29  0.58  54.78  0.05  0.30  0.17  

10 tap 1 27.76  1.76  47.23  0.04  0.04  0.24  

10 tap 2 27.87  1.33  47.75  0.04  0.06  0.66  

10 tap 3 26.48  0.81  44.98  0.04  0.05  0.33  

20 tap 1 25.72  0.85  40.54  0.04  0.03   

20 tap 2 25.74  1.25  39.60  0.05  0.03  0.24  

20 tap 3 27.23  0.81  44.31  0.04  0.03   
40 tap 1 26.16  1.54  38.02  0.05  0.03  0.91  

40 tap 2 26.29  0.57  41.10  0.05  0.03  0.29  

40 tap 3 27.29  0.94  42.33  0.04  0.03   
5 Ottawa 1 30.47  0.69  47.92  0.03  0.01   
5 Ottawa 2 29.01  1.14  46.68  0.03  0.01   
5 Ottawa 3 30.92  0.25  44.77  0.03  0.02   
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10 Ottawa 1 31.85  0.74  49.15  0.04  0.01   
10 Ottawa 2 29.58  0.96  42.83  0.04  0.01   
10 Ottawa 3 30.07  0.61  42.36  0.04  0.01   
20 Ottawa 1 33.14  3.71  41.97  0.05  0.01  6.89  

20 Ottawa 2 30.24  0.28  39.67  0.03  0.01  2.01  

20 Ottawa 3 29.22  0.39  41.84  0.04  0.01  1.09  

40 Ottawa 1 26.45  0.75 34.91  0.04  0.01  0.62  

40 Ottawa 2 28.41  1.07  35.10  0.04  0.02  0.86  

40 Ottawa 3 28.21  0.50  34.92  0.04  0.01   
5 Well 1 25.92  0.04  42.00  0.04  0.04  1.96  

5 Well 2 27.45  0.60  46.65  0.04  0.05  3.34  

5 Well 3 28.07  0.88  48.40  0.04  0.04  1.87  

10 Well 1 26.69  1.37  45.09  0.04  0.04  2.02  

10 Well 2 25.76  0.68  46.47  0.04  0.05  1.49  

10 Well 3 27.84  0.84  49.00  0.04  0.04  1.30  

20 Well 1 26.09  1.23  47.47  0.04  0.05  0.59  

20 Well 2 27.33  1.06  46.39  0.04  0.06  1.17  

20 Well 3 26.35  0.56  44.28  0.04  0.05  1.48  

40 Well 1 25.13  1.27  39.43  0.04  0.06  1.78  

40 Well 2 23.90  0.07  38.35  0.04  0.05  1.48  

40 Well 3 25.01  0.81  35.86  0.04  0.05  1.45  
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Appendix 4 – Statistics Tables for Chapter 4 

 

Concentration Results Tables 

 

Appendix 4.1.1 - Mixed effects variance analysis of the effect of concentration on percent weight 

of N remaining in switchgrass samples after leaching for 40 minutes at four concentrations (25, 

50, 75 and 100 g/L) RCBD, n=3. 

         Random effects 

         Covariance  Parameter          Estimate      Standard Error Z Value           Pr > Z 

         Block                                            0                           .             .          . 

         Residual                               0.002427             0.001085       2.24 0.0127 

         Type 3 Tests of Fixed Effects 

         Effect                   Num DF            Den DF             F Value     Pr > F 

        Treatment                                4                      8                  0.48           0.7527 

 

 

Appendix 4.1.2 - Mixed variance analysis of the effect of concentration on percent weight of Ca 

remaining in switchgrass samples after leaching for 40 minutes at four concentrations (25, 50, 75 

and 100 g/L) RCBD, n=3. 

         Random effects     

         Covariance  Parameter         Estimate     Standard Error    Z Value        Pr > Z 

         Block                                             0                           .                .          . 

         Residual                                0.000033             0.000015          2.24       0.0127 

         Type 3 Tests of Fixed Effects     

         Effect                   Num DF             Den DF           F Value            Pr > F 

         Treatment                          4                       8         14 0.0011 
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Appendix 4.1.3 - Mixed effects variance analysis of the effect of concentration on percent weight 

of P remaining in switchgrass samples after leaching for 40 minutes at four concentrations (25, 

50, 75 and 100 g/L) RCBD, n=3. 

         Random effects     

         Covariance  Parameter        Estimate     Standard Error Z Value           Pr > Z 

         Block                                            0                           .             .          . 

         Residual                               0.000033             0.000015       2.24           0.0127 

         Type 3 Tests of Fixed Effects     

         Effect                   Num DF            Den DF             F Value     Pr > F 

         Treatment                        4                      8                     66         <0.0001 

 

 

Appendix 4.1.4 - Mixed effects variance analysis of the effect of concentration on percent weight 

of K remaining in switchgrass samples after leaching for 40 minutes at four concentrations (25, 

50, 75 and 100 g/L) RCBD, n=3. 

          Random effects     

         Covariance  Parameter        Estimate    Standard Error Z Value           Pr > Z 

         Block                               0.000123                0.00022               0.55           0.2896                       

         Residual                                 0.00047             0.000235            2           0.0228 

         Type 3 Tests of Fixed Effects     

         Effect                   Num DF            Den DF            F Value     Pr > F 

         Treatment                      4                      8                 318.7         <0.0001 

 

 

Appendix 4.1.5 - Mixed variance analysis of the effect of concentration on percent weight of Mg 

remaining in switchgrass samples after leaching for 40 minutes at four concentrations (25, 50, 75 

and 100 g/L) RCBD, n=3. 

         Random effects     

         Covariance  Parameter      Estimate    Standard Error         Z Value           Pr > Z 

         Block                                          0                          .            .         . 

         Residual                             0.000013             5.96E-06      2.24           0.0127 

         Type 3 Tests of Fixed Effects     

         Effect                            Num DF             Den DF           F Value           Pr > F 

         Treatment                   4                       8         27           0.0001 
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Appendix 4.1.6 - Mixed effects variance analysis of the effects of concentration on percent 

weight of S remaining in switchgrass samples after leaching for 40 minutes at four 

concentrations (25, 50, 75 and 100 g/L) RCBD, n=3. 

         Random effects     

         Covariance  Parameter        Estimate    Standard Error Z Value           Pr > Z 

         Block                               0.000015             0.000026               0.58          0.2809                         

         Residual                               0.000052             0.000026            2          0.0228 

         Type 3 Tests of Fixed Effects     

         Effect                  Num DF            Den DF             F Value     Pr > F 

         Treatment                         4                       8       13.1          0.0014 

 

 

Appendix 4.1.7 - Mixed effects variance analysis of the effect of concentration on the percent 

weight of Cl remaining in a switchgrass samples after leaching for 40 minutes at four 

concentrations (25, 50, 75 and 100 g/L) RCBD, n=3. 

         Random effects     

         Covariance  Parameter        Estimate    Standard Error Z Value           Pr > Z 

         Block                                            0                          .                      .                      . 

         Residual                                 0.00044             0.000197    2.24            0.0127 

         Type 3 Tests of Fixed Effects     

         Effect                   Num DF            Den DF            F Value     Pr > F 

         Treatment                       4                       8    11.47           0.0021 

 

Appendix 4.1.8 - Mixed effects variance analysis of the effect of concentration on the sum of the 

percent weights of N, Ca, P, K, Mg, S and Cl remaining in switchgrass samples after leaching for 

40 minutes at four concentrations (25, 50, 75 and 100 g/L) RCBD, n=3. 

         Random effects     

         Covariance  Parameter        Estimate    Standard Error Z Value           Pr > Z 

         Block                               0.000325               0.00087               0.37           0.3543                      

         Residual                               0.002535             0.001267            2 0.0228 

         Type 3 Tests of Fixed Effects     

         Effect                  Num DF            Den DF            F Value       Pr > F 

         Treatment              4                       8       0.48            0.7527 
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Temperature Results Tables 

 

Nitrogen 

 

Appendix 4.2.1 - Mixed effects variance analysis of percent weight N remaining in swithchgrass 

samples in a two factor randomized complete block experiment (n=3) with four leaching times 

(5, 10, 20 and 40 minutes) and three leaching temperatures (20, 40 and 60˚C) at 25 g of 

switchgrass per 1 L of distilled water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                          .               .                      . 

      Residual                               0.00511             0.001417                 3.61             0.0002 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       24         2.53             0.0814 

      Temperature        2            24         1.52     0.2394 

      Time*Temperature       6            24         1.62     0.1842 

 

 

Calcium 

 

Appendix 4.2.2 - Mixed effects variance analysis of percent weight of Ca remaining in 

switchgrass sample in a two factor randomized complete block experiment with four leaching 

times (5, 10, 20 and 40 minutes), three leaching temperatures (20, 40 and 60˚C) and 3 blocks at 

25 g of switchgrass per 1 L of distilled water. 

      Random effects     

      Covariance  Parameter      Estimate     Standard Error   Z Value             Pr > Z 

      Block                                          0                          .               .           . 

      Residual                             0.000023             6.40E-06         3.61     0.0002 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       24         0.76             0.5263 

      Temperature        2            24         8.79     0.0014 

      Time*Temperature       6            24         3.65     0.0102 
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Appendix 4.2.3 - Significance of simple effects for temperature and time on the percent weight 

of Ca remaining in a switchgrass sample after four leaching times at three temperatures with 

three randomized complete blocks and 25 g swithchgrass/ 1 L water. 

         Effect              Slice               Num DF          Den DF           F Value      Pr > F 

         temp*time  20 ˚C                          3            22         0.89     0.4623 

         temp*time  40 ˚C                           3            22         2.11     0.1278 

         temp*time  60 ˚C                           3            22         4.44     0.0138 

         temp*time  5 minutes                    2            22              4       0.033 

         temp*time  10 minutes                  2            22       12.44     0.0002 

         temp*time  20 minutes                  2            22         0.44     0.6468 

         temp*time  40 minutes                  2            22         1.33      0.2841 

 

 

Appendix 4.2.4 – Calcium - Regression responses of time and temperature for a randomized 

complete block experiment with three replications with three temperatures (20, 40, and 60 ˚C) 

and four times (5, 10, 20 and 40 minutes). 

              Contrasts                                Num DF         Den DF          F Value            Pr > F  

temp linear                                    1 24 11.56 0.0024 

temp quadratic                             1 24 6.02 0.0218 

time linear                                     1 24 2.12 0.1584 

time quadratic                              1 24 0.01 0.9131 

time lack of fit                              1 24 0.16 0.697 

temp x time Linear   2 24 2.74 0.0851 

time x temp Linear          3 24 3.37 0.035 

time linear x temp linear  1 24 1.23 0.2782 

 

 

Appendix 4.2.5 - Calcium - Regression solution coefficients for linear temperature equations 

over time for a randomized complete block experiment with three replications, three 

temperatures and four times. 

       Effect         Temp   Estimate      Standard Error      DF        t Value         Pr > |t| 

       intercept          20       0.241           0.0028         28           85.07        <.0001 

       intercept          40       0.237           0.0028         28           83.59        <.0001 

       intercept          60       0.251           0.0028         28           88.49        <.0001 

       slope          20          -9.28E-05 a              0.00012       28            -0.75        0.4581 

       slope          40           8.70E-05 b              0.00012         28             0.71        0.4864 

       slope          60         -0.000255  a              0.00012         28           -2.07        0.0479 

Slope estimates followed by the same letter do not differ significantly based on Fisher's T-test at 

p<0.05. 
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Phosphorus 
 

Appendix 4.2.6 - Mixed effects variance analysis of percent weight of P remaining in 

switchgrass sample in a two factor RCBD experiment (n=3) with four leaching times (5, 10, 20 

and 40 minutes) and three leaching temperatures (20, 40 and 60˚C) at 25 g of switchgrass per 1 L 

of distilled water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error     Z Value            Pr > Z 

      Block                                          0                         .                .              . 

      Residual                             0.000021              5.9E-06           3.61     0.0002 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       24          3.25            0.0394 

      Temperature        2            24          1.63     0.2178 

      Time*Temperature       6            24          3.79     0.0085 

 

 

Appendix 4.2.7 – Significance of simple effects for temperature and time on the percent weight 

of P remaining in switchgrass samples after four leaching times at three temperatures with three 

randomized complete blocks and 25 g switchgrass/ 1 L water. 

         Effect              Slice               Num DF   Den DF           F Value      Pr > F 

         temp*time  20 ˚C                          3            22         7.43        0.0013 

         temp*time           40 ˚C                           3            22         2.86     0.0603 

         temp*time  60 ˚C                           3            22         1.14     0.3537 

         temp*time  5 minutes                    2            22       10.86     0.0005 

         temp*time  10 minutes                  2            22         0.57     0.5729 

         temp*time  20 minutes                  2            22         0.57     0.5729 

         temp*time  40 minutes                  2            22         1.33      0.2033 
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Appendix 4.2.8 – Phosphorus - Regression responses of time and temperature for a RBCD 

experiment (n=3) with three temperatures (20, 40, and 60 ˚C) and four times (5, 10, 20 and 40 

minutes). 

              Contrasts                                Num DF        Den DF           F Value            Pr > F  

temp linear                                    1 24 0.81 0.3763 

temp quadratic                             1 24 2.44 0.1316 

time linear                                     1 24 4.82 0.038 

time quadratic                              1 24 1.07 0.3119 

time lack of fit                              1 24 3.86 0.0611 

temp x time Linear   2 24 8.26 0.0019 

time x temp Linear          3 24 1.35 0.2805 

time linear x temp linear  1 24 2.55 0.1233 

 

 

Appendix 4.2.9 - Phosphorus - Regression solution coefficients for linear temperature equations 

over time for a RCBD experiment with three replications, three temperatures (20, 40, and 60) 

and four times (5, 10, 20, 40). 

      Effect    Temp          Estimate       Standard Error       DF         t Value         Pr > |t| 

      intercept         20 0.03551         0.0023        28            14.86        <.0001 

      intercept         40 0.02174         0.0023        28                9.1        <.0001 

      intercept         60 0.02971                   0.0023        28            12.43        <.0001 

      slope         20         -0.000383   a            0.00010         28             -3.69          0.001 

      slope         40          0.000174   b            0.00010            28              1.68        0.1047 

      slope         60         -0.000162   c            0.00010            28             -1.57        0.1288 

Slope estimates followed by the same letter do not differ significantly based on Fisher's T-test at 

p<0.05. 
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Potassium 

Appendix 4.2.10 - Mixed effects variance analysis of percent weight K remaining in switchgrass 

sample in a two factor randomized complete block experiment with four leaching times (5, 10, 

20 and 40 minutes), three leaching temperatures (20, 40 and 60˚C) and three blocks at 25 g of 

switchgrass per 1 L of distilled water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                          .               .              . 

      Residual                             0.000077             0.000021          3.61     0.0002 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF                Den DF    F Value          Pr > F 

      Time                               3                        24        11.11          <0.0001 

      Temperature        2             24        52.58          <0.0001 

      Time*Temperature       6             24          1.83     0.1356 

 

 

 

Appendix 4.2.11 – Means comparisons of the percent weight K remaining in switchgrass 

samples after leaching at four times and three temperatures using an RBCD with three blocks. 

 Time               Estimate            se    Temperature      Estimate                     se 

 5 minutes      0.219    a     0.0029   20 ˚C            0.224    a            0.0025 

 10 minutes      0.201    ab     0.0029   40 ˚C            0.208    b            0.0025 

 20 minutes      0.201    bc     0.0029   60 ˚C            0.188    c            0.0025 

 40 minutes      0.197    c     0.0029    

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p<0.05. 
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Appendix 4.2.12- Potassium - Regression responses of time and temperature for a randomized 

complete block experiment with three replications with three temperatures (20, 40, and 60 ˚C) 

and 4 times (5, 10, 20 and 40 minutes). 

              Contrasts                                Num DF         Den DF          F Value            Pr > F  

temp linear                                    1 24 104.87 <.0001 

temp quadratic                             1 24 0.29 0.5959 

time linear                                     1 24 26.96 <.0001 

time quadratic                              1 24 5.83 0.0237 

time lack of fit                              1 24 0.54 0.4701 

temp x time Linear   2 24 1.39 0.268 

time x temp Linear          3 24 2.74 0.0652 

time linear x temp linear  1 24 1.09 0.3079 

 

  

Table 4.2.13 - Response surface regression statistics for the amount of potassium remaining in 

switchgrass samples over four times (5, 10, 20 and 40 minutes) at three temperatures (20, 40 and 

60 ˚C) in a randomized complete block experiment with three repetitions. 

               Fact         DF Sum of Squares Mean Square F Value Pr > F 

temp       3                    0.008172       0.002724       32.23       <.0001 

time       3                    0.002606       0.000869       10.28       <.0001 

 

 

Table 4.2.14 - Eigenvector estimated ridge of minimum response coinciding with maximum 

nutrient leaching of K from switchgrass in a randomized complete block experiment with three 

replications with three temperatures (20, 40, and 60˚C ) and four times (5, 10,  20, 40 minutes).  

Stationary point is a saddle point. 

Temp                  TIme 

59.54                   26.21 
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Magnesium 

Appendix 4.2.15 - Mixed effects variance analysis of percent weight Mg remaining in 

switchgrass sample in a two factor RCBD experiment with four leaching times (5, 10, 20 and 40 

minutes) and three leaching temperatures (20, 40 and 60˚C) at 25 g of switchgrass per 1 L of 

distilled water (n=3). 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                          .               .              . 

      Residual                             0.000013             3.56E-06          3.61     0.0002 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       24         3.18             0.0423 

      Temperature        2            24         6.72     0.0048 

      Time*Temperature       6            24         4.69     0.0027 

 

 

Appendix 4.2.16 – Significance of simple effects for temperature and time on the percent weight 

of Mg remaining in switchgrass samples after four leaching times at three temperatures at 25 g 

swithchgrass/ 1 L distilled water, RCBD (n=3). 

         Effect              Slice               Num DF   Den DF            F Value     Pr > F 

         temp*time 20 ˚C                          3            22           5.4     0.0061 

         temp*time 40 ˚C                            3            22              4     0.0205 

         temp*time 60 ˚C                            3            22           2.2     0.1167 

         temp*time 5 minutes                     2            22           5.6     0.0108 

         temp*time 10 minutes                   2            22           5.6     0.0108 

         temp*time 20 minutes                   2            22           0.8       0.462 

         temp*time 40 minutes                   2            22           7.2      0.0039 
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Appendix 4.2.17 - Magnesium - Regression responses of time and temperature for RCBD 

experiment (n=3) with three temperatures (20, 40, and 60 ˚C) and four times (5, 10, 20 and 

40minutes). 

            Contrasts                   Num DF         Den DF            F Value                  Pr > F  

temp linear 1 24 11.7 0.0022 

temp quadratic 1 24 1.73 0.2004 

time linear 1 24 5.49 0.0277 

time quadratic 1 24 1.18 0.2888 

time lack of fit 1 24 2.86 0.1036 

temp x time Linear 2 24 8.89 0.0013 

time x temp Linear 3 24 2.17 0.1182 

time linear x temp linear 1 24 1.37 0.2537 
 

 

 

Appendix 4.2.18 – Magnesium - Regression solution coefficients for linear temperature 

equations over time for RCBD experiment with three temperatures and four times (n=3). 

 Effect             Temp  Estimate      Standard Error       DF        t Value  Pr > |t|                                

 intercept 20     0.0730              0.0021        28         35.41  <.0001                            

 intercept 40     0.0655              0.0021       28         31.75  <.0001 

 intercept 60     0.0757               0.0021       28         36.67  <.0001 

 slope             20       -0.000296 a         0.000090       28            -3.3  0.0026 

 slope             40         0.000151 b        0.000090       28           1.68  0.1033 

 slope             60        -0.000168 a        0.000090       28          -1.88  0.0708 

Slope estimates followed by the same letter do not differ significantly based on Fisher's T-test at 

p < 0.05. 
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Sulphur 

 

Appendix 4.2.19 - Mixed effects variance analysis of percent weight S remaining in swithchgrass 

sample in a two factor randomized complete block experiment with four leaching times (5, 10, 

20 and 40 minutes), three leaching temperatures (20, 40 and 60˚C) at 25 g of switchgrass per 1 L 

of distilled water, RCBD (n=3). 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                             1.50E-06             3.19E-06                  0.47       0.3197                   

      Residual                             0.000022             6.23E-06          3.46     0.0003 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       24         1.16             0.3461 

      Temperature        2            24         4.76     0.0181 

      Time*Temperature       6            24         1.67     0.1709 

 

 

Table 4.2.20 – Means comparisons of the percent weight S remaining in switchgrass samples 

after leaching at four times and three temperatures, RCBD (n=3). 

 Time             Estimate             se     Temperature        Estimate          se 

 5 minutes    0.0356    a     0.0014   20 ˚C               0.0375 a          0.0012 

 10 minutes    0.0356    a     0.0014   40 ˚C               0.0356 ab        0.0012 

 20 minutes    0.0356    a     0.0014   60 ˚C               0.0317 b          0.0012 

 40 minutes    0.0322    a     0.0014    

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p<0.05. 

 

 

 

 

 

 

 

 

 

 



 
 

104 
 

Table 4.2.21 - Sulphur - Regression responses of time and temperature for RCBD experiment 

(n=3) with three temperatures (20, 40, and 60 ˚C) and four times (5, 10, 20 and 40 minutes). 

              Contrasts                               Num DF          Den DF          F Value            Pr > F  

temp linear                                    1 24 9.46 0.0052 

temp quadratic                             1 24 0.06 0.8019 

time linear                                     1 24 2.91 0.1009 

time quadratic                              1 24 0.55 0.4659 

time lack of fit                              1 24 0.01 0.9037 

temp x time Linear   2 24 1.9 0.1708 

time x temp Linear          3 24 1.22 0.323 

time linear x temp linear  1 24 3.4 0.0776 

 

 

 

Chloride 

 

Appendix 4.2.23 - Mixed effects variance analysis of percent weight Cl remaining in switchgrass 

samples in a two factor RCBD experiment with four leaching times (5, 10, 20 and 40 minutes) 

and three leaching temperatures (20, 40 and 60˚C) at 25 g of switchgrass per 1 L of distilled 

water (n=3). 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                         .               .              . 

      Residual                             0.000833             0.000231          3.61     0.0002 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       24         0.27             0.8456 

      Temperature        2            24         0.12     0.8845 

      Time*Temperature       6            24         0.47     0.8205 
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Conductivity  

Appendix 4.2.24 - Mixed effects variance analysis of conductivity in a  two factor RCBD 

experiment with four leaching times (5, 10, 20 and 40 minutes) and three leaching temperatures 

(20, 40 and 60˚C) at 25 g of switchgrass per 1 L of distilled water (n=3). 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                 3.5581                 6.8207                 0.52       0.3010                   

      Residual                               38.3308               11.5572         3.32     0.0005 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       22        82.01          <0.0001 

      Temperature        2            22        99.81          <0.0001 

      Time*Temperature       6            22          1.43     0.2484 

 

 

Appendix 4.2.25 – Means comparisons of the conductivity of samples (µs/cm) after leaching at 

four times and three temperatures, RCBD (n=3). 

      Time         Estimate                        se     Temperature  Estimate               se 

      5 minutes            490.11    d     2.3335   20 ˚C                 493.67    c          2.0929 

      10 minutes            506.89    c     2.3335   40 ˚C                 515.33    b          2.0929 

      20 minutes            519.78    b     2.3335   60 ˚C                 529.08    a          2.0929 

      40 minutes            534.00    a     2.3335    

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p<0.05 

 

Appendix 4.2.26 - Conductivity - Regression responses of time and temperature for RCBD (n=3) 

with three temperatures (20, 40, and 60 ˚C) and four times (5, 10, 20 and 40 minutes). 

             Contrasts                                 Num DF         Den DF          F Value            Pr > F  

temp linear                                    1 24 196.34 <0.0001 

temp quadratic                             1 24 3.27 0.0842 

time linear                                     1 24 221.22 <0.0001 

time quadratic                              1 24 20.97 0.0001 

time lack of fit                              1 24 3.83 0.0631 

temp x time Linear   2 24 0.3 0.7417 

time x temp Linear          3 24 2.71 0.0698 

time linear x temp linear  1 24 0.48 0.4963 
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Appendix 4.2.27 - Conductivity - Regression solution coefficients for temperature equations over 

time for RCBD experiment with three temperatures and four times (n=3). 

            Effect                 Estimate       Standard Error   DF      t Value             Pr > |t| 

 Intercept        442.88                    4.7855      2     92.55   0.0001 

 temp                    0.8854                  0.07081   30       12.5   <.0001 

 time                    2.9219                    0.4433    30       6.59   <.0001 

 time*time           -0.03838                  0.00939   30      -4.09   0.0003 

 

 

Appendix 4.2.28 - Conductivity - Regression solution coefficients for linear temperature 

equations over time for a randomized complete block experiment with three replications, three 

temperatures and four times. 

 Effect                 Estimate       Standard Error DF  t Value   Pr > |t| 

 Intercept        477.28                   7.8916         2     60.48  0.0003 

 Temperature          0.8854                   0.1827 32       4.85          <0.0001 

 

 

Water Type Results Tables 

 

Nitrogen 

 

Appendix 4.3.1 - Mixed effects variance analysis of percent weight N remaining in switchgrass 

samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 and 40 

minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g switchgrass/L 

water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                             0.000135           0.000331          0.41            0.3415 

      Residual                             0.003071             0.000793          3.87          <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                              3                       30            3.8            0.0202 

      Water type                   3            30          1.76     0.1755 

      Time*type                   9            30          0.98     0.4767 
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Appendix 4.3.2 – Means comparisons of the percent weight N remaining in switchgrass samples 

of four times (in minutes) and four water types (distilled, Ottawa, Kemptville and well) using a   

RBCD experiment (n=3) 

                                       Time                Estimate                          se 

5             0.659   ab              0.01735 

10             0.709   a                0.01735 

20             0.643   b                0.01735 

40             0.644    b               0.01735 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p<0.05. 

 

 

Appendix 4.3.3 - Orthogonal sub-partitions of water type and time for the effect of four times (5, 

10, 20 and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) on the 

amount of N remaining in switchgrass samples for an RCBD experiment (n=3). 

              Effect                            Num DF    Den DF       F Value                 Pr > F 

type 3 30 1.76 0.1755 

time 1 30 3.28 0.08 

time*time 1 30 0.02 0.8847 

time*type 3 30 0.59 0.6293 

time*time*type 3 30 0.12 0.9497 

time*loftime 1 30 8.1 0.0079 

time*type*loftime 3 30 2.23 0.1046 
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Calcium 

Appendix 4.3.4 - Mixed effects variance analysis of percent weight Ca remaining in switchgrass 

samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 and 40 

minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g switchgrass/L 

water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                              .                        .                      . 

      Residual                             0.000077             0.000019               4          <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       30          2.99            0.0465 

      Water type                    3            30      741.95          <0.0001 

      Time*type                    9            30          1.43         0.22 

 

 

Appendix 4.3.5 – Means comparisons of the percent weight Ca remaining in switchgrass samples 

at four times (in minutes) and four water types, RCBD experiment (n=3). 

         Time Effect                       se           Water type       Estimate                        se 

  5      0.304    ab     0.0025   Ottawa              0.249    c               0.0025 

10      0.306    ab     0.0025   Well                          0.374    a               0.0025 

20      0.308    a     0.0025   Distilled                    0.240    c               0.0025 

40      0.298    b     0.0025   Kemptville                0.352    b               0.0025 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p<0.05. 
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Appendix 4.3.6 - Orthogonal sub-partitions of water type and time for the effect of 4 times (5, 

10, 20 and 40 minutes) and 4 water types (distilled, Ottawa, Kemptville and well) on the amount 

of Ca remaining in switchgrass samples for an RCBD experiment (n=3). 

              Effect                            Num DF          Den DF       F Value            Pr > F     

type 3 30 741.95 <.0001 

time 1 30 5.01 0.0328 

time*time 1 30 3.94 0.0563 

time*type 3 30 1.37 0.2715 

time*time*type 3 30 1.84 0.1617 

time*loftime 1 30 0.02 0.8822 

time*type*loftime 3 30 1.08 0.3711 

 

 

 

Appendix 4.3.7 - Regression solution coefficients for the amount of Ca remaining in switchgrass 

samples after leaching for four times (5, 10, 20, 40 minutes) with four water types (distilled, 

Ottawa, Kemptville and well), RCBD experiment (n=3). 

         Effect       Type        Estimate                      se DF t Value     Pr > |t| 

         type       Ottawa           0.2531           0.003296 41 76.81      <.0001 

         type       Well           0.3781           0.003296 41 114.73      <.0001 

         type       Distilled             0.244           0.003296 41 74.02      <.0001 

         type       Kemptville          0.3556           0.003296 41 107.91      <.0001 

         time                                -0.00021           0.000101 41 -2.1      0.0419 
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Phosphorus 

 

Appendix 4.3.8 - Mixed effects variance analysis of percent weight P remaining in switchgrass 

samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 and 40 

minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g switchgrass/L 

water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                              .                        .                       . 

      Residual                             0.000015             3.56E-06               4          <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       30        16.95          <0.0001 

      Water type                    3            30        20.38          <0.0001 

      Time*type                    9            30          2.22     0.0489 

 

 

Table 4.3.9 – Test of simple effects for the amount of P remaining in switchgrass samples using 

four water types at four leaching times with 25 g switchgrass/ 1 L water, RCBD (n=3). 

                 Effect        Slice        Num DF   Den DF       F Value          Pr > F 

type*time Ottawa 3 30 6.1 0.0023 

type*time Well 3 30 0.76 0.5243 

type*time Distilled 3 30 9.9 0.0001 

type*time Kemptville 3 30 6.86 0.0012 

type*time 5 3 30 224.78 <.0001 

type*time 10 3 30 181.26 <.0001 

type*time 20 3 30 205 <.0001 

type*time 40 3 30 146.37 <.0001 

 

 

 

 

 

 



 
 

111 
 

Table 4.3.10 - Orthogonal sub-partitions of water type and time for the effect of four times (5, 

10, 20 and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) on the 

amount of P remaining in switchgrass samples for an RCBD experiment (n=3). 

              Effect                            Num DF    Den DF       F Value            Pr > F 

type 3 30 20.38 <.0001 

time 1 30 46.75 <.0001 

time*time 1 30 2.76 0.107 

time*type 3 30 2.19 0.1097 

time*time*type 3 30 0.57 0.6419 

time*loftime 1 30 1.34 0.2555 

time*type*loftime 3 30 3.91 0.0181 

 

 

 

Potassium 

 

Appendix 4.3.11 - Mixed effects variance analysis of percent weight K remaining in switchgrass 

samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 and 40 

minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g switchgrass/L 

water. 

       Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                             7.78E-06                 0.000011                  0.71             0.2391 

      Residual                             0.000051             0.000013          3.87           <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                        30          7.51            0.0007 

      Water type                    3             30      745.98          <0.0001 

      Time*type                    9             30          3.81            0.0026 
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Appendix 4.3.12 - Test of simple effects for the amount of K remaining in switchgrass samples 

using four water types and four leaching times with 25 g switchgrass/ 1 L water, RCBD (n=3). 

                 Effect         Slice       Num DF      Den DF       F Value          Pr > F 

type*time Ottawa 3 30 5.27 0.0048 

type*time Well 3 30 1.92 0.1471 

type*time Distilled 3 30 11.15 <0.0001 

type*time Kemptville 3 30 0.6 0.6173 

type*time 5 3 30 224.48 <.0001 

type*time 10 3 30 181.26 <.0001 

type*time 20 3 30 205 <.0001 

type*time 40 3 30 146.37 <.0001 

 

 

 

Appendix 4.3.13 - Orthogonal sub-partitions of water type and time for the effect of four times 

(5, 10, 20 and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) on the 

amount of K remaining in switchgrass samples, RCBD (n=3). 

              Effect                            Num DF    Den DF              F Value            Pr > F 

type 3 30 745.98 <.0001 

time 1 30 14.48 0.0007 

time*time 1 30 1.27 0.2679 

time*type 3 30 5.68 0.0033 

time*time*type 3 30 2.4 0.0872 

time*loftime 1 30 6.79 0.0141 

time*type*loftime 3 30 3.36 0.0316 
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Magnesium 

 

Appendix 4.3.14 - Mixed effects variance analysis of percent weight Mg remaining in 

switchgrass samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 

and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g 

switchgrass/L water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                              .                        .                       . 

      Residual                             0.000012             3.13E-06               4           <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                        30        11.11          <0.0001 

      Water type                    3             30        99.11          <0.0001 

      Time*type                    9             30          2.07       0.065 

 

 

 

Appendix 4.3.15 – Means comparisons of the percent weight Mg remaining in switchgrass 

samples of the four times (in minutes) and for the four water types with 25 g switchgrass/ 1 L 

water, RCBD (n=3). 

         Time Estimate    se     Water type           Estimate                       se 

         5                 0.0717    a        0.0010     Ottawa              0.0583    d          0.0010 

         10     0.0733    a        0.0010     Well                          0.0758    b          0.0010 

         20     0.0725    a        0.0010     Distilled                   0.0675    c           0.0010 

         40     0.0658    b        0.0010     Kemptville               0.0817    a           0.0010 

Means in the same column with the same letter are not significantly different with Tukey's HSD 

test at p<0.05. 
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Appendix 4.3.16 - Orthogonal sub-partitions of water type and time for the effect of four times 

(5, 10, 20 and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) on the 

amount of Mg remaining in switchgrass samples with 25 g switchgrass/ 1 L water, RCBD (n=3). 

              Effect                           Num DF    Den DF       F Value            Pr > F 

type 3 30 99.11 <.0001 

time 1 30 25.25 <.0001 

time*time 1 30 7.66 0.0096 

time*type 3 30 2.38 0.0896 

time*time*type 3 30 1.42 0.2556 

time*loftime 1 30 0.42 0.5211 

time*type*loftime 3 30 2.42 0.0853 

 

 

Appendix 4.3.17 - Regression solution coefficients for the amount of Mg remaining in 

switchgrass samples after leaching for four times (5, 10, 20, 40 minutes) with four water types 

(distilled, Ottawa, Kemptville and well) at 25 g switchgrass/ 1 L water, RCBD (n=3).  

         Effect         Type       Estimate                se      DF        t Value      Pr > |t| 

         type         Ottawa        0.05806          0.00206       40          28.13     <.0001 

         type         Well        0.07556          0.00206       40           36.61     <.0001 

         type         Distilled        0.06722          0.00206       40          32.57     <.0001 

         type         Kemptville     0.08139          0.00206       40          39.44     <.0001 

         time                     0.00034        0.000216       40            1.57     0.1232 

         time*time                             -0.00001        4.57E-06       40           -2.51     0.0162 
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Sulphur 

 

Appendix 4.3.18 - Mixed effects variance analysis of percent weight S remaining in switchgrass 

samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 and 40 

minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g switchgrass/ 1 L 

water, RCBD (n=3). 

Random effects     

      Covariance  Parameter      Estimate    Standard Error   Z Value              Pr > Z 

      Block                                          0                              .                        .                        . 

      Residual                             0.000017             4.17E-06              4            <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       30          0.13            0.9446 

      Water type                    3            30          7.13            0.0009 

      Time*type                    9            30          2.68            0.0205 

 

 

 

 

Appendix 4.3.19 – Test of simple effects for the amount of S remaining in switchgrass samples 

using four water types and four times (in minutes) with 25 g switchgrass/ 1 L water, RCBD 

experiment (n=3). 

                 Effect         Slice        Num DF  Den DF         F Value          Pr > F 

type*time Ottawa 3 30 4.5 0.0101 

type*time Well 3 30 0 1 

type*time Distilled 3 30 1.83 0.1624 

type*time Kemptville 3 30 1.83 0.1624 

type*time 5 3 30 8.5 0.0003 

type*time 10 3 30 0 1 

type*time 20 3 30 1.33 0.282 

type*time 40 3 30 5.33 0.0046 
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Appendix 4.3.20 - Orthogonal sub-partitions of water type and time for the effect of four times 

(5, 10, 20 and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) on the 

amount of S remaining in switchgrass samples with 25 g switchgrass/ 1 L water, RCBD (n=3). 

              Effect                            Num DF    Den DF       F Value            Pr > F 

type 3 30 7.13 0.0009 

time 1 30 0.13 0.7194 

time*time 1 30 0.14 0.7107 

time*type 3 30 3.55 0.0259 

time*time*type 3 30 2.28 0.0995 

time*loftime 1 30 0.1 0.7502 

time*type*loftime 3 30 2.21 0.1079 
 

 

Appendix 4.3.21 - Regression solution coefficients for the amount of S remaining in switchgrass 

samples after leaching for four times (5, 10, 20, 40 minutes) with four water types (distilled, 

Ottawa, Kemptville and well) at 25 g switchgrass/ 1 L water, RCBD (n=3). 

         Effect             Type             Estimate                se        DF t Value     Pr > |t| 

         type             Ottawa             0.03391           0.002166 38 15.66      <.0001 

         type             Well             0.04             0.002166 38 18.47      <.0001 

         type             Distilled          0.0413             0.002166 38 19.07      <.0001 

         type             Kemptville      0.04275 0.002166 38 19.74      <.0001 

         time*type Ottawa             0.000191 0.000094 38 2.04      0.0488 

         time*type Well             0.00E+00        0.000094 38 0               1 

         time*type Distilled -0.0002 0.000094 38 -2.16      0.0372 

         time*type Kemptville      0.000075 0.000094 38 0.8      0.4276 
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Chloride 

 

Appendix 4.3.22 - Mixed effects variance analysis of percent weight Cl remaining in switchgrass 

samples in a two factor RCBD (n=3) experiment with four leaching times (5, 10, 20 and 40 

minutes) and four water types (distilled, Ottawa, Kemptville and well) at 25 g switchgrass/L 

water. 

      Random effects     

      Covariance  Parameter      Estimate    Standard Error    Z Value             Pr > Z 

      Block                                          0                              .                        .                       . 

      Residual                             0.001912             0.000478               4           <0.0001 

      Type 3 Tests of Fixed Effects     

      Effect                 Num DF               Den DF    F Value          Pr > F 

      Time                               3                       30         7.75             0.0006 

      Water type                    3            30       10.52           <0.0001 

      Time*type                    9            30         8.63           <0.0001 

 

 

Appendix 4.3.23 – Test of simple effects for the amount of Cl remaining in switchgrass samples 

using four water types and four times (in minutes) with 25 g switchgrass/ 1 L water, RCBD 

experiment (n=3). 

                 Effect         Slice       Num DF   Den DF       F Value         Pr > F 

type*time Ottawa 3 30 0.01 0.9994 

type*time Well 3 30 0.05 0.9839 

type*time Distilled 3 30 0.45 0.722 

type*time Kemptville 3 30 33.12 <0.0001 

type*time 5 3 30 34.52 <0.0001 

type*time 10 3 30 0.56 0.6442 

type*time 20 3 30 0.82 0.4935 

type*time 40 3 30 0.5 0.6824 
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Appendix 4.3.24 - Orthogonal sub-partitions of water type and time for the effect of four times 

(5, 10, 20 and 40 minutes) and four water types (distilled, Ottawa, Kemptville and well) on the 

amount of Cl remaining in switchgrass samples at 25 g switchgrass/ 1 L water, RCBD (n=3). 

              Effect                            Num DF    Den DF       F Value             Pr > F 

type 3 30 10.52 <.0001 

time 1 30 7.14 0.0121 

time*time 1 30 7.79 0.009 

time*type 3 30 10.93 <.0001 

time*time*type 3 30 10.06 <.0001 

time*loftime 1 30 8.31 0.0072 

time*type*loftime 3 30 4.88 0.007 
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Appendix 5 

 

 Appendix 5.1 – Elemental concentrations of solvent used for water type experiments (Distilled water, 

Ottawa tap water, Kemptville tap water and Well water from Carp, Ontario).     

Water Type Rep Chloride Nitrogen Phosphorus Calcium  Copper Iron 

Distilled 1 < 0.5 < 0.05 < 0.01 0.05 < 0.002 0.356 

Distilled 2 < 0.5 < 0.05 < 0.01 0.04 < 0.002 0.102 

Distilled 3 < 0.5 < 0.05 < 0.01 0.07 < 0.002 0.054 

Ottawa 1 4.8 0.13 < 0.01 9.24 0.006 0.054 

Ottawa 2 5 0.05 < 0.01 8.39 0.006 0.052 

Ottawa 3 5 < 0.05 < 0.01 8.12 0.004 0.068 

Kemptville 1 52 0.1 < 0.01 78.5 0.018 0.123 

Kemptville 2 51.9 < 0.05 < 0.01 83.3 0.02 0.115 

Kemptville 3 51.9 < 0.05 < 0.01 77 0.018 0.106 

Well 1 101 < 0.05 < 0.01 96.2 0.017 0.007 

Well 2 101 0.12 < 0.01 88.7 0.016 < 0.005 

Well 3 102 0.22 < 0.01 92.3 0.023 0.012 

Water Type Rep Magnesium Manganese Potassium Sulphur Zinc 

Distilled 1 0.01 < 0.001 < 0.1 < 0.1 0.005 

Distilled 2 < 0.01 < 0.001 < 0.1 < 0.1 0.005 

Distilled 3 0.01 < 0.001 < 0.1 < 0.1 0.005 

Ottawa 1 2.26 0.002 0.7 8.6 0.01 

Ottawa 2 2.09 0.004 0.8 8 0.016 

Ottawa 3 2.03 0.003 0.6 7.8 0.011 

Kemptville 1 37.5 0.012 3.4 19.2 0.018 

Kemptville 2 39.8 0.011 3.6 20.6 0.018 

Kemptville 3 36.3 0.011 3.3 18.7 0.058 

Well 1 36.2 < 0.001 2.9 20.4 0.011 

Well 2 33.4 < 0.001 2.6 18.8 0.009 

Well 3 34.8 < 0.001 2.7 19.7 0.013 
                                                                                            


