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The treatment of leachate is a focal point of landfill management. Every landfill produces
leachate, and consequently, every landfill must treat its leachate in one way or another. It is
typical that leachates with high ammonium concentrations encounter a surcharge from
wastewater treatment facilities. In addition, leachate recirculation is also practiced by some
landfills. While recirculation can lead to higher biogas production, ammonium levels can spike,
thereby rendering methanogenic bacteria ineffective. For these reasons, a pretreatment
method to remove ammonium needs to be explored. Precipitating ammonium in the form of
magnesium ammonium phosphate, or struvite, is an attractive management alternative.
Besides removing ammonium from the leachate, this pretreatment technique converts
ammonium into a reusable product. Struvite has been shown to be an excellent fertilizer, with
heavy metal concentrations below conventional store‐bought fertilizers. This study sought to
optimize the operating conditions for producing struvite from landfill leachate and test the
effectiveness struvite as a multi‐nutrient fertilizer.
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1.0 Introduction and literature review
1.1 Introduction
Landfill leachate contamination of surface water bodies or to groundwater is of
great environmental concern. The high levels of biochemical (BOD) and chemical (COD)
oxygen demand, ammonium‐nitrogen (NH4+), and heavy metals present in some landfill
leachates can prove lethal to receiving ecosystems (Shultz and Kjeldsen 1986). This is an
important area in waste management practices that must be addressed, and
consequently, landfill leachates need to be treated to remove these contaminants.
NH4+ ‐nitrogen, a constituent of landfill leachate is a major concern since its
presence can be quite problematic. Energy creation from landfills via landfill gas is an
important endeavor, but some approaches to maximizing gas production can cause
especially toxic leachate with respect to high NH4+ levels (Morris et al., 2003).
Ammonium can be removed by different methods, such as nitrification/denitrification
and air stripping, but there are problems associated with these processes (Li et al.,
1999). In a nitrification and denitrification process, NH4+ is converted to nitrogen gas and
is lost to the atmosphere (Kuai and Verstraete, 1998). In air stripping, ammonia gas can
be absorbed by sulfuric acid, creating ammonium sulphate (Ferraz et al., 2013). While
ammonium sulphate can be used as a fertilizer feedstock, the air stripping process can
lead to maintenance issues such as calcium carbonate fouling of stripping towers (Li et
al., 1999). One potential pretreatment method that converts NH4+ into a reusable form
is struvite precipitation.
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Struvite is a white crystalline powder that has been considered a nuisance in
municipal wastewater treatment plants (Ohlinger et al., 1998). Struvite has the ability to
precipitate and adhere to metal objects when equal molar ratios of magnesium, NH4+ ,
and ortho‐phosphate are present in an aqueous solution (Le Corre et al., 2007; Le Corre
et al., 2009). Many landfill leachates are high in NH4+ ‐nitrogen, and with the addition of
magnesium and phosphate sources, it is possible to precipitate the NH4+ in the form of
struvite (Li et al., 1999).
There are numerous variables that influence struvite precipitation, such as
temperature, pH, and the presence of other ions such as calcium. The economics of the
process must also be analyzed if a wide‐spread adoption of struvite precipitation from
landfill leachate is to take place (Le Corre et al., 2009). Factors such as energy
requirements for struvite precipitation and a market for slow release fertilizers (i.e.
struvite) affect struvite economics, but struvite production costs are influenced mainly
by the costs of chemical additions (Jaffer et al., 2002). This study sought to optimize the
operating parameters (i.e. temperature and pH levels) of producing struvite from landfill
leachate, analyze the economics contributing to struvite production from landfill
leachate, and to test the nutritive value of the struvite precipitate in a plant trial.
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1.2 Literature review
1.2.1 General landfill concepts
In Wisconsin, landfills are constructed to meet specifications listed by the
Department of Natural Resources and administrative law NR 504 (WI DNR, 2006).
Constructed to minimize leachate release, landfills are built over a layer of compacted
clay with a hydraulic conductivity of 1x10‐7 cm∙second‐1 or less, and equipped with an
impermeable composite liner overlaying the compacted clay. Landfills are also required
to contain a leachate collection system. These collection systems are required to route
leachate to the landfill perimeter for extraction, and they must also limit the leachate
head level on the liner to an average of 1 foot or less. Keeping the leachate head to less
than 1 foot is important because excess weight on the liner could cause a rupture in the
liner, leading to groundwater contamination from a leachate containment failure. Both
the lining systems and leachate collection systems are designed to function from active
operation through closure of the site. In addition, WI NR 504 also sets guidelines for gas
extraction, leachate recirculation, and final cover criteria of the site. Established to meet
environmental and host community needs, these guidelines are very specific and
compliance is mandatory.
As landfills mature, their internal characteristics change. It can be conceptualized
that as landfills age, they go through a series of 4 phases: aerobic, anaerobic acid‐
forming, initial methanogenic, and stable methanogenic (Kjeldsen et al., 2002). During
the aerobic phase, which usually only lasts a few days, oxygen is quickly depleted and
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carbon dioxide is produced. Once waste is covered, oxygen is not replenished and
anaerobic conditions results. During the anaerobic acid‐forming phase, fermentation
reactions occur, acids (e.g. carboxylic acid) are formed, pH drops, and leachates will be
high in both BOD and COD. Once methane is produced, the landfill is in the initial
methanogenic phase. During this phase, microorganisms convert the acids created in
the acid‐forming phase into methane and carbon dioxide, leachate pH rises as acids are
consumed by microorganisms, and both BOD and COD decrease. When methane
generation rates reach maximum potential (6x107 m3∙year‐1 for a 10 hectare landfill) and
begin to decrease, the landfill is in the stable methanogenic phase (Morris et al, 2003).
During this phase, leachate pH levels stabilize above neutral, and both BOD and COD
stabilize below peak BOD and COD levels (Baig et al., 1996).
1.2.2 Landfill leachate concepts
Landfill leachate is a highly variable and problematic liquid that results from
liquid passing through a landfill. This liquid can be present in the materials initially
deposited in a landfill, or it can develop from rainwater/snowmelt percolating through
the landfill (Keenan et al., 1984). The leachate variability from site to site is due to
different landfilled contents, and is also produced at different rates as a landfill ages
(Kjeldsen, et al., 2002). Table 1.1 gives examples of landfill leachate composition from
landfills with different ages. When landfills are young, leachate is very high in
biodegradable organics such as volatile fatty acids (VFAs). However, as a landfill ages,
degradation of these contents will occur and not‐readily‐biodegradable, humic‐like
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compounds with high molecular weight will be produced (Siemens Water Technologies
Corporation, 2006). Also, it has been documented that as the proportion of VFAs
decreases, biological treatments become ineffective (i.e. microorganisms performing
biological treatment will not receive sufficient levels of BOD to survive), thereby
necessitating other treatment procedures such as physical/chemical processes including
membrane filtration and chemical precipitation (Baig et al., 1996).
Table 1.1: Typical composition of landfill leachates from municipal solid waste landfills
of different ages (adapted from Baig et al., 1996).
Landfill Age

0‐4 years

5‐10 years

>10 years

pH

<6.5

±7

>7.5

BOD (mg∙L‐1)

>6000

2000‐6000

<2000

COD (mg∙L‐1)

>20000

300‐4500

<200

100‐2000

100‐2000

100‐2000

2000

<2000

<2000

Nitrogen (mg∙L‐1 TKN)
Metals (mg∙L‐1)

1.2.3 Landfill leachate management
The toxicity of landfill leachate has been well documented (Emenike et al., 2012),
and it is always treated to remove contaminants that are detrimental to the
environment (Keenan et al., 1984). Management techniques for the treatment of landfill
leachate include combinations of the following: recirculation, air stripping, chemical
precipitation, and biological treatment (Ferraz et al., 2013; Jaafarzadeh et al., 2010;
Nurisepehr et al., 2012; Rizkallah et al., 2013). While these management techniques are
practiced today, inherent inefficiencies do exist.
5

1.2.3.1 Recirculation
In Wisconsin, landfills that recirculate leachate must meet design criteria listed in
administrative law NR 504.095 (WI DNR, 2006). Only municipal solid waste landfills are
allowed to recirculate, and operators must successfully demonstrate that recirculation
will not create a leachate head on the liner system greater than 1 foot. This means that
the saturated zone of waste must be less than one foot in height due to weight limits on
the landfill liner. If these weight limits are exceeded there is potential for liner rupture,
leading to lost containment of the leachate. It is also a requirement of NR 504 that
recirculated leachate shall not form pools or ponds on the landfill surface. Minimizing
leachate evaporation and leachate‐compound volatilization are also mandated by this
law (i.e. intentionally designing a system that reduces leachate volume due to
evaporation), and recirculation systems designed to maximize these parameters may
not be used. Since techniques to maximize leachate‐compound volatilization are not
permitted, volatile compounds (e.g. ammonia) remain in the leachate.
The practice of leachate recirculation is employed in order to increase waste
degradation/maturation rates and enhance landfill gas recovery rates (Morris et al.,
2003). Leachate can be recirculated via horizontal or vertical injection wells, or by jetting
from the back of a tanker truck on the landfill surface (Reinhart, 1996). It has been
documented that landfills practicing recirculation observe a faster onset of
methanogenic conditions, and a more stabilized leachate, both of which are indicative
of a mature landfill. However, a drawback of this management option is increasingly
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high levels of NH4+ (Morris et al., 2003). This is noteworthy because it is a popular option
for landfills to send their leachate to a wastewater treatment plant as a final treatment
procedure (Granley, 2012). In biological wastewater treatment at a wastewater
treatment plant, microorganisms are used to remove soluble organic contaminants and
NH4+ is especially toxic to these organisms (Rowe, 2011). Thus, recirculation poses a
dilemma; gas extraction is enhanced but at the cost of generating a more problematic
leachate.
1.2.3.2 Air stripping
Ammonia nitrogen (NH3), a volatile compound commonly found in leachates
generated from municipal solid waste, is a pollutant that is highly toxic to
microorganisms that perform biological treatment within a wastewater treatment plant
(Kim et al., 2006). Air stripping, the transfer of the volatile components of a liquid (i.e.
ammonia) to the air stream, can also be used to remove ammonia (Davis and Masten,
2009). Air stripping takes place in vertical towers packed with material containing a high
surface area to volume ratio (Ferraz et al., 2013). This process can remove ammonia (a
toxic gas), but because ingesting this gas can lead to health complications, air pollution
concerns are raised if it is released into the atmosphere. In addition, large amounts of
caustic soda (NaOH or Ca(OH)2) must be added to the leachate to raise pH to levels that
make the stripping process efficient. Complications can arise from the addition of
caustic soda, and precipitate scale (e.g. CaCO3) in stripping towers leading to
maintenance issues (Li et al., 1999). Furthermore, the volatilized ammonia gas must
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then be absorbed with a strong acid (HCl or H2SO4) to prevent its release to the
atmosphere, thereby adding another step in the treatment process leading to further
and expense (Ferraz et al., 2013).
1.2.3.3 Chemical precipitation
Chemical precipitation practices focus primarily on the removal of heavy metals,
suspended solids, COD, and color (Marttinen et al., 2002). This can be accomplished by
adding lime (Ca(OH)2) or an assortment of metal salts, usually iron or aluminum salts
(Keenan et al., 1984; Kewu and Wenqi, 2008). Besides being an added cost (i.e. the cost
of the lime or metal salts), more solids are created in the waste stream that must be
collected and disposed of (Minton and Carlson, 1976; Baig et al., 1996). These excess
solids are created when precipitates form from soluble constituents, and the collection
of these solids takes up additional time and space, both of which equate to a higher
operating cost. Furthermore, with lime addition, the pH level of the leachate will be
increased which can interfere with biological treatment (Cheng and Liu, 2001).
1.2.3.4 Biological treatment
Biological treatment of landfill leachate through a wastewater treatment plant is
possible, but the high levels of toxicity prevent direct application of this treatment type
(Jaafarzadeh et al., 2010). Because of the high strength (i.e. high BOD/COD and NH4+ ‐
nitrogen levels) of landfill leachates, they need to be pretreated (e.g. ammonia
stripping) or diluted to a concentration that can be tolerated by microorganisms. This
can be accomplished by high rates of internal recirculation within an aeration basin, or
8

by requiring a much longer residence time within a biological treatment system (Baeza
et al., 2004; Li et al., 1999; Zhao and Ding, 2011). Consequently, both high degrees of
recirculation and extended retention periods equate to higher operating costs. It is also
important to note that wastewater treatment facilities will charge a premium for
leachates that contain ammonia concentrations over 40 mg∙L‐1, further increasing
treatment cost (Personal communication, Erik Schell, City of LaCrosse, WI).In addition to
this, problems with changing landfill leachate composition are encountered as landfills
age (e.g. decrease in volatile fatty acid fraction, decreasing BOD/COD) and these
changes can render biologic treatment ineffective (Yaman et al., 2012).
1.2.3.5 Alternative treatments
Due to the inherent inefficiencies in conventional treatment of landfill leachates,
alternative methods of treatment need to be explored. One such method to deal with
the problem of NH4+ nitrogen in landfill leachate is the precipitation of magnesium
ammonium phosphate, more commonly known as struvite. Struvite is a white,
crystalline powder that can be precipitated from NH4+ ‐containing leachates with the
addition of a phosphate and magnesium (Li and Zhao, 2003). This is an attractive
method of landfill leachate treatment because struvite is an economically valuable
product with nitrogen and phosphorus fertility potential.
1.2.4 Struvite characteristics
Struvite forms as a white crystal with specific properties in wastewater
environments. Struvite crystals are orthorhombic in shape and have a low water
9

solubility of 0.018 g∙ 100mL‐1. In acidic solutions, however, struvite is readily soluble
(e.g. 0.033g∙ 100 mL‐1 in 0.001 N HCl, 0.178 g∙ 100 mL‐1 in 0.01 N HCL; Bridger et al.,
1961). Struvite has a molecular weight of 245.23 g∙ mole‐1 and a specific gravity of 1.711
g∙ cm‐3 (Borgerding, 1972).
1.2.4.1 Struvite precipitation
Naturally occurring in guano (Cohen and Ribbe, 1966), struvite’s fertilizing
properties have been well documented (Ghosh et al., 1996; Li and Zhao, 2003). Struvite
is quite insoluble in water, making it an attractive slow‐release fertilizer (Munch and
Barr, 2001). Struvite also has very low concentrations of heavy metals, further adding to
its practical fertility potential (Bhuiyan et al., 2008). As a result, struvite precipitation
could be a value added byproduct of landfill leachate treatment. Already practiced at
some wastewater treatment plants (WTTPs), the controlled harvesting of struvite and its
resale as a slow‐release, multi‐nutrient fertilizer has proven to be beneficial both
economically and operationally (Ueno and Fuji, 2001; Ostara Nutrient Recovery
Technologies, 2013b).
Struvite precipitates according to the following reaction when equal molar ratios
of magnesium, NH4+ , and phosphate are present in an aqueous solution (Rahaman, et
al., 2006):
Mg2+ + NH4+ + PO43‐ + 6H2O → MgNH4PO4 •6H2O
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The solubility product of struvite must be exceeded in the reaction for the precipitate to
form. The solubility product is the product of the ions’ activities contributing the
equilibrium reaction, and can be written as:
Solubility product = {Mg2+}{NH4+}{PO43-}
The literature (Borgerding, 1972; Babic‐Ivancic et al., 2002) gives struvite solubility
products in the range of 3.89 x 10‐10 to 4.37 x 10‐14 with variations resulting from
different experimental conditions, methodologies, pH levels, and temperature
(Rahaman et al., 2006).
1.2.4.2 Effects of pH
The pH level of the aqueous solution (at which the struvite precipitation reaction
takes place) is linked with the solubility of struvite, and a range of minimum solubility
from pH 8 – 10 has been identified (Li et al., 1999). Decreasing solubility with increasing
pH also leads to a higher precipitation potential in the reaction (Doyle and Parsons,
2001). An increasing pH level has also been shown to increase the rate at which struvite
crystals grow (Ohlinger, et al., 1999). Struvite crystals themselves are also affected by
pH level, and it has been documented that an increase in pH can decrease the size of
struvite crystals formed from synthetic wastewater solutions (Matynia et al., 2006).
1.2.4.3 Effects of temperature
Temperature does not have as much of an impact on struvite precipitation as the
pH level, but it still does play a role. Studies have shown that an increase in temperature
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leads to an increase in the struvite solubility product, suggesting that it is more difficult
to precipitate struvite at higher temperatures (Aage et al., 1997; Burns and Finlayson,
1982). As with pH, temperature can affect crystallization rates and crystal morphology.
With higher temperatures, it has been observed that crystallization rates increase (Le
Corre et al., 2009). Studies have also shown that struvite crystals change from a more
rectangular shape at lower temperatures to a more square shape at higher
temperatures (Boistelle et al., 1983; Babic‐Avancic et al., 2002).
1.2.4.4 Struvite precipitation in wastewater treatment plants
Traditionally considered a problem in most WWTPs, the spontaneous occurrence
of struvite has been seen and recorded by many (Doyle and Parsons, 2001). First
documented in 1937, struvite scaling as a precipitate adhering to pipes and other
equipment has been a nuisance in the wastewater treatment industry (Rawn et al.,
1937). Under certain pH conditions (7‐11), struvite has the potential to precipitate and
adhere to metal surfaces whenever magnesium, NH4+ , and phosphate are present in the
molar ratios of 1:1:1 (Le Corre et al., 2009). Since struvite favors adhering to metal
surfaces (Le Corre et al., 2007), pipes and valves can become clogged with the
precipitate, leading to costly repairs (e.g. Sacramento Regional Wastewater Treatment
Plant replacing 5.6 km of piping; Ohlinger et al., 1998).
Some WWTPs are prone to producing unwanted struvite, especially plants
utilizing biological phosphorus removal and anaerobic digestion. Phosphorus
accumulating organisms (PAOs) take up phosphates (e.g. PO43‐), creating a negative
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charge within the cell, and counteract this by accumulating positively charged
magnesium ions to gain a stable, neutral charge (Filipe et al., 2001; WI DNR, 2009). A
portion of these PAOs are settled out of solution and are wasted from the biological
treatment system by being routed to digesters, and consequently, high amounts of
phosphorus and magnesium are added to digesters. Any nitrogenous matter that is
biologically degraded in the digester will form NH4+ (Yenigun and Demirel, 2013) and
coupling this with the magnesium and phosphorus added from the wasted PAOs, an
environment very suitable for struvite precipitation is created. As well as this, liquors
(i.e. liquids) present in digesters are supersaturated with CO2, resulting from the
acetagenesis stage of anaerobic digestion (Ostrem et al., 2004). When these liquors are
removed from the digester the CO2 is stripped, from pumping turbulence, and pH levels
rise creating an even more favorable environment for struvite to form (WI DNR, 2009).
Consequently, removing NH4+ from the waste stream as a pretreatment not only yields a
valuable by‐product, it also greatly improves operation efficiency from reduced
maintenance issues.
1.2.5 Phosphorus regulations in Wisconsin WWTPs
With the passage of the Clean Water Act in 1972, all WWTPs in the U.S. must
obtain a permit to discharge any pollutant into receiving navigable waterways (U.S. EPA,
2002). In Wisconsin, the program that oversees these permits is the Wisconsin Pollutant
Discharge Elimination System (WI DNR, 2012). Phosphorus discharge limits are
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specifically regulated under administrative code NR 217, and the average monthly
effluent limitations are not to exceed 1 mg∙L‐1 for WWTPs (WI DNR, 2011).
1.2.6 Drawbacks of struvite precipitation as a viable pretreatment technique
It has been reported that the unknown monetary value of the struvite
precipitation process or product are reasons why this technique is not more widely
applied (Adnan et al., 2003). To create the struvite precipitate from leachates high in
NH4+ , a form of magnesium (Mg) and form of phosphate (PO43‐) must be added (Li et al.,
1999). This process to create struvite has two main parameters that must be controlled:
molar ratios of Mg:N:P and the pH level of the reaction (Doyle and Parsons, 2001). Trials
using different chemical combinations of Mg and P have been used, and some have
resulted in NH4+ removals of over 90 percent (Li and Zhao, 2003). However, it is
important to note that not all landfills produce leachates that are high in NH4+ . For
example, some landfills only accept construction and demolition waste or paper
manufacturing waste, and the leachates produced by these landfills are very low in NH4+
concentrations (WI DNR, 2014). Consequently, leachates such as these would not be
suitable to undergo a struvite precipitation process as a way to lower NH4+
concentrations.
Struvite precipitation, however, has potential as a pretreatment technique for
removing toxic levels of NH4+ from some leachates, but complications do exist
(Moerman et al., 2009). The presence of some ions in solution (e.g. calcium) interfere
with struvite precipitation and could limit the use of this technology (Gadekar et al.,
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2009). Also, unwanted byproducts of the struvite precipitation process can include high
levels of salts like sodium chloride (Li et al. 1999) and excessive pH fluctuation (Liu et al.,
2011), both of which are detrimental to biological treatment in a wastewater treatment
plant.
There is also skepticism that the precipitates formed in many studies are not
actually struvite, but other phosphate‐based compounds. Hao et al. (2013) analyzed
precipitates formed at different pH levels, and found that with increasing pH levels the
precipitates contained decreasing amounts of struvite. Specifically, they found that
crystals contained 30‐70% struvite from pH’s 8.0 to 9.0, and with pH levels over 9.5 the
struvite content of the crystals decreased to lower than 30%. The study also found that
a high‐purity struvite crystal could be created near neutral pH conditions, but with a
much slower crystallization time, which is consistent with what Ohlinger et al. (1999)
found. The work by Hao et al. (2013) is intriguing because an optimum range of struvite
precipitation has been reported from pH levels of 8‐10 (Li et al., 1999). Besides being
influenced by pH, the presence of foreign ions in solution can also play a role with
respect to impurities in struvite precipitates (Le Corre et al., 2009). It has been shown
that calcium ions can react with phosphates and form calcium phosphate precipitates,
leading to greater impurities in struvite precipitates (Le Corre et al., 2005).
1.2.7 Benefits of struvite precipitation as a viable pretreatment technique
Using the struvite precipitating process for landfill leachate not only removes a
eutrophying nutrient, NH4+ ‐nitrogen, but it creates a valuable fertilizing commodity as
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well as an opportunity for economic gains (Ueno and Fujii, 2001). There are private
companies that sell recovered struvite from wastewater treatment plants (Ostara
Nutrient Recovery Technologies, Inc. Vancouver, British Columbia; Multiform Harvest,
Inc. Seattle, Washington), but the value of the recovered struvite is dependent upon a
regions’ market for slow release fertilizers (Bowers, 2011). Struvite is a unique fertilizer
in the sense that it has low water solubility, and high citrate solubility (Ostara Nutrient
Recovery Technologies Inc. a, 2013). Citrates are released by plant roots as they grow,
and their function is to aid plant roots absorb nutrients. Since struvite is citrate soluble,
these citrates encourage struvite solubility and allow nutrient uptake by plants to occur.
Therefore, struvite has the capacity to persist for long periods of time, which equates to
lower and less frequent application rates.
Struvite precipitating technologies (i.e. struvite precipitation from landfill
leachate) have potential to benefit the wastewater treatment industry. As a
pretreatment technique, this technology has been tested, with success, in other
industries including the medical profession (Li et al., 2012), tannery effluents (Tunay et
al., 1997), and the agricultural industry (Burns et al., 2003). As well, studies regarding
landfill leachate treatment using struvite precipitation have achieved NH4+ removals of
over 90 percent (Li and Zhao, 2003). However, the need to have a regional market for
slow‐release fertilizers and to have trained, qualified operators on struvite technology
has deterred the widespread adoption of this technique (Bowers, 2011; Le Corre et al.,
2007). Nonetheless, this technology does exist and some treatment plants have taken
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the step to employ a struvite precipitating process (Ostara Nutrient Recovery
Technologies Inc., 2013b).
1.3 Objectives
Current society exploits landfills as they are the most convenient method to
process solid wastes; however, landfill leachates high in NH4+ ‐nitrogen are an unwanted
byproduct. Precipitating and removing NH4+ nitrogen in the form of magnesium‐NH4+ ‐
phosphate (struvite) is an alternative waste management practice in the treatment of
landfill leachate. Leachates generated from municipal solid waste landfills typically
contain NH4+ concentrations of over 300 mg/L, compared to leachates generated from
paper mill sludges with total N concentrations of less than 10 mg/L (WI DNR, 2014). In
addition, leachate recirculation is a common management strategy, and this continuous
recirculation further increases NH4+ levels in the leachate (Morris et al., 2003). NH4+ is
especially problematic in the treatment of landfill leachate, and some municipalities that
treat leachate charge a premium for NH4+ concentrations over a certain limit (e.g. 40
mg/L). For this reason, a pretreatment technique that reduces NH4+ concentrations
needs to be evaluated. It has also been documented that struvite is an excellent
nitrogen fertilizer (Ghosh, et al., 1996), making pretreatment methods more attractive.
This study determined the effectiveness of pretreating landfill leachate to remove NH4+ ‐
nitrogen by struvite precipitation and analyzed the economics of the struvite
precipitating process based on chemical inputs.
Specifically, the objectives were to:
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1. More efficiently precipitate struvite from landfill leachate at 2 temperature levels (25o
C and 30o C) and 2 pH levels (8.5 and 9.5) using different magnesium‐based and
phosphate‐based chemical inputs (MgCl2, MgSO4, (MgCO3)4Mg(OH)2(H2O)5, H3PO4,
AlPO4, KH2PO4.) and to determine which treatment process yielded the greatest removal
of NH4+ from landfill leachate.
2. Determine fertility effectiveness of struvite precipitated from landfill leachate in a
two‐species (Brassica oleracea and Zea mays) plant trial.
3. Determine economic feasibility of producing struvite from landfill leachate based on
annual costs of chemical inputs.
The scope of this thesis was to establish baseline data for future research and to
evaluate the proposed management practice. Analysis of objective 1 provided results
that showed greatest removal of NH4+ nitrogen. Analysis of objective 2 determined the
applicability of struvite as a fertilizer by testing plant tissue for nitrogen, phosphorus,
and heavy metal concentrations. Analysis of objective 3 determined the feasibility of a
struvite‐precipitating process using historical leachate data from the LaCrosse county
landfill in LaCrosse, WI.
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2.0 Struvite precipitation trials
2.1 Introduction
Struvite (magnesium ammonium phosphate) is a problematic mineral in
wastewater treatment plants (WWTPs) that precipitates on pipes and pumps,
sometimes leading to costly repairs (Le Corre et al., 2009). This mineral has the potential
to precipitate when its solubility product (Ksp) is exceeded, which can happen when
equal molar parts of Mg2+, NH4+ , and PO43‐ are present in an aqueous solution. This
problem is especially prevalent in WWTPs that practice biological phosphorus removal
coupled with anaerobic digestion (WI DNR, 2009). Struvite precipitation can be forced
when WWTP sidestreams (e.g. sludge dewatering sidestreams being recycled to
headworks) containing NH4+ and PO43‐ are dosed with a source of Mg2+, and this
precipitate can then be harvested and removed from the treatment system. This forced
struvite precipitation can be very advantageous because it reduces the NH4+ and PO43‐
load coming into the headworks of a WWTP (Ueno and Fuji, 2001).
Some landfill leachates are high in NH4+ and precipitating struvite from such
leachates is possible with the addition of a magnesium source and a phosphate source.
The struvite precipitation process is particularly influenced by the chemical reagents
used, temperature, and pH level. This study evaluated these parameters to maximize
struvite precipitation, along with the solubility product produced from each reaction.
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2.2 Materials and methodology
2.2.1 Leachate characteristics
Two separate experiments were conducted. The raw leachate used in
Experiment 1 was collected from Marathon County Landfill Area B. This 12.7 ha landfill
is in active operation and accepts municipal solid waste, construction and demolition
waste, ash, etc. The raw leachate used in Experiment 2 was collected from Marathon
County Landfill Area A. Area A is 10.9 ha in area and stands approximately 21 meters in
height (Marathon County Solid Waste Department, 2014). Area A was in operation from
1980‐1993 and then was capped with a 0.3 m grading layer, a 1.2 m clay layer, and a
0.15 m layer of topsoil. Both leachate samples were collected in 19 L pails and
refrigerated at 9oC prior to the experiments. Table 2.1 lists average leachate data
collected (for BOD5, COD, pH, NH3) in 2013 from Marathon County Landfill Areas A and B
(WI DNR Groundwater and Environmental Monitoring System, 2013).
Table 2.1: Average BOD5, COD, pH, and NH4+ concentrations collected from Marathon
County Landfill Areas A and B in 2013. All values except pH are given in mg∙L‐1.
Landfill Area

BOD5

COD

pH

NH3

A

68

632

7.1

103

B

76

1398

7.3

440
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2.2.2 Chemical combinations and experimental design
Three sources of magnesium were used and 3 sources of phosphate were used
to precipitate struvite from 2 leachates containing 700 (used in Experiment 1) and 730
(used in Experiment 2) mg∙L‐1 NH4+. Table 2.2 lists the 9 combinations used, as well as
the associated chemical combination number.
Table 2.2: Chemical reagents used in Experiment 1, and associated chemical
combination number.
Chemical Combination

Chemicals Used

References

1

MgCl2; H3PO4

2

MgCl2; AlPO4

3

MgCl2; KH2PO4

Kim et al., 2006

4

MgSO4; H3PO4

Li et al., 2012

5

MgSO4; AlPO4

*

6

MgSO4; KH2PO4

*

Munch and Barr, 2001
*

7

(MgCO3)4Mg(OH)2(H2O)5; H3PO4

*

8

(MgCO3)4Mg(OH)2(H2O)5; AlPO4

*

9

(MgCO3)4Mg(OH)2(H2O)5; KH2PO4

*

* Chemical combinations listed without a reference have no published reference.
The chemical reagents for all reactions were of analytical grade and were added
on a 1:1 (Mg2+:PO43‐) molar basis. The stoichiometric amounts for the reagents used in
the study are presented in Tables 2.3 and 2.4. In Experiment 1, each combination was
tested on 25 mL samples of Marathon County Landfill Area A leachate at 2 pH levels (8.5
and 9.5) and 2 temperatures (room ~20oC and 30oC). In Experiment 2, each combination
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Table 2.3: Chemical doses of Mg2+ and PO43‐ added into 25 mL leachate in Experiment 1.
The leachate contained 700 mg∙L‐1 NH4+, equaling, respectively, 0.0175 g NH4+ in each 25
mL batch. The amount of Mg2+ and PO43‐ added reflects a molar ratio of Mg:N:P = 1:1:1.
Chemical Combination

Chemicals Used

Amount of Chemicals added (g)

1

MgCl2; H3PO4

0.0924; 0.0950

2

MgCl2; AlPO4

0.0924; 0.1182

3

MgCl2; KH2PO4

0.0924; 0.1318

4

MgSO4; H3PO4

0.1167; 0.0950

5

MgSO4; AlPO4

0.1167; 0.1182

6

MgSO4; KH2PO4

0.1167; 0.1318

7

(MgCO3)4Mg(OH)2(H2O)5; H3PO4

0.0942; 0.0950

8

(MgCO3)4Mg(OH)2(H2O)5; AlPO4

0.0942; 0.1182

9

(MgCO3)4Mg(OH)2(H2O)5; KH2PO4

0.0942; 0.1318

was tested on 30 mL samples Marathon County Landfill Area B leachate at 2 pH levels
(8.5 and 9.5) and 2 temperatures (room ~25oC and 30oC). Each experiment yielded a
total of 36 experimental units (9x2x2) with each experimental unit being replicated 5
times.
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Table 2.4: Chemical doses of Mg2+ and PO43‐ added into 30 mL leachate in Experiment 2.
The leachate contained 730 mg∙L‐1 NH4+, equaling, respectively, 0.0219 g NH4+ in each 30
mL batch. The amount of Mg2+ and PO43‐ added reflects a molar ratio of Mg:N:P = 1:1:1.
Chemical Combination

Chemicals Used

Amount of Chemicals added (g)

1

MgCl2; H3PO4

0.1155; 0.1189

2

MgCl2; AlPO4

0.1155; 0.1479

3

MgCl2; KH2PO4

0.1155; 0.1649

4

MgSO4; H3PO4

0.1461; 0.1189

5

MgSO4; AlPO4

0.1461; 0.1479

6

MgSO4; KH2PO4

0.1461; 0.1649

7

(MgCO3)4Mg(OH)2(H2O)5; H3PO4

0.1179; 0.1189

8

(MgCO3)4Mg(OH)2(H2O)5; AlPO4

0.1179; 0.1479

9

(MgCO3)4Mg(OH)2(H2O)5; KH2PO4

0.1179; 0.1649

2.2.3 Struvite precipitation: Experiments 1 and 2
To precipitate struvite in Experiment 1, the following procedure was used:
measure raw leachate for NH4+ concentration (700 mg∙L‐1), measure 25 mL of raw
leachate and place in a 30 mL HDPE bottle, weigh chemical reagents according to
specific molar ratios for each test (Table 2.3), place chemicals into 25 mL of raw
leachate, adjust mixture to desired temperature (30oC, room temperature reactions
required no adjustment) using hot water bath and digital hot plate, use platform shaker
to mix solution of raw leachate and precipitating agents for 15 minutes, cease mixing,
measure pH and adjust to desired level (8.5 and 9.5) using 10N NaOH, collect solution

23

(supernatant) above the struvite precipitate, filter with 0.45 µm filter, dilute to 1:1000
with DI water, and measure for NH4+ concentration (Li et al., 1999).
To precipitate struvite in Experiment 2, the following procedure was used:
measure raw leachate for NH4+ concentration (730 mg∙L‐1), measure 30 mL of raw
leachate and place in 100 mL glass beaker, weigh chemical reagents according to
specific molar ratios for each test (Table 2.4), place chemicals into 30 mL of raw
leachate, adjust mixture to desired temperature (30oC, room temperature reactions
required no adjustment) using hot water bath and digital hot plate, use 1cm stir‐bar to
mix solution of raw leachate and precipitating agents for 15 minutes, cease mixing,
measure pH and adjust to desired level (8.5 or 9.5) using 10N NaOH, collect solution
(supernatant) above the struvite precipitate, filter with 0.45 µm filter, dilute to 1:1000
with DI water, and measure for NH4+ concentration (Li et al., 1999).
2.2.4 Measurement and analyses
NH4+ concentration was measured with a Lachat QuikChem 8000 (Loveland, CO)
using a colorimetric method. Temperature and pH were measured using a Hach
(Loveland, CO) Intellical PHC 101 Rugged Gel Filled pH electrode.
2.3 Results
2.3.1 Experiment 1 results
Experiment 1 was carried out from January to March 2013 at the Waste
Education Center on the UW‐Stevens Point campus. In terms of NH4+ removal
percentage in Experiment 1, the chemical combination used was significant (p=0.05;
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Table 2.5), as well as the level of pH (p=0.05; Table 2.5) at which the reaction was
carried out. There was no significant interaction between pH level (8.5 or 9.5) and
chemical combination (p=0.05; Table 2.5).
Table 2.5: Statistical output table for NH4+ removal percentage ANOVA F test in
Experiment 1. Table generated with SigmaPlot 11.2 statistical software (p=0.05).
Variation
Source

Degrees of
Freedom

Sum of
Squares

Mean
Square

F‐statistic

P‐Value

pH

1

312.9

312.9

7.7

0.008*

Combination

5

681.2

136.2

3.4

0.011*

pH x Combination

5

323.4

64.7

1.6

0.181

Residual

47

1908.9

40.6

Total

58

3200.5

55.2

* Significant differences between experimental units
To isolate which levels of chemical combination were different and which level
of pH was different the Holm‐Sidak multiple comparison procedure was used. Multiple
comparison procedures compare replicate means to determine significance between
variables (Bernhardson, 1975), and the only statistically significant difference found was
between combination 1 and combination 7 (p=0.05; Appendix 2.1).
A comparison of the NH4+ removal percentages using different chemical
combinations in Experiment 1 indicated that there was not one stand‐alone chemical
combination that was statistically better at removing NH4+ than all other combinations
(Figure 2.1). While combination 7 attained the highest mean removal percentage (61%)
of NH4+, it was not better than all other combinations except for combination 1.
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Figure 2.1:
removal percentages achieved using different chemical combinations in
Experiment 1 (p=0.05). Leachate analyzed at 30oC.
As presented in Table 2.5, the mean value of removal percentages at pH 8.5
(57%) and pH 9.5 (53%) was found to be statistically different (p=0.05; Figure 2.2).
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Figure 2.2:
removal percentages at pH 8.5 and pH 9.5 in Experiment 1 (p=0.05).
Leachate analyzed at 30oC.
In order for data to pass equal normality and equal variance tests the entire
round of analysis performed at room temperature in Experiment 1 was omitted
(personal communication, K. Herrman, 2014). While there is no statistical back‐up for
these analyses it is valuable to present. NH4+ removal percentages attained at room
temperature (~20oC) and at 30oC as well as pH 8.5 and pH 9.5 for each chemical
combination in Experiment 1 indicated trends (Figure 2.3). There was much variation
within each experimental unit in Experiment 1, accounting for the entire data set not
being able to pass equal variance and equal normality tests.
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Figure 2.3:
removal percentages for each chemical combination at pH 8.5 and 9.5,
o
and at 20 C and 30oC in Experiment 1.
Since, based on statistical NH4+ removal percentage, there was no combination
of chemical inputs and pH level that was statistically better than all others, an
alternative way to analyze this data was to focus on the cost of the different chemical
inputs. To calculate the chemical cost to remove 1 kg of NH4+ the price of chemical
inputs (e.g. phosphate source, magnesium source, and NaOH) was divided by the
amount of NH4+ removed from solution.
To maintain consistency, statistical analyses were administered to the same
experimental units used previously for Experiment 1. The chemical cost (U.S. dollars) to
remove 1 kg of NH4+ in Experiment 1 is presented in Table 2.6. The difference in the
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Table 2.6: Statistical output table for ANOVA F test of chemical cost (U.S. dollars) to
remove 1 kg of NH4+ in Experiment 1. Table generated with SigmaPlot 11.2 statistical
software (p=0.05).
Variation
Source

Degrees of
Freedom

Sum of
Squares

Mean
Square

F‐statistic

P‐value

pH

1

14527.6

14527.6

18.6

<0.001*

Combination

5

461665.9

92333.2

118.0

<0.001*

pH x Combination

5

6189.6

1237.9

1.6

Residual

47

36761.8

782.2

Total

58

522461.5

9007.9

0.183

* Significant differences between experimental units.
mean values among the different levels of combination was greater than would be
expected by chance after allowing for effects of differences in pH (p=0.05). In addition,
the difference in the mean values among the different levels of pH was greater than
would be expected by chance after allowing for effects of differences in combination
(p=0.05). While a significant difference between chemical combination and pH level was
observed (p=0.05; Table 2.6), the pH level at which the chemical reaction was carried
out was not significant (p=0.05; Table 2.6) (i.e. no significant interaction between pH
and chemical combination).
To isolate which chemical combinations were significantly different from one
another, a Holm‐Sidak multiple comparison procedure was used. Chemical combination
1 had a significantly greater cost than all other combinations (p=0.05; Appendix 2.2).
Combination 4 had a significantly greater cost than all combinations except combination
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1 (p=0.05; Appendix 2.2). Chemical combinations 3 and 6 were significantly less than
combinations 1, 4, and 7 (p=0.05; Appendix 2.2). Combination 9 was significantly less
than combinations 1, 3, 4, and 7 (p=0.05; Appendix 2.2). Combinations 6 and 9 had the
lowest mean removal costs ($128.73 and $101.11), but they were not significantly
different from one another (p=0.05; Appendix 2.2).
The cost to remove 1 kg of NH4+ using different chemical combinations in
Experiment 1 is graphically presented in Figure 2.4. The lower temperature regime
(room temp ~20oC) was dropped, as well as combinations 2, 5, and 8 (Figure 2.4).
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Figure 2.4: Cost of chemical inputs to remove 1 kg NH4+ at 30oC in Experiment 1
(p=0.05).
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As mentioned previously, there was a significant difference in the cost of
treatment between reactions carried out at pH 8.5 and pH 9.5 (p=0.05; Figure 2.5).
Reactions carried out at pH 8.5 had an average NH4+ removal cost of $192 ± 89 ∙kg‐1, and
reactions carried out at pH 9.5 had an average NH4+ removal cost of $223 ± 98 ∙kg‐1.

Cost (U.S. dollars) to remove 1 kg NH4+
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200
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Figure 2.5: Cost of chemical inputs to remove 1 kg NH4+ at 30oC in Experiment 1
(p=0.05).
Although there is no statistical back‐up to analyze treatment costs for the entire
Experiment 1 data set, the data is valuable to present. Treatment cost data for
Experiment 1 is presented in Figure 2.6, and there is large variation in the price of
removing 1 kg of NH4+ within each chemical combination. In terms of treatment cost,
chemical combination 3 showed the greatest consistency in Experiment 1. Combination
7 and 9 had higher treatment costs with reactions carried out at 20oC, and within each
chemical combination it was less expensive to treat leachate using a pH level of 8.5. In
Experiment 1, combination 9 at 30oC and pH 8.5 had the lowest mean cost of NH4+
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Figure 2.6: Cost of chemical inputs to remove 1 kg of NH4 at pH 8.5 and 9.5 and at 20oC
and 30oC in Experiment 1.
removal at $82.77 ± 13∙kg‐1, and combination 1 at 20oC and pH 9.5 had the greatest
mean cost of NH4+ removal at $530.99 ± 142∙kg‐1.
This study was constructed to use the analysis of variance (ANOVA) F test
statistical testing with 3 independent variables (chemical combination – 9 levels, pH – 2
levels, and temperature – 2 levels) and 1 dependent variable (NH4+ removal percentage).
In order to run an ANOVA F test, the data must pass both an equal variance test and an
equal normality test (Siegel, 1957). Equal variance and normality tests were applied to
experimental results using Systat 11.0 statistical software (San Jose, CA). Systat 11.0
uses Bartlett’s test and Levene’s test to check for equal variance, and if the data set
passes either, it has equal variance. To test for equal normality, Systat 11.0 uses a
Shapiro‐Wilk normality test.
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2.3.2 Experiment 2 results
The chemical combination used and the pH level at which the reaction was
carried out were significant in Experiment 2 (p=0.05; Table 2.7). In contrast to
Experiment 1, there was a significant interaction between chemical combination and pH
level in Experiment 2 (p=0.05; Table 2.7). Since significant interaction was determined,
meaning that NH4+ removal percentages achieved at different pH levels were dependent
upon which chemical combination was used, main effects could not be properly
interpreted.
Table 2.7: Statistical output table for NH4+ removal percentage ANOVA F test in
Experiment 2. Table generated with SigmaPlot 11.2 statistical software (p=0.05).
Variation
Source

Degrees of
Freedom

Sum of
Squares

Mean
Square

F‐statistic

P‐value

pH

1

56.6

56.5

8.4

0.006*

Combination

5

569.3

113.9

16.8

<0.001*

pH x Combination

5

189.1

37.8

5.6

<0.001*

Residual

46

310.9

6.8

Total

57

1126.0

19.8

* Significant differences between experimental units.
In Experiment 2, chemical combination 4 had the highest mean NH4+ removal
percentage (71%), and combination 7 had the lowest removal percentage (59%) (Figure
2.7). However, since there was a significant interaction between chemical combination
and pH level, main effects could not be interpreted and there was no statistical proof
one combination was the best at removing NH4+ (p=0.05).
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Figure 2.7: NH4+ removal percentages using different chemical combinations in
Experiment 2. Significant differences between combinations cannot be determined
because a significant interaction occurred between pH and chemical combination
(p=0.05). Leachate analyzed at 30oC.
In Experiment 2, the Holm‐Sidak method was used to compare NH4+ removal
percentages at different pH levels within each chemical combination and NH4+ removal
percentages using different chemical combinations within each pH level. Comparisons of
NH4+ removal percentages attained at different pH levels within each chemical
combination are presented in Appendix 2.3 (mean NH4+ removal percentages of each
chemical combination at pH 8.5 and pH 9.5 are presented in Appendix 2.4).
Combinations 1, 6, 7, and 9 yielded significant differences in NH4+ removal percentages
achieved at pH 8.5 and pH 9.5 in Experiment 2.
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NH4+ removal percentages attained using each chemical combination at pH 8.5
and pH 9.5 in Experiment 2 are graphically presented in Figure 2.8. Mean removal
percentages ranged from 59% (combination 7, pH 9.5) to 72% (combination 4, pH 8.5).
Combination 9 was the only combination that attained a higher NH4+ removal
percentage at pH 9.5 than pH 8.5.
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Figure 2.8: NH4+ removal percentages for each chemical combination at pH 8.5 and pH
9.5 in Experiment 2. Significant differences between combinations cannot be
determined because a significant interaction occurred between pH and chemical
combination (p=0.05). Leachate analyzed at 30oC.
Holm‐Sidak multiple comparisons of NH4+ removal percentages attained using
different chemical combinations within pH 8.5 in Experiment 2 are presented in
Appendix 2.5 (p=0.05). Combinations 1, 3, 4, and 6 were significantly greater than
combination 9, and combinations 1 and 4 were significantly greater than combination 7.
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While significant differences do exist, there was not one chemical combination that was
statistically greater at removing NH4+ at pH 8.5 than all other chemical combinations.
NH4+ removal percentages for each chemical combination at pH 8.5 in
Experiment 2 are graphically presented in Figure 2.9. While significant differences do
exist (p=0.05), combination 4 had the greatest NH4+ removal percentage at 72.4 ± 1.1%
and combination 9 had the lowest NH4+ removal percentage at 61.9 ± 3.2%.
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Figure 2.9: NH4+ removal percentages for each chemical combination at pH 8.5 in
Experiment 2 (p=0.05). Leachate analyzed at 30oC.
Comparisons of NH4+ removal percentages attained using different chemical
combinations within pH 9.5 in Experiment 2 are presented in Appendix 2.6.
Combinations 1, 3, 4, 6, and 9 were significantly greater than combination 7 and
combination 4 was significantly greater than combinations 6 and 3. As with the
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reactions carried out at pH 8.5, significant differences do exist, but there is not one
chemical combination that is statistically superior at removing NH4+ at pH 8.5 than all
other chemical combinations.
NH4+ removal percentages for each chemical combination at pH 9.5 in
Experiment 2 are graphically presented in Figure 2.10. While significant differences do
exist (p=0.05), combination 4 had the greatest NH4+ removal percentage at 71.5 ± 1.6%
and combination 7 had the lowest NH4+ removal percentage at 59.7 ± 0.7%.
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Figure 2.10: NH4+ removal percentages for each chemical combination at pH 9.5 in
Experiment 2 (p=0.05). Leachate analyzed at 30oC.
NH4+ removal percentages at pH 8.5 and pH 9.5 in Experiment 2 are presented in
Figure 2.11. Significant differences were observed (p=0.05), and reactions carried out at
pH 8.5 had a mean NH4+ removal percentage of 67.8 ± 4.1% while reactions carried out
at pH 9.5 had a mean NH4+ removal percentage of 65.93± 4.5%.
37

80
A

B

pH 8.5

pH 9.5

70

NH4+ Removal %

60
50
40
30
20
10
0

NH4+

Figure 2.11:
removal percentages for each chemical combination at pH 8.5 and pH
9.5 in Experiment 2 (p=0.05). Leachate analyzed at 30oC.
As mentioned previously, in order for data to pass equal normality and equal
variance tests the entire round of analysis performed at room temperature (~25oC) in
Experiment 2 was omitted. While there is no statistical back‐up for these analyses it is
valuable to present. NH4+ removal percentages attained at room temperature (~25oC)
and at 30oC as well as at pH 8.5 and pH 9.5 for each chemical combination in Experiment
2 are presented in Figure 2.12.
Chemical combination 4 at 30oC and pH 8.5 showed the greatest mean NH4+
removal percentage at 72.4%, and chemical combination 7 at 30oC and pH 9.5 showed
the lowest mean NH4+ removal percentage at 56.5%. Combinations 1 and 4 yielded the
greatest consistency across both pH and temperature ranges.
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Figure 2.12: NH4+ removal percentages for each chemical combination at pH 8.5 and 9.5,
and at 25oC and 30oC in Experiment 2.
As in Experiment 1, there was no chemical combination that was statistically
superior at removing NH4+ in Experiment 2, so chemical costs of treatment were
analyzed. To maintain consistency, statistical analyses were administered to the same
experimental units used previously for Experiment 2. An ANOVA F test statistical output
table for the chemical cost (U.S. dollars) to remove 1 kg of NH4+ in Experiment 2 is
presented in Table 2.8. The chemical combination used and the pH level at which the
reaction was carried out were both significant in Experiment 2 (p=0.05; Table 2.8). There
was also a significant interaction between chemical combination and pH level in
Experiment 2. Since significant interaction was determined,
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Table 2.8: Statistical output table for ANOVA F test of chemical cost (U.S. dollars) to
remove 1 kg of NH4+ in Experiment 2. Table generated with SigmaPlot 11.2 statistical
software (p=0.05).
Variation
Source

Degrees of
Freedom

Sum of
Squares

Mean
Square

F‐statistic

P‐value

pH

1

4236.5

4236.5

80.6

<0.001*

Combination

5

412294.8

82458.9

1569.6

<0.001*

pH x Combination

5

1592.9

318.6

6.1

<0.001*

Residual

46

2416.7

52.5

Total

57

419749.7

7364.0

* Indicates significant differences between experimental units.
meaning that the cost to remove 1 kg of NH4+ achieved at different pH levels was
dependent upon which chemical combination was used, main effects could not be
properly interpreted.
The Holm‐Sidak multiple comparison method was used to compare the cost to
remove 1 kg NH4+ at different pH levels (8.5 and 9.5) within each chemical combination
in Experiment 2, (Appendix 2.7). Combination 9 was the only combination to not have a
significant difference in treatment cost between pH 8.5 and pH 9.5.
The cost of chemical inputs to remove 1 kg of NH4+ at pH 8.5 and 9.5 (30oC) in
Experiment 2 is graphically presented in Figure 2.13. Combination 7 at pH 9.5 had the
highest treatment cost at $300.33 ± 3.53 ∙kg‐1 and combination 9 at pH 8.5 had the
lowest treatment cost at $93.26 ± 5.01 ∙kg‐1. In each combination, reactions carried out
at pH 9.5 had a greater treatment cost than reactions carried out at pH 8.5.
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Figure 2.13: Cost of chemical inputs to remove 1 kg of NH4+ at pH 8.5 and 9.5 (30oC) in
Experiment 2. Significant differences between combinations cannot be determined
because a significant interaction occurred between pH and chemical combination
(p=0.05).
The Holm‐Sidak multiple comparison procedure for the cost to remove 1 kg NH4+
for each chemical combination at pH 8.5 in Experiment 2 is presented in Appendix 2.8.
The lower temperature regime (room temp ~20oC) was omitted from statistical analysis,
as well as combinations 2, 5, and 8. Chemical combinations 3 and 6 were significantly
less than combinations 1, 4, and 7. Combinations 1, 4, and 7 were not different from
one another, and combinations 3 and 6 were not different from one another. Chemical
combination 9 was significantly less than all other combinations.
The cost to remove 1 kg of NH4+ at pH 8.5 using different chemical combinations
in Experiment 2 is graphically presented in Figure 2.14. Combinations 1, 4, and 7 had a
significantly greater treatment cost than combinations 3, 6, and 9, and combination 9
had the significantly lowest treatment cost (p=0.05).
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Figure 2.14: Cost of chemical inputs to remove 1 kg NH4+ at pH 8.5 (30oC) in Experiment
2 (p=0.05).
The Holm‐Sidak multiple comparison procedure for the cost to remove 1 kg NH4+
for each chemical combination at pH 9.5 in Experiment 2 is presented in Appendix 2.9.
Chemical combinations 3 and 6 were significantly less than combinations 1, 4, and 7
(p=0.05). Combination 4 was significantly less than combinations 7 and 1 (p=0.05).
Combinations 1 and 7 were not different from one another, and combinations 3 and 6
were not different from one another (p=0.05). Chemical combination 9 was significantly
less than all other combinations (p=0.05).
The cost to remove 1 kg of NH4+ at pH 9.5 using different chemical combinations
in Experiment 2 is graphically presented in Figure 2.15. Combinations 1, 4, and 7 had a
significantly greater treatment cost than combinations 6, 7, and 9 (p=0.05). In contrast
to reactions carried out at pH 8.5, combination 4 had a significantly lower treatment
cost than combinations 1 and 7, but combination still yielded the significantly lowest
treatment cost (p=0.05).
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Figure 2.15: Cost of chemical inputs to remove 1 kg NH4+ at pH 9.5 (30oC) in Experiment
2 (p=0.05).
There was a significant difference in the cost of treatment between reactions

carried out at pH 8.5 and pH 9.5 (Figure 2.16). Reactions carried out at pH 8.5 had an
average NH4+ removal cost of $189.04 ± 82.35 ∙kg‐1, and reactions carried out at pH 9.5
had an average NH4+ removal cost of $200.81 ± 89.95 ∙kg‐1.
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Figure 2.16: Cost of chemical inputs to remove 1 kg NH4 at pH 8.5 and pH 9.5 in
Experiment 2 (p=0.05). Leachate analyzed at 30oC.
43

As previously mentioned, data gathered from reactions carried out at room
temperature was omitted from statistical analysis. The cost of chemical inputs to
remove 1 kg NH4+ at pH 8.5 and 9.5 and at room temperature (~25oC) and 30oC in
Experiment 2 are presented in Figure 2.17. These removal costs were more consistent
than those in Experiment 1. In Experiment 2, combination 9 at 30oC and pH 8.5 had the
lowest mean cost of NH4+ removal at $93.26 ± 5.01∙kg‐1, and combination 7 at 25oC and
pH 9.5 had the greatest mean NH4+ removal cost at $319.61 ± 14.08∙kg‐1.
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Figure 2.17: Cost of chemical inputs to remove 1 kg NH4 at pH 8.5 and 9.5 and at 25oC
and 30oC in Experiment 2.
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2.4 Discussion
2.4.1 Experiment 1 discussion
Due to wide variation in NH4+ removal percentages, the entire Experiment 1 data
set did not pass equal variance or normality tests, and consequently could not undergo
the ANOVA F test. Since AlPO4 is insoluble (i.e. PO43‐ was not able to react with NH4+ or
Mg2+), no struvite precipitation reactions occurred when using this chemical
(combination 2, 5, and 8) and no decrease in NH4+ concentration was observed; thus
results from these reactions were omitted from statistical analyses. In order for the data
to pass equal variance and normality tests, the lower temperature regime (room
temperature ~20oC) was dropped and the study was treated as having 2 independent
variables (chemical combination – 6 levels of treatment and pH level – 2 levels of
treatment) and 1 dependent variable (NH4+ removal percentage) (personal
communication, K. Herrman, 2014). After applying an outlier test, Dixon’s Q‐test, in
which 1 data point was determined to be an outlier, the Experiment 1 data set passed
equal variance and normality and could be statistically analyzed. A 2‐way ANOVA F test
was subsequently conducted using SigmaPlot 11.2 (San Jose, CA).
For the chemical combinations used that did successfully remove NH4+, some
significant statistical differences were found. NH4+ removal percentages ranged from
51.3% (combination 1) to 61.1% (combination 7), but other researchers have published
landfill leachate NH4+ removal percentages (via struvite precipitation) ranging from 30%
to 90% (Li and Zhao, 2003; Kim et al., 2006). The significantly higher NH4+ removal
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percentages attained at a lower pH value were consistent with what other researchers
have found (Li et al., 1999).
When analyzing for NH4+ removal percentages, there appeared to be trends
between the different chemical combinations. All combinations except 7 and 9 had
higher NH4+ removal percentages with reactions carried out at pH 8.5 compared to
those carried out at pH 9.5, suggesting that pH 8.5 is more favorable. Combinations 1, 3,
4, and 6 had higher NH4+ removal percentages with reactions carried out at room
temperature ~20oC compared to those carried out at 30oC, but combinations 7 and 9
had higher NH4+removal percentages with reactions carried out at 30oC. It has been
shown that higher temperatures account for faster struvite crystal growth (LeCorre, et
al., 2009), and results of this work suggest this could be why NH4+ removal percentages
were correlated with higher temperatures in combination 7 and 9. However, since not
all chemical combinations followed this trend it is possible that there was a significant
interaction between reaction temperature and chemical combination.
Focusing on the cost to remove NH4+, there were clear trends between chemical
combinations. Combinations 1, 4, and 7 had a much greater treatment cost than
combinations 3, 6, and 9. H3PO4 was used as a phosphate source in chemical
combinations 1, 4, and 7 while KH2PO4 was used in combinations 3, 6, and 9, and the
price of H3PO4 accounts for combinations 1, 4, and 7 being generally greater than
combinations 3, 6, and 9. Also, reactions carried out at pH 9.5 had a significantly higher
treatment cost than reactions carried out at pH 8.5. Reactions carried out at pH 9.5
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required more NaOH to achieve a higher pH level, and the extra chemicals needed
accounted for a significantly higher treatment cost to remove NH4+. Temperature,
however, showed to be less predictable in terms of NH4+ removal cost. Combinations 1,
7, and 9 had greater treatment cost at 20oC, combination 4 having a greater cost at
30oC, and combinations 3 and 6 seemed to not be impacted by higher temperatures.
2.4.2 Experiment 2 discussion
As in Experiment 1, the entire Experiment 2 data set did not pass equal variance
or normality tests, and consequently could not undergo the ANOVA F test. Reactions
using AlPO4 (combination 2, 5, and 8) also showed no decrease in NH4+ concentration,
and results from these reactions were omitted from statistical analyses. In order for the
data set to pass equal variance and normality tests, the lower temperature regime
(room temperature ~25oC) was dropped and the study was treated as having 2
independent variables (chemical combination – 6 levels of treatment and pH level – 2
levels of treatment) and 1 dependent variable (NH4+ removal percentage) (personal
communication, Kyle Herrman, 2014). After applying an outlier test, Dixon’s Q‐test, in
which 2 data points were determined to be outliers, the Experiment 2 data set passed
equal variance and normality tests and could be statistically analyzed. A 2‐way ANOVA F
test (p=0.05) was subsequently conducted using SigmaPlot 11.2 (San Jose, CA).
Mean NH4+ removal percentages in Experiment 2 [59.7% (combination 7) to
71.5% (combination 4)] were generally greater than removals in Experiment 1 [51.3%
(combination 1) to 61.1% (combination 7)], and there was much less variation within
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experimental units. The difference in mixing styles (platform shaker in Experiment 1 vs.
magnetic stir bar in Experiment 2) was most likely to blame for this variation. Mixing
energy has been reported to influence struvite precipitation (LeCorre et al., 2009) and
results from this study suggest that mixing energy was not satisfactory in Experiment 1.
Like Experiment 1, however, there were higher NH4+ removal percentages observed with
reactions carried out at pH 8.5 as opposed to reactions carried out at pH 9.5 (with the
exception of combination 9). This trend appeared to be true in Experiment 1 and 2,
advocating that pH 8.5 it is more advantageous to perform struvite precipitation
reactions at this level.
The fact that a significant interaction existed between chemical combination and
pH level in Experiment 2 was interesting, because no such interaction existed in
Experiment 1. A possible explanation for this was the different leachate sources used in
Experiments 1 and 2. In Experiment 1 the leachate was gathered from an active landfill,
while in Experiment 2 the leachate was gathered from a landfill that has not accepted
waste since 1993. However, it is also possible that the lack of mixing energy in
Experiment 1 did not allow this interaction to manifest itself. This study investigated
NH4+ removal by struvite precipitation on different leachate sources (i.e. active landfill
vs. capped landfill) to determine the effectiveness of this method regardless of landfill
age, and results showed that NH4+ could be removed from leachate generated from
both active and capped landfills.
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Upon analyzing the NH4+ removal costs in Experiment 2, some trends were
similar to those observed in Experiment 1. Combinations 1, 4, and 7 had much greater
treatment costs than combinations 3, 6, and 9, and reactions carried out at pH 9.5
carried a greater treatment cost than reactions carried out at pH 8.5. In contrast to
Experiment 1 (±$30∙kg‐1), there was much less variation in NH4+ removal costs within
Experiment 2 (±$11∙kg‐1) and temperature did not appear to have a great impact on
removal cost.
2.5 Conclusions
Based on the results of this study, NH4+ within landfill leachate from Marathon
County Landfill Areas A and B can be removed with chemical combinations 1,3,4,6, 7,
and 9. For Experiment 1, chemical combination 4 at 20oC and pH 8.5 yielded the
greatest mean removal at 67%. For Experiment 2, chemical combination 4 at 30oC and
pH 8.5 yielded the greatest mean removal at 72%. However, when looking at the price
to remove 1 kg of NH4+, in both Experiment 1 and 2, chemical combination 9 at 30oC and
pH 8.5 was the least expensive treatment option at $82.77∙kg‐1 and $93.26∙kg‐1,
respectively. Due to the difference in variation between Experiments 1 and 2 (in terms
of NH4+ removal percentage and the cost of NH4+ removal) it can be said that using a
platform shaker does not supply enough mixing energy for consistent reactions to occur.
Different chemical combinations used to precipitate NH4+ as struvite have a
significant impact on percent removal of NH4+ and the cost to remove NH4+ from landfill
leachate. It was evident that using AlPO4 as a phosphate source in a struvite
precipitation reaction is not a viable option to remove NH4+. In both experiments, there
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was not one experimental unit used that was statistically superior at removing NH4+
than all others, and there was not one experimental unit used in this study that was
statistically less expensive at removing 1 kg of NH4+ than all others. However, from the
standpoint of making decisions based on cost, chemical combination 9 carried out at
30oC and pH 8.5 was used to make a large quantity of struvite used this as a fertilizer in
a plant trial (see Chapter 3).
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3.0 Struvite fertility experiments
3.1 Introduction
Creating a fertilizer by removing a nutritive compound (NH4+) from a waste
stream (e.g. WWTP, landfill leachate) makes struvite precipitation an attractive
management technique for the pretreatment of landfill leachate. Landfill leachates high
in NH4+ must often be pretreated before being sent to a WWTP (Section 1.2.3). One
method of removing NH4+ from landfill leachate is by struvite precipitation (Section
1.2.4.1). Struvite harvested from wastewater treatment plants (WWTPs) in the U.S. is
currently sold and used as a commercial fertilizer, with applications in agriculture,
horticulture, and turf management (Ostara Nutrient Recovery Technologies, Inc.,
2013c). Ostara Nutrient Recovery Technologies, Inc. (2013) has field‐tested struvite with
success (e.g. healthier turf grass, increased yields). In addition, the low water‐solubility
of struvite equates to a slow‐release fertilizer (i.e. low water‐solubility equates to less
nutrient leaching), which in turn leads to reduced application rates.
This study examined the fertility of struvite precipitated from landfill leachate
and compared it against a commercial fertilizer (i.e. MiracleGro 10‐10‐10) in a plant eco‐
toxicity trial, by examining plant tissues for phosphorus, carbon, nitrogen, and heavy
metal contents. In contrast to the struvite created in WWTPs, which requires only the
addition of a magnesium source, the struvite created from landfill leachate requires the
addition of a magnesium source and a phosphate source (Li and Zhao, 2003). This is
important because commercial struvite sold in the U.S. is created in WWTPs using no
addition of a phosphate source (Van der Voo, 2012). To examine the land‐applied
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applicability of struvite fertilizer created from landfill leachate, this study examined the
effects of struvite on corn (Zea mays) and kale (Brassica oleracea) as a nutritive
amendment. This study also tested the post‐treatment soil for phosphorus levels in
order to evaluate the phosphorus leaching potential of each fertilizer.
3.2 Materials and methods
Marathon County Area B landfill leachate was used (Section 2.2.3) as the source
of landfill leachate to create the struvite fertilizer in this study. To precipitate struvite
from Marathon County landfill leachate 1 liter batches of leachate were used. The
chemicals used to precipitate struvite from this leachate were (MgCO3)4Mg(OH)2(H2O)5
and KH2PO4 (Section 2.5). Ammonium concentrations in raw leachate averaged
863 ± 29 mg∙L‐1. Two batches, each 1 liter in quantity, were dosed with 4.65 g of
(MgCO3)4Mg(OH)2(H2O)5 and 6.51 g of KH2PO4. The reactions were carried out at pH 8.5
and 30oC, methods consistent with Section 2.2.3. Both the raw leachate and the post‐
treatment supernatant were analyzed for metals (Ag, Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, Se, Zn), BOD5, COD, total phosphorus, NH4+, and total Kjeldahl nitrogen
(Section 3.3).
The struvite precipitate was gathered in weighing boats and allowed to dry in a
fume hood for a period of 1 week, before being sent to the Water and Environmental
Analysis Laboratory (WEAL) at UW‐Stevens Point to undergo elemental analysis for total
Kjeldahl nitrogen and phosphorus. The solid struvite was digested by microwave
digestion via EPA 3051 and was analyzed via ICP‐OES with an Agilent Technologies

52

Model 720 ICP (Santa Clara, CA). Elemental analysis revealed that the struvite
precipitate was 3.2% N (method SM 4500 Norg‐D) and 8.7% P (method SM 4500 P‐F). To
analyze crystal morphology (Section 1.2.4) a scanning electron microscope was used.
3.2.1 Kale (Brassica oleracea) plant trial experimental design
This plant trial started on 13 February 2014. The trial took place in an
environmental‐controlled growth chamber located in the Trainer Natural Resource
building on the UW‐Stevens Point campus. The growth chamber was constantly
maintained at 25oC and was supplied with both fluorescent and incandescent light for
16 hours a day, consistent with the Organization for Economic Co‐operation and
Development guidelines for a terrestrial plant test (OECD, 2006).
A total of 20 pots 11.43 cm long by 11.43 cm wide by 8.89 cm deep in size were
used in the kale trial. Twenty pots were filled with 1 kg of 2mm sieved Rosholt A soil and
were sown with 5 kale seeds each, placed in an equi‐distant pentagonal pattern, and
covered with ~1 cm soil. Kale pots were bottom watered with de‐ionized water until
seed germination occurred. Upon germination, kale pots were top watered for a period
of 26 days, at which adequate plant growth was observed. At 36 days into the trial, 15
pots of kale were selected to receive treatments. At this time, the best looking
individual kale plant in each of the 15 selected pots was kept intact, while other kale
plants in the pots were removed.
Each pot was randomly assigned a treatment. The 15 pots were split into 3
groups of 5; one group was treated as a control and received only de‐ionized water, one
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group was treated with MiracleGro 10‐10‐10 slow release fertilizer, and one group was
treated with struvite precipitated from Marathon County Area B landfill leachate.
3.2.2 Corn (Zea mays) plant trial experimental design
This plant trial started on 28 March 2014. The trial took place in a greenhouse
located in the Trainer Natural Resource building on the UW‐Stevens Point campus. The
greenhouse was maintained at ~25oC and was supplied with fluorescent light for 16
hours a day, typical of a Wisconsin summer.
A total of 20 cylindrical pots 15 cm in height and 15 cm in diameter were filled
with 600 mL of 2mm sieved Rosholt A soil and 600 mL vermiculite, and were sown with
4 corn seeds each, with each seed covered with ~1 cm soil. Corn pots were bottom
watered with reverse‐osmosis filtered water for 28 days, at which adequate plant
growth was observed. At this time, the best looking individual corn plant in each of the
12 selected pots was kept intact, while other corn plants in the pots were removed.
Similar to Section 3.2.1, each pot was assigned a number, and numbers were
selected randomly to receive treatment. The 12 pots were split into 3 groups of 4; one
group was treated as a control and received only reverse‐osmosis filtered water, one
group was treated with MiracleGro 10‐10‐10 slow release fertilizer, and one group was
treated with struvite precipitated from Marathon County landfill leachate.
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3.2.3 Kale (Brassica oleracea) fertilizer application
The kale (Brassica oleracea) plants were fertilized based on cabbage (Brassica
oleracea) rates with a 20.1‐30.0 ton∙acre‐1 yield goal (Laboski et al., 2006). This
application guideline called for a soil phosphorus test to be conducted before fertilizer
was applied. Four replicates of the Rosholt A soil used in the pots were analyzed for
extractable phosphorus by EPA Method 3051H. Analysis revealed that the soil contained
6 mg∙kg‐1 phosphorus. To ensure that each pot received an equal amount of
phosphorus, the kale plants receiving the MiracleGro treatment were given 1.68 grams
of fertilizer and plants receiving the struvite treatment were given 1.93 g of fertilizer,
with fertilizing rates consistent with Laboski et al. (2006). MiracleGro 10‐10‐10 and the
struvite were applied to the kale pots on 21 March 2014. Plants were top‐watered with
DI water for a period of 56 days until adequate growth was witnessed, at which time the
plants were harvested. Plants were then destructively harvested and analyzed for the
following: dry biomass yield, total carbon, total nitrogen, and metals Ag, Al, As, B, Ba,
Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Zn (Section 3.3).
3.2.4 Corn (Zea mays) fertilizer application
The corn plants were fertilized based on corn grain rates with a 191‐220
bushels∙acre‐1 yield goal (Laboski et al., 2006). To ensure that each pot received an equal
amount of phosphorus, the corn plants receiving the MiracleGro treatment were given
1.88 grams of fertilizer and plants receiving the struvite treatment were given 2.16
grams of fertilizer. MiracleGro 10‐10‐10 and the struvite were applied to the corn pots

55

on 25 April 2014. Plants were bottom‐watered with reverse‐osmosis water for a period
of 42 days until adequate growth was witnessed. Plants were then destructively
harvested and were analyzed for the following: dry biomass yield, total carbon, total
nitrogen, and metals Ag, Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Zn (Section
3.3).
3.2.5 Kale (Brassica oleracea) physical plant growth evaluation
One day before treatments were applied, and bi‐weekly after application, each
pot was examined for the following physical parameters: height (from soil surface to top
of plant) and stem diameter (at soil level). In addition, a visual rating scale of 1‐5 on
overall plant appearance was recorded bi‐weekly, with 1 being lowest quality and 5
being highest quality (Kratz, 2013). Plants were also analyzed bi‐weekly with a SPAD 502
Plus Chlorophyll Meter, used to document chlorophyll content measurements. Visual
documentation was accomplished throughout the experiment using digital photographs
on a bi‐weekly basis.
3.2.6 Corn (Zea mays) physical plant growth evaluation
One day before treatments were applied, and bi‐weekly after application, each
pot was examined for the following physical parameters: height (from soil surface to
tallest node), stem diameter (~ 1 cm from soil level) and plant width (length of two
longest leaf shoots combined). From the final physical plant data collected on the day of
harvest, growth indices were calculated as a way to indicate plant health by taking plant
width and height into consideration (growth index 1 = (Δht+Δstem)/2; growth index 2 =
(Δht+Δwd)/2). In addition, a visual rating scale of 1‐5 on overall plant appearance was
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recorded bi‐weekly (Section 3.2.5). Plants were also analyzed bi‐weekly with a SPAD 502
Plus Chlorophyll Meter, used to document chlorophyll content measurements. Visual
documentation was accomplished throughout the experiment using digital photographs
on a bi‐weekly basis.
3.3 Measurements and analyses
All aqueous samples were digested using EPA Method 3020 (block digestion).
NH4+ nitrogen was analyzed via a colorimetric method with a Lachat QuikChem 8000
(Loveland, CO). Metals were analyzed via ICP‐OES (inductively coupled plasma‐optical
emission spectrometry) with an Agilent Technologies (Santa Clara, CA) Model 720 ICP
(inductively coupled plasma). The methods used for BOD5, COD, total phosphorus, and
total Kjeldahl nitrogen were Standard Methods (SM) 5201B, 5220C, 4500P‐F,
4500Norg‐D.
The solid struvite precipitate was digested by microwave via EPA Method 3051.
All struvite solid samples undergoing metals analysis were analyzed via inductively
coupled plasma‐atomic emission spectrometry (ICP‐AES) with an Agilent Technologies
Model 720 ICP. Total Kjeldahl nitrogen content was analyzed via SM 4500 Norg‐D, and
total phosphorus content was analyzed via SM 4500 P‐F.
The kale (Brassica oleracea) crop was harvested 16 May 2014, and the corn (Zea
mays) crop was harvested 6 June 2014. Plants were cut ~1 centimeter above the soil
surface. All plant matter from each pot was gathered, weighed (fresh), placed in paper
bags, and dried at 65oC for 72 hours. Once dried, plant matter was weighed, ground,
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and analyzed for total carbon, total nitrogen, total phosphorus, and the following
metals: Ag, Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Zn. After plant harvest, 3
soil cores (1 x 4 cm) from each pot were obtained, dried at 105oC, finely ground, and
analyzed for total carbon, total nitrogen, total phosphorus, and the following metals: Ag,
Al, As, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Zn.
All soil samples and plant tissues were digested by EPA method 3051H (nitric
acid digestion using a microwave accelerated reaction system). Total carbon and total
nitrogen were analyzed with a Perkin Elmer Series II CHNS/O Analyzer (Waltham, MA).
Samples undergoing metals analysis were analyzed via inductively coupled plasma‐
atomic emission spectrometry (ICP‐AES) with an Agilent Technologies (Santa Clara, CA)
Model 720 ICP.
3.4 Results
3.4.1 Struvite precipitation results
Raw leachate was obtained from Marathon County Landfill Area B on 24 January
2014 and was analyzed in two aliquots, each 1 liter in size, on 3 February 2014. The NH4+
concentration in the raw leachate was 863 mg∙L‐1 and was 494 mg∙L‐1 (42% removal) and
436 mg∙L‐1 (49% removal) in the post treatment leachate for aliquots 1 and 2,
respectively. The theoretical struvite generation (from a stoichiometric calculation) in
these 1 liter aliquots was 16.79 grams. Both aliquots generated less than the theoretical
amount, with aliquot 1 producing 14.60 grams of precipitate and aliquot 2 producing
15.97 grams of precipitate. The percentages of NH4+ removed observed in this
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experiment were lower than the 60 % removal in Experiment 1 and the 61 % removal in
Experiment 2 (section 2.3). However, the amount of NH4+ removed in this Experiment,
369 mg∙L‐1 (aliquot 1) and 426 mg∙L‐1 (aliquot 2), was somewhat close to the
423 mg∙L‐1and 450 mg∙L‐1 removed in Experiments 1 and 2 (Section 3.5.1).
Both BOD5 and COD were relatively unchanged by the struvite precipitation
process (Table 3.1). However, the total phosphorus level in both of the post treatment
aliquots was very high.
Table 3.1: BOD5, COD, Total P, and TKN concentrations in raw and post‐treatment
leachate. All values given are in mg∙L‐1.
Parameters

BOD5

COD

Total P

TKN

Aliquot 1 Raw

3724

1860

5.28

812

Aliquot 1 Post

3384

2184

660

464

Aliquot 2 Raw

3532

1988

5.24

800

Aliquot 2 Post

3560

2036

608

448

All metal concentrations in the raw leachate were less than 1 mg∙L‐1, with the
exception of aluminum, boron, and iron (Table 3.2). Post treatment leachate levels of
aluminum, barium, manganese and iron were markedly less than raw leachate
concentrations (Table. 3.3). Post treatment levels of copper and arsenic were greater
than raw leachate concentrations, but levels were still less than 1 mg∙L‐1.
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Table 3.2: Metal analysis from raw leachate. All values given are in mg∙L‐1.
Sample

Ag

Al

As

B

Ba

Be

Aliquot 1

<0.001

2.490

0.036

30.701

0.960

<0.0003

Aliquot 2

<0.001

3.441

0.016

30.351

0.981

<0.0003

Cd

Co

Cr

Cu

Fe

Mn

Sample
Aliquot 1

<0.001

0.029

0.110

0.275

3.665

0.528

Aliquot 2

<0.001

0.030

0.113

0.120

4.556

0.551

Sample

Ni

Pb

Se

Zn

Aliquot 1

0.138

<0.012

<0.036

0.115

Aliquot 2

0.138

0.012

<0.036

0.165

Table 3.3: Metal analysis from post treatment leachate. All values given are in mg∙L‐1.
Sample

Ag

Al

As

B

Ba

Be

Aliquot 1

0.003

0.112

0.059

31.761

0.022

<0.0003

Aliquot 2

0.002

0.115

0.058

32.067

0.021

<0.0003

Cd

Co

Cr

Cu

Fe

Mn

Aliquot 1

0.001

0.032

0.388

0.388

0.507

0.025

Aliquot 2

0.001

0.033

0.097

0.403

0.496

0.024

Sample

Ni

Pb

Se

Zn

Aliquot 1

0.154

0.027

0.022

0.278

Aliquot 2

0.157

0.035

0.016

0.305

Sample

60

Following struvite precipitation for this experiment, levels of aluminum, boron
and iron were markedly higher than other metals present (Table 3.4), but all metals
present in the struvite were below the heavy metal limits set forth by the Association of
American Plant Food Control Officials (Table 3.5).
Table 3.4: Metal analysis from struvite precipitate. All values given are in mg∙kg‐1.
Sample

Ag

Al

As

B

Ba

Be

Aliquot 1

<0.2

312.7

<2.8

505.8

57.0

<0.1

Aliquot 2

0.6

269.1

<0.8

507.5

56.0

<0.02

Sample

Cd

Co

Cr

Cu

Fe

Mn

Aliquot 1

<0.2

2.5

4.9

5.7

346.5

33.3

Aliquot 2

<0.02

0.4

5.3

6.6

346.4

32.5

Sample

Ni

Pb

Se

Zn

Aliquot 1

2.5

<2.1

<6.0

4.1

Aliquot 2

2.9

<0.06

<2.0

16.2

Table 3.5: AAPFCO heavy metal limits for macro and micronutrient containing
fertilizers.
Metals

ppm per 1% P2O5

ppm per 1% Micronutrient

As
Cd
Co
Pb
Hg
Mo
Ni
Se
Zn

13
10
1366
61
1
42
250
26
420

112
83
22,286
463
6
3004
1,900
180
29,004
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To investigate the potential threshold of mass removal, another precipitation
experiment was conducted using 25%, 50%, 75%, and 100% of the required mass of
KH2PO4 (statistical output tables presented in Appendices 3.1‐3.2). Raw leachate from
Marathon County Landfill Area B was used in this experiment and contained 816 mg∙L‐1
NH4+ and 3.4 mg∙L‐1 phosphorus. Using the full amount of required KH2PO4, a mean NH4+
mass removal of 484 mg∙L‐1was observed, which equates to a 59% NH4+ removal (Table
3.6). However, when using the full dose of KH2PO4, there was an average concentration
of 90 mg∙L‐1 total phosphorus in the post treatment leachate. Conversely, when 75% of
the required KH2PO4 was used, an NH4+ reduction of 53% was observed, while the
average concentration of total phosphorus in the post treatment leachate was only 7.4
mg∙L‐1. When using 50% of the required phosphorus, a 32% NH4+ reduction was
observed with effluent containing an average of 7.3 mg∙L‐1 phosphorus. Finally, when
using 25% of the required P, a 20% reduction of NH4+ was observed with effluent
containing an average of 5.2 mg∙L‐1 phosphorus.
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Table 3.6: Experimental results from combination 9 (pH 8.5, 30o C) using 100%, 75%, 50
%, and 25% of the required KH2PO4 carried out in 30 mL batches.
Reaction

Removal Percentage

Concentration (mg∙L‐1)

100% P

59.3±0.9

90.3±5.4

75% P

53.5±1.6

7.4±1.5

50% P

32.4±2.5

7.3±1.0

25% P

20.4±0.4

5.2±0.9

One‐way ANOVA tests (with Tukey test multiple comparison procedures) with
different response variables (i.e. NH4+ removal percentage, effluent phosphorus
concentrations) using 100%, 75%, 50%, and 25% of the required KH2PO4 for the struvite
precipitation reaction are presented in Figures 3.1‐3.2. Using the NH4+ removal
percentage response variable, each experimental unit was significantly different from all
others (p=0.05). Using the effluent phosphorus concentration as a response variable,
the reactions using 75%, 50%, and 25% of the required phosphorus were statistically
different from the reaction using 100% of the required phosphorus, but were not
significantly different from one another (p=0.05).
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Figure 3.1:
(p=0.05).
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Figure 3.2: Effluent phosphorus concentrations using 100%, 75%, 50%, 25% of required
KH2PO4 (p=0.05).
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3.4.1.1 Solid struvite precipitate results
Elemental analysis revealed that the struvite precipitate used as the struvite
treatment (chemical combination 9 at pH 8.5 and 30oC) was 3.2% N (method SM 4500
Norg‐D) and 8.7% P (method SM 4500 P‐F; Section 3.2). For purposes of comparison, the
struvite precipitate created using chemical combination 9 at pH 8.5 and 30oC was
analyzed against struvite created using chemical combination 9 at pH 8.5 and 20oC.
Scanning electron microscopy images of crystals formed using chemical combination 9
at pH 8.5 and 20oC are presented in Appendix 3.7, and SEM images of crystals formed
using chemical combination 9 at pH 9.5 and 30oC are presented in Appendix 3.8.
In addition to elemental analysis and SEM imagery, X‐ray diffraction was used to
analyze the struvite precipitate formed using chemical combination 9 at pH 8.5 and 30oC
(Figure 3.3). X‐ray diffraction patterns taken from the struvite standard at the
International Centre for Diffraction Data 1996 are presented in Figure 3.4. The
diffractogram of struvite crystals formed using chemical combination 9 at pH 8.5 and
30oC and diffractograms taken from the International Centre for Diffraction Data, show
peaks around the 16, 21, 31 and 32 two theta angles. However, the diffractogram
generated from this study shows other peaks (e.g. 26, 27, and 41 two theta angles),
indicating constituents other than struvite are present in the precipitate formed using
chemical combination 9 at pH 8.5 and 30oC.
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Figure 3.3: X‐ray diffraction pattern of struvite crystals formed using chemical
combination 9 at pH 8.5 and 30oC.

Figure 3.4: X‐ray diffraction pattern of struvite crystals taken from the International
Centre for Diffraction Data, 1996.
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3.4.2 Kale (Brassica oleracea) plant trial results
Plant yield was significantly different between all treatment groups within the
kale experiment (e.g. 0.54 grams in the control treatment, 3.52 grams in the MiracleGro
treatment, and 1.24 grams in the struvite treatment; p=0.05). Plant moisture content
was consistent between treatment groups at ~80%, and showed no significant
differences (Table 3.7).
Table 3.7: Average yield data and moisture content collected in Kale (Brassica oleracea)
experiment. Different superscripts indicate significant differences between means
according to one‐way ANOVA and the Holm‐Sidak multiple comparison procedure,
p=0.05.
Treatment
Plants per Treatment
c

Avg. Yield (g)
Avg. Plant Moisture

a

Control

MiracleGro

5

5
a

0.54 ± 0.19
a

78.42 ± 4.19

Struvite
5
b

3.52 ± 0.53

78.68 ± 1.57

a

1.24 ± 0.32

82.14 ± 1.33

Throughout the kale experiment, a slight decrease in visual plant quality was
observed in each treatment, with a fairly consistent decrease at ~0.20 and no significant
differences between treatments. An increase in chlorophyll content was observed, using
a SPAD 502 Plus Chlorophyll Meter, in each treatment. While no significant differences
existed between treatments, the control treatment increased chlorophyll content by
~3%, and both the MiracleGro and the struvite treatments increased by ~16% from the
beginning to the end of the experiment (Table 3.8).
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Table 3.8: Average SPAD data and visual quality rating in Kale (Brassica oleracea)
experiment. Different superscripts indicate significant differences between means
according to one‐way ANOVA and the Holm‐Sidak multiple comparison procedure,
p=0.05.
Treatment

Control

MiracleGro

Struvite

5

5

5

Plants per Treatment
Avg. ∆ Quality
Avg. ∆ SPAD

a

a

‐0.30 ± 0.45

a

a

3.72 ± 10.779

a

‐0.15 ± 0.42

16.78 ± 10.37

a

‐0.18 ± 0.33

16.86 ± 12.87

Stem diameter was significantly different between all treatment groups within
the kale experiment (e.g. 0.32 cm in the control treatment, 1.04 cm in the MiracleGro
treatment, and 0.76 in the struvite treatment). While no significant differences existed
between treatments, the control treatment increased in height by ~2 cm, the
MiracleGro treatment increased in height by ~7cm, and the struvite treatment
increased by ~5 cm (Table 3.9).
Table 3.9: Physical plant data in Kale (Brassica oleracea) experiment. Different
superscripts indicate significant differences between means according to one‐way
ANOVA and the Holm‐Sidak multiple comparison procedure, p=0.05.
Treatment
Plants per Treatment

Control

MiracleGro

Struvite

5

5

5

Avg. ∆ Stem Diameter (cm)

c

0.32 ± 0.08

a

Avg. ∆ Height (cm)

a

1.78 ± 1.84

a

1.04 ± 0.18
7.04 ± 5.43

b

0.76 ± 0.11

a

5.36 ± 3.06

Plant tissues were analyzed for percent carbon and percent nitrogen (Table
3.10). There was a significant difference in plant tissue carbon content between
treatments. Plants receiving the MiracleGro treatment (39.9% C) had significantly higher
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Table 3.10: Plant tissue percent carbon and percent nitrogen data in Kale (Brassica
oleracea) experiment. Different superscripts indicate significant differences between
means according to one‐way ANOVA and the Holm‐Sidak multiple comparison
procedure, α =0.05.
Treatment
Plants per Treatment
Percent Carbon
Percent Nitrogen

b

Control

MiracleGro

5

5
a

38.89±0.53
a

39.90±0.55
a

1.12±0.09

1.18±0.15

Struvite
5
b

38.97±0.28
a

1.45±0.25

carbon content than plants in both the control treatment (38.89% C) and the struvite
treatment (38.97% C). While there were no significant differences in plant tissue
nitrogen content, plants receiving the struvite treatment had the highest nitrogen
content (1.45% N) and plants receiving the control treatment had the lowest nitrogen
content (1.12%).
Soil cores were also taken from each pot and were analyzed for carbon and
nitrogen content (Table 3.11). There were no significant statistical differences in soil
carbon or nitrogen content between treatments. Soil from plants receiving the
MiracleGro treatment had the highest carbon content (0.86% C) and soil from the plants
receiving the control treatment had the lowest carbon content (0.63% C). Soil from
plants receiving the struvite treatment had the highest nitrogen content (1.12% N), and
soil from plants receiving the control treatment had the lowest nitrogen content (0.69%
N).
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Table 3.11: Soil core percent carbon and percent nitrogen data in Kale (Brassica
oleracea) experiment. Different superscripts indicate significant differences between
means according to one‐way ANOVA and the Holm‐Sidak multiple comparison
procedure, α =0.05.
Treatment

Control

Plants per Treatment

MiracleGro

5

Struvite

5

5

Percent Carbon

a

0.63±0.19

a

0.86±0.30

a

0.84±0.21

Percent Nitrogen

a

0.69±0.39

a

0.97±0.29

a

1.12±0.59

Kale (Brassica oleracea) tissues (Appendix 3.3) and soil cores (Appendix 3.4) from
pots containing Kale plants were analyzed for the following: Al, As, B, Ba, Ca, Cd, Co, Cr,
Cu, Fe, K, Li, Mg, Mo, Mn, Na, Ni, P, Pb, Se, Sr, and Zn. Due to issues with failed
normality and equal variance tests, statistical analyses were only applied to phosphorus
content (personal communication, Robert Michitsch, 2014).
In the Kale (Brassica oleracea) plant tissues there were significant differences in
nutrient concentration for each treatment type. Due to large replicate variance, the only
nutrient to undergo statistical analysis was phosphorus. Plants receiving the struvite
treatment had significantly higher phosphorus concentrations than plants from both the
control and MiracleGro treatments. Plants receiving the control treatment had the
highest average concentrations (mg∙kg‐1) of: Al, Ba, Ca, Cd, Cr, Fe, Se, and Sr; plants
receiving the MiracleGro treatment had the highest average concentrations (mg∙kg‐1) of:
K, Mn, Ni, and Pb; plants receiving the struvite treatment had the highest average
concentrations (mg∙kg‐1) of: As, B, Co, Cu, K, Mg, Mo, Na, P, and Zn. Plants receiving the
control treatment had the lowest average concentrations (mg∙kg‐1) of: B, Co, Cu, Mn,
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Na, P, and Pb; plants receiving the MiracleGro treatment had the lowest average
concentrations (mg∙kg‐1) of: Al, Ca, Cd, Cr, Fe, Mg, Mo, and, Sr; plants receiving the
struvite treatment had the lowest average concentrations (mg∙kg‐1) of: Ba, Se, and Zn.
Arsenic and Li were not detected in any plant tissues.
In the soil cores from pots containing Kale (Brassica oleracea) there were
differences in nutrient concentration for each treatment type. Due to large group
variance, the only nutrient to undergo statistical analysis was phosphorus. All three
treatments were significantly different from one another, with the struvite treatment
having the highest soil phosphorus concentration (3404 mg∙kg‐1) and the control
treatment having the lowest soil phosphorus concentration (1760 mg∙kg‐1). Plants
receiving the control treatment had the highest average concentrations (mg∙kg‐1) of: Ba,
Cr, Fe, Li, Mn, and Sr; plants receiving the MiracleGro treatment had the highest average
concentrations (mg∙kg‐1) of: Al, Ca, Co, K, Se, and Zn; plants receiving the struvite
treatment had the highest average concentrations (mg∙kg‐1) of: B, Cu, Mg, Mo, Na, Ni, P,
and Pb. Plants receiving the control treatment had the lowest average concentrations
(mg∙kg‐1) of: K, Mg, Mo, Na, and Pb; plants receiving the MiracleGro treatment had the
lowest average concentrations (mg∙kg‐1) of: B and Cu; plants receiving the struvite
treatment had the lowest average concentrations (mg∙kg‐1) of: Al, Ba, Ca, Cr, Fe, Li, Mn,
and Se. Arsenic was not present in any soil sample.
The Kale (Brassica oleracea) plant trial was constructed to use the analysis of
variance (ANOVA) F test statistical testing followed by the Holm‐Sidak multiple
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comparison procedure. Individual one‐way ANOVA tests were administered with 1
independent variable (treatment– 3 levels) and the following dependent variable: dry
plant biomass, plant moisture content, ∆ visual quality, ∆ SPAD, ∆ stem diameter, ∆
plant height, plant tissue carbon percentage, plant nitrogen percentage, soil carbon
percentage, soil nitrogen percentage. In order to run an ANOVA F test, the data must
pass both an equal variance test and an equal normality test (Siegel, 1957). Equal
variance and normality tests were applied to experimental results using Systat 11.0
statistical software (San Jose, CA). Systat 11.0 uses Bartlett’s test and Levene’s test to
check for equal variance, and if the data set passes either, it has equal variance. To test
for equal normality, Systat 11.0 uses a Shapiro‐Wilk normality test.
3.4.3 Corn (Zea mays) plant trial results
Plant yield was only significantly different between the MiracleGro treatment
(11.83 g) and the control treatment (2.55g) within the corn experiment, while no other
significant differences were observed between treatments (Table 3.12). Plant moisture
content was consistent between treatment groups ~80%, and showed no significant
differences.
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Table 3.12: Average yield data and moisture content collected in Corn (Zea mays)
experiment. Different superscripts indicate significant differences between means
according to one‐way ANOVA and the Holm‐Sidak multiple comparison procedure,
p=0.05.
Treatment
Plants per Treatment
b

Avg. Yield (g)
Avg. Plant Moisture

a

Control

MiracleGro

Struvite

4

4

4

2.55 ± 1.17

82.91 ± 2.40

a

11.83 ± 2.80

a

80.11 ± 2.59

ab
a

3.95 ± 0.89

82.59 ± 1.48

Throughout the corn experiment, a slight decrease in visual plant quality was
observed in the control (e.g. ‐0.73) and struvite (e.g. ‐0.54) treatments, while a slight
increase was observed in the MiracleGro treatment (e.g. +0.14). Statistically, the
MiracleGro treatment was significantly different than the control and the struvite
treatment, and the control and struvite treatments were not significantly different from
one another (p=0.05; Table 3.13). By the fifth week of the experiment all plants had
completely dead lower leaves, and plants receiving the MiracleGro treatment had
tassles (reproductive structure). At the time of harvest, 3 out of 4 plants receiving the
struvite treatment had tassles. Similar to visual plant quality, the MiracleGro treatment
was significantly higher than the control and struvite treatments, while the control and
struvite treatments were not significantly different from one another. However, a
significant loss in chlorophyll content (SPAD) was observed in all treatments (e.g. ‐
11.87, ‐1.72, and ‐9.76 in the control, MiracleGro, and struvite treatments), with the
MiracleGro treatment being significantly less in loss than the control and struvite
treatments (p=0.05; Table 3.13).
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Table 3.13: Average SPAD data and visual quality rating in Corn (Zea mays) experiment.
Different superscripts indicate significant differences between means according to one‐
way ANOVA and the Holm‐Sidak multiple comparison procedure, p=0.05.
Treatment

Control

Plants per Treatment

4
b

Avg. ∆ Quality
Avg. ∆ SPAD

MiracleGro

b

Struvite

4

4

‐0.73 ± 0.13

a

0.14 ± 0.35

b

‐0.54 ± 0.16

‐11.87 ± 1.40

a

‐1.72 ± 3.21

b

‐9.76 ± 2.42

Growth indices 1 and 2 are unitless, and take plant height and width into
consideration as a way to indicate overall plant health. Index 1 was not statistically
different between the MiracleGro (e.g. 36.17) and struvite (e.g. 22.01) treatments, but
was different between the MiracleGro and the control (e.g. 12.86) treatments (p=0.05;
Table 3.14). Each treatment was significantly different from one another with regards to
Index 2, with the MiracleGro treatment being greatest at 79.79, the struvite treatment
being intermediate at 59.51, and the control treatment being the least at 38.25 (p=0.05;
Table 3.14).
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Table 3.14: Physical plant data in Corn (Zea mays) experiment. Different superscripts
indicate significant differences between means according to one‐way ANOVA and the
Holm‐Sidak multiple comparison procedure, p=0.05.
Treatment

Control

Plants per Treatment

MiracleGro

4
b

Avg. ∆ Stem Diameter (cm)

0.25 ± 0.07

Struvite

4
aa

4
ab

0.63 ± 0.26

Avg. ∆ Height (cm)

b

25.49 ± 3.38

aa

Avg. ∆ Width (cm)

b

51.01 ± 8.09

aa

87.87 ± 11.07

ab

75.39 ± 3.38

Index 1 (∆ht+∆stem)/2

b

12.86 ± 1.67

aa

36.17 ± 8.17

ab

22.01 ± 3.87

Index 2 (∆ht+∆width)/2

c

38.25 ± 3.45

a

71.71 ± 16.46

79.79 ± 10.46

ab

0.39 ± 0.12

43.64 ± 7.72

b

59.51 ± 4.61

Plant tissues were analyzed for percent carbon and percent nitrogen, and there
were no significant statistical differences between treatments (p=0.05; Table 3.15).
Plants receiving the MiracleGro treatment had the highest tissue carbon content
(41.40% C) and plants receiving the struvite treatment had the lowest carbon content
(40.08% C. Plants receiving the control treatment had the highest nitrogen content
(0.92% N) and plants receiving the MiracleGro treatment had the lowest nitrogen
content (0.90% N) (p=0.05; Table 3.15).
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Table 3.15: Plant tissue percent carbon and percent nitrogen data in corn (Zea mays)
experiment. Different superscripts indicate significant differences between means
according to one‐way ANOVA and the Holm‐Sidak multiple comparison procedure,
p=0.05.
Treatment

Control

MiracleGro

Struvite

4

4

4

Plants per Treatment
a

Percent Carbon

40.72±0.50
a

Percent Nitrogen

0.92±0.09

a

41.40±0.35
a

0.81±0.11

a

40.08±2.05
a

0.90±0.17

Soil cores were taken from each pot and analyzed for carbon and nitrogen
content (Table 3.16). As with corn (Zea mays) plant tissues, there were no significant
statistical differences found in soil cores from each treatment (p=0.05). Soil from plants
receiving the struvite treatment had the highest carbon content and soil from the plants
receiving the control and MiracleGro treatments had lower carbon content at 1.12%
each. Soil from plants receiving the struvite treatment had the highest nitrogen content
(0.74% N), and soil from plants receiving the control treatment had the lowest nitrogen
content (0.52% N).
Table 3.16: Soil core percent carbon and percent nitrogen data in corn (Zea mays)
experiment. Different superscripts indicate significant differences between means
according to one‐way ANOVA and the Holm‐Sidak multiple comparison procedure, α
=0.05.
Treatment
Plants per Treatment

Control

MiracleGro

Struvite

4

4

4

Percent Carbon

a

1.12±0.38

a

1.12±0.59

a

1.49±0.51

Percent Nitrogen

a

0.52±0.16

a

0.64±0.15

a

0.74±0.26
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Corn (Zea mays) tissues (Appendix 3.5) and soil cores (Appendix 3.6) from pots
containing Kale plants were analyzed for the following: Al, As, B, Ba, Ca, Cd, Co, Cr, Cu,
Fe, K, Li, Mg, Mo, Mn, Na, Ni, P, Pb, Se, Sr, and Zn. Due to issues with failed normality
and equal variance tests, statistical analyses were only applied to phosphorus content.
In the corn (Zea mays) plant tissues there were differences in metal
concentration for each treatment type. Plants receiving the struvite treatment (2857
mg∙kg‐1) had significantly higher phosphorus concentrations than plants from both the
control (2055 mg∙kg‐1) and MiracleGro (1741 mg∙kg‐1) treatments. Plants receiving the
control treatment had the highest average concentrations (mg∙kg‐1) of: Al, Ba, Ca, Cu, Fe,
K, Mg, Mn, Na, Ni, Sr, and Zn; plants receiving the MiracleGro treatment had the highest
average concentrations (mg∙kg‐1) of: Cr, and Li; plants receiving the struvite treatment
had the highest average concentrations (mg∙kg‐1) of: B, Co, Mo, P, Pb, and Se. Plants
receiving the control treatment had the lowest average concentrations (mg∙kg‐1) of:, and
Pb; plants receiving the MiracleGro treatment had the lowest average concentrations
(mg∙kg‐1) of: B, Ba, Ca, Cu, K, Mg, Mn, Mo, P, Se, Sr, and Zn; plants receiving the struvite
treatment had the lowest average concentrations (mg∙kg‐1) of: Al, Cr, Fe, Na, and Ni.
Arsenic was not detected in any plant tissues, and Cd and Co were present in very trace
amounts.
In the soil cores from pots containing corn (Zea mays) there were significant
differences in metal concentration for each treatment type. While not statistically
different from each another, the struvite (274 mg∙kg‐1) and the MiracleGro (289 mg∙kg‐1)

77

treatments were both significantly greater than the control (177 mg∙kg‐1) treatment. Soil
cores from plants receiving the control treatment had the highest average
concentrations (mg∙kg‐1) of: As, Cd, and Co; cores from the MiracleGro treatment had
the highest average concentrations (mg∙kg‐1) of: Al, Ba, Ca, Cr, Fe, K, Mn, P, Se, and Zn;
cores from the struvite treatment had the highest average concentrations (mg∙kg‐1) of:
B, Cu, Li, Mo, Na, Ni, Pb, and Sr. Cores from plants receiving the control treatment had
the lowest average concentrations (mg∙kg‐1) of: Al, Ca, Cr, Cu, Li, Mo, Na, Ni, P, Pb, Se,
Sr, and Zn; cores from the MiracleGro treatment had the lowest average concentrations
(mg∙kg‐1) of: B, Cd, and Mg; cores from the struvite treatment had the lowest average
concentrations (mg∙kg‐1) of: As, Ba, Co, Fe, K, and Mn.
Results from each experimental unit were analyzed for equal variance (Bartlett’s
and Levene’s tests) and normality (Shapiro‐Wilk test) with Systat 11.0 statistical
software (San Jose, CA). If the data passed these tests, a one‐way ANOVA (p‐value=0.05)
F test and a Holm‐Sidak multiple comparison procedure was used with SigmaPlot 11.2
statistical software (San Jose, CA). Figures 3.1‐3.2 were an exception to this (equal
variance and normality issues; personal communication, Robert Michitsch, 2014). These
figures were statistically analyzed (ANOVA F test and Tukey multiple comparison
procedure) with Minitab statistical software (State College, PA).
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3.5 Discussion
3.5.1 Struvite precipitation
One liter batch experiments for this plant fertility experiment yielded lower NH4+
removal percentages than were observed in Experiments 1 and 2 (Section 2.3). Results
gathered from this Experiment suggested that a threshold mass of NH4+ removal could
exist for that particular method of precipitating struvite (Section 3.2), or it could show
that conducting the experiment in smaller batches leads to higher NH4+ removals
(Section 3.4.1). This is interesting, however, because other researchers have removed
quantities of NH4+ as great as 2000 mg∙L‐1 (Li and Zhao, 2003). A fifteen minute reaction
period was allotted in all experiments, and the data suggested that a larger batch (i.e. 1
liter versus 30 mL) required a longer reaction period to achieve a higher level of NH4+
removal. Both BOD5 and COD levels were relatively unchanged by the struvite
precipitation process, showing that a struvite pre‐treatment process would not
contribute to excessive loadings of these constituents, if the effluent is to be sent to a
WWTP.
The very high concentrations of phosphorus in the effluent were a cause for
concern. The struvite generated in 1 L batch experiments was less than the theoretical
yield, suggesting an incomplete NH4+ precipitation reaction (Section 3.4.1). An
incomplete precipitation reaction means that some ions (e.g. PO43‐) will still be present
in solution, which would account for the high effluent phosphorus levels observed in
these experiments. It is typical for WWTP influent to have total phosphorus
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concentrations at 9 mg∙L‐1 (WI DNR, 2012), and levels that were observed in these one
liter batch experiments (Table 3.1) would most likely pose great operational challenges.
Metals analyses from 1 L batch experiments suggested that aluminum, barium,
manganese and iron were precipitated out of solution. It is typical to remove heavy
metals from wastewater by means of raising pH levels (Fu and Wang, 2011), and by
carrying out the struvite reactions at a pH level of 8.5, these metals were precipitated
out of solution. Metal concentrations present in the struvite precipitate generated from
one liter batch experiments (Table 3.4) were far below heavy metal limits set by AAPFCO
(Table 3.5), suggesting that this struvite would be acceptable as a fertilizer.
Using the full theoretically required amount of KH2PO4 yielded a 59% NH4+
removal, but resulted in effluent phosphorus concentrations of 90 mg∙L‐1. This is
interesting because if final biological treatment is to be administered to the leachate, a
phosphorus concentration of 90 mg∙L‐1 could be quite problematic (see Section 1.2.5 for
phosphorus regulations). Upon investigating the potential NH4+ mass removal limit, it
was observed that using 75% of the required phosphorus yielded NH4+ removal
percentages of over 50%, with effluent phosphorus concentrations of less than 9 mg∙L‐1.
This proved more favorable than using the full amount of required phosphorus, due to
the excessive concentrations of phosphorus in the post treatment effluent. Using 50%
and 25% of the required phosphorus yielded low effluent phosphorus concentrations,
but achieved poor NH4+ removal percentages (Table 3.6).
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The struvite precipitate generated from 1 L batches of leachate was shown to be
composed of 3.2% nitrogen and 8.7% phosphorus. Standard struvite composition is 5.7%
nitrogen and 12.6% phosphorus (Li and Zhao, 2003), which suggests that impurities
were present in struvite generated in this experiment. In addition, x‐ray diffraction
identified peaks not present in struvite standards, further supporting the notion that
other constituents were present in this precipitate (Figure 3.3). Expert testimony also
noted that in addition to struvite, other unknown minerals were present in the struvite
precipitate (personal communication, Michael Thomson, 2014). These other minerals
were unidentifiable by means of x‐ray diffraction, but could be other forms of
phosphate‐containing‐minerals such as hydroxyapatite, dicalcium phosphate, or
octacalcium phosphate (Rahman et al., 2014). The struvite precipitate created in this
study was observed to be very heterogeneous in composition, but did show both rod‐
like and cube‐like crystals (Appendix 3.7 and 3.8). Other researchers have also observed
a variety of crystal shapes (Appendix 3.9), including irregularly shaped rod‐like crystals
to cube‐like crystals.
Struvite crystals have an orthorhombic structure, and have been reported to
have shapes ranging from more rectangular at lower temperatures (25oC) to more
square at higher temperatures (37oC; Boistelle, et al., 1983). Both samples analyzed in
this study were quite heterogeneous, and contained a mixture of short and thick
crystals, elongated rectangular crystals, and spherical needle‐like crystals; further
suggesting the presence of impurities.
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3.5.2 Kale (Brasssica oleracea) plant trial
Plants in the kale (Brassica oleracea) plant trial were given one of three
treatments: struvite fertilizer created from 1 liter batch experiments, MiracleGro 10‐10‐
10 fertilizer, or a control group in which no fertilizer was added. Average dry biomass
yield among the three treatments showed significant differences between all
treatments (Table 3.7). The MiracleGro treatment yielded the highest average mass,
while the control treatment yielded the lowest average mass. These data demonstrate
that, while not quite as effective as a MiracleGro treatment, struvite generated from
this study performed better than water alone. Average plant moisture, on the other
hand, was not affected by treatment, and there were no significant statistical
differences between treatments.
Throughout the experiment, visual quality (measured as an overall appearance
from 1‐5) gradually decreased (Table 3.8). There were no significant differences
between treatments, and plants in all treatments exhibited signs of stress (e.g.
dead/dying leaves, browning of leaf tips). To measure chlorophyll content of each plant,
a SPAD 502 Plus Chlorophyll Meter was used. Measurements gathered with the SPAD
502 Plus Chlorophyll Meter indicate plant chlorophyll levels, which are indicative of
plant health, and indicators of nitrogen content within plants. In terms of plant
chlorophyll content, no significant statistical difference was observed, but chlorophyll
content in each treatment did increase throughout the experiment (Table 3.8). In
addition, higher chlorophyll contents were observed in both treatments receiving
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fertilizer, suggesting that fertilizer amendments had a positive impact on plant
chlorophyll content.
Physical plant data showed significant differences between treatments (Table
3.9). In terms of stem diameter all treatments were significantly different; the
MiracleGro treatment generated the largest change in stem diameter, the struvite
treatment generated the second largest change in stem diameter, and the control
treatment generated the smallest change in stem diameter. As with average plant yield,
this study demonstrated that the struvite generated from Marathon County landfill
leachate performed better than water at assimilating plant biomass. While no significant
differences in change in plant height were observed, data followed the same trend as
stem diameter (i.e. MiracleGro yielded tallest plants, struvite yielded second tallest
plants, control yielded shortest plants,). Again, struvite proved performed better than
water in terms of plant growth.
Elemental data from plant tissues showed significant differences between
treatments. While the plants treated with MiracleGro did have a significantly greater
carbon content than both struvite and control plants (Table 3.10), the difference
between group means was ~1%. Furthermore, data suggests that both fertilizing
treatments did not significantly affect plant ability to assimilate carbon. Despite no
significant statistical differences between treatments, plants treated with Struvite did
have higher nitrogen levels than plants receiving either the MiracleGro or control
treatments. In regards to the metals listed under the AAPFCO heavy metal limitations
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(Table 3.5), plants receiving the struvite treatment had the highest concentrations of Co
and Mo, plants receiving the soil treatment had the highest concentrations of Cd and Se,
and plants receiving the MiracleGro treatment had the highest concentrations of Ni and
Zn.
Plant tissue data showed trends similar to what other researchers have found (Li
and Zhao, 2003). For example, plants fertilized with struvite had higher tissue
concentrations of Cu, P, Mg, and Mo, while plants fertilized with commercial nitrogen
and phosphorus fertilizer had higher levels of Pb, Ni, and Zn. It is interesting that plants
treated with struvite had significantly higher phosphorus tissue concentrations than
those treated with MiracleGro, considering that an equal amount of phosphorus was
added to each plant.
Soil core data also showed significant differences between treatments. Focusing
on AAPFCO metals, soil from the MiracleGro treatment had the highest concentrations
of Co, Se, and Zn, while soil from the struvite treatment contained the highest
concentrations of Mo, Ni, and Pb. It should be noted, however, that all these levels were
far below limits set by AAPFCO. There were no significant differences in soil carbon and
nitrogen concentrations between treatments, but soil cores from the struvite treatment
did yield higher levels of nitrogen than the MiracleGro and soil treatments. There were
significant differences in soil phosphorus content between treatments, with the struvite
treatment yielding the greatest concentrations (Table 3.13). The MiracleGro fertilizer
used was a slow‐release fertilizer, and data suggests it to be less soluble than the
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struvite fertilizer used in this study. In contrast, other researchers have found struvite
fertilizer to leach less phosphorus than other slow‐release fertilizers (Crystal Green,
2013).
3.5.3 Corn (Zea mays) plant trial
Plants in the corn (Zea mays) plant trial were given one of three treatments:
struvite fertilizer created from 1 liter batch experiments, MiracleGro 10‐10‐10 fertilizer,
or a control group in which no fertilizer was added. Average dry biomass yield among
the three treatments showed significant differences between the MiracleGro and
control treatments (Table 3.12). While the struvite treatment generated larger yields
than the control, there was no significant difference between treatments. However,
since average biomass yield was greater with the struvite treatment than with the
control, the data suggest that struvite did not adversely affect plant biomass. As with
the Kale trial, average plant moisture was not affected by treatment, and there were no
significant statistical differences between treatments.
Contrary to the Kale experiment, an increase in visual plant quality (measured as
an overall appearance from 1‐5) was observed in the corn plants receiving the
MiracleGro treatment (Table 3.13). Average visual quality in the struvite and control
treatments decreased throughout the experiment, and significant differences were
observed between the MiracleGro treatment and the struvite and control treatments. In
the fifth week of the experiment, every plant had its lowest leaves showing signs of
necrosis, and every plant receiving the MiracleGro treatment had tasseled out. By the
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sixth week of the experiment 3 out of 4 plants receiving the struvite treatment had
tasseled out, and no control plants showed any signs of tasseling. Chlorophyll content
was also documented throughout the experiment with a SPAD 502 Plus Chlorophyll
Meter. All treatments saw a decrease in chlorophyll content throughout the experiment
with the MiracleGro treatment losing the least amount of chlorophyll. Significant
differences were observed between the MiracleGro treatment and the struvite as well
as the control treatments (MiracleGro was significantly greater), with no difference
between the struvite and control.
As with the Kale experiment, physical plant data showed significant differences
between treatments (Table 3.14). With regards to change in stem diameter, height to
tallest node, and largest plant width, there were no significant differences observed
between the control and struvite treatments, but the struvite treatment did yield
greater values than the control, suggesting that struvite performed better than water
alone. With each of these parameters the struvite treatment was not significantly
different than the MiracleGro treatment, but the MiracleGro treatment was significantly
greater than the control treatment. The growth indices calculated in this study were a
measurement of overall plant health. With regard to GI 1, the struvite treatment
generated a greater index than the control treatment, but was not significantly
different. Conversely, the MiracleGro treatment was significantly greater than the
control treatment, but not significantly different from the struvite treatment. With GI 2,
all treatments were significantly different from one another; the MiracleGro treatment
generated the greatest values and the control treatment generated the smallest values.
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Elemental data from corn plant tissues were variable. In regards to the metals
listed under the AAPFCO heavy metal limitations (Table 3.5), plants receiving the
struvite treatment had the highest concentrations of Co, Mo, Pb, and Se, plants
receiving the control treatment had the highest concentrations of Ni and Zn, and plants
receiving the MiracleGro treatment had the highest concentrations of Cd. These data do
suggest that both fertilizing treatments lead to slightly higher metal accumulation in
plant tissues, but concentrations were not significantly greater than the control
treatment. Nitrogen and carbon analysis showed no significant differences in
concentration between treatment types, suggesting that neither of the fertilizing
treatments had a significant effect on plant ability to assimilate carbon or nitrogen.
Corn tissue was also variable in comparison to what other researchers have
found. Contrary to Li and Zhao, 2003, struvite treated plants had higher levels of Pb and
Zn than plants treated with a commercial fertilizer. However, levels of phosphorus were
significantly greater in struvite treated plants, and levels of Zn and Fe were greatest in
plants receiving the control treatment (i.e. similar to Li and Zhao, 2003). It is also
interesting that levels of Ca, K, and Mg were greatest in the control treatments,
suggesting that neither fertilizer was effective in enabling plants to assimilate these
nutrients.
Soil core data from pots containing corn (Zea mays) plants showed variable
differences between treatments. Again, focusing on AAPFCO heavy metal limits (Table
3.5), cores from the control treatment had the greatest concentrations of As, Cd, and
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Co, cores from the MiracleGro treatment had the greatest concentrations of Se and Zn,
and cores from the struvite treatment had the greatest levels of Mo, Ni, and Pb. It
should be noted that all levels were less than heavy metal limits for fertilizers, but data
suggests that adding fertilizer does lead to slightly higher metals contents in soil. With
regards to soil C and N content, no significant differences between treatments were
observed, suggesting that neither was greatly impacted by the addition of a multi‐
nutrient fertilizer. However, soil core data did show that soil phosphorus levels were
significantly impacted by both the MiracleGro and the struvite treatments, resulting in
significantly higher phosphorus concentrations than soil alone.
3.6 Conclusions
From this study it can be observed that struvite precipitation does not have a
great impact on changing BOD5 and COD levels in leachate. In addition, higher NH4+
removal percentages were witnessed (Section 3.4.1) using smaller batches of leachate
(e.g. 30 mL) when compared to using larger batches of leachate (1 L). It was also
observed that lowering levels of KH2PO4 in struvite precipitation reactions leads to
significantly less NH4+ removal percentage, and significantly less total phosphorus
present in post treatment leachate. When the struvite precipitate was analyzed, it was
shown that metals present in the struvite were below the heavy metal limits set forth by
the Association of American Plant Food Control Officials. The struvite precipitate
samples analyzed by SEM were quite heterogeneous, and contained a mixture of short
and thick crystals, elongated rectangular crystals, and spherical needle‐like crystals.
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Results generated from the Kale (Brassica oleracea) plant study showed that
plants receiving the struvite treatment and had significantly greater yields and stem
diameters than those plants receiving the control treatment. Results also showed that
those plants receiving the MiracleGro treatments had significantly greater yields and
stem diameters than those plants receiving either struvite or control treatment. Visual
plant quality, chlorophyll content, and plant moisture were not significantly affected by
treatments.
Nutritive data in soil cores and plant tissue did show some trends in the Kale
(Brassica oleracea) plant study. Overall, C and N levels in both plant tissue and soil cores
were shown to be relatively unaffected by either fertilizing treatment. However, P levels
in both plant tissue and soil samples showed significantly higher concentrations in the
struvite treatment than the control or MiracleGro treatments.
Results generated from the corn plant study showed that those plants receiving
the MiracleGro treatment had significantly greater yields, visual quality, and chlorophyll
content than those plants receiving either the struvite or the control treatments. With
regards to stem diameter, height to tallest node, plant width, and GI 1, plants receiving
the MiracleGro treatment were significantly larger than plants receiving the control
treatment. However, with regards to these parameters there was no significant
difference between the MiracleGro and struvite treatment. Growth Index 2 showed
significant differences between all treatments, with the MiracleGro treatment out‐
competing both the struvite and control treatments.
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Nutritive data in soil cores and plant tissue also showed trends in the Corn (Zea
mays) plant study. Similar to the Kale (Brassica oleracea) study, C and N levels in both
plant tissue and soil cores were not shown to be significantly affected by either
fertilizing treatment. However, P concentrations from plant tissues receiving the struvite
treatment were significantly greater than the MiracleGro or control treatments. Soil
cores P concentrations from the struvite treatment were also significantly greater than
the control, but were not different from the MiracleGro treatment.
This study showed that it is possible to remove NH4+ from landfill leachate by
struvite precipitation, but the struvite produced will contain impurities (e.g. metals,
other minerals). While the struvite did not prove to be as effective as MiracleGro as a
plant fertilizer for Kale and corn (from a physical standpoint), it can still be applied as a
nutrient amendment that will not adversely affect plant health because it did not
perform significantly worse than the water control. Results from this study also show
that regardless of plant type, plant phosphorus uptake is greater when plants are
treated with struvite compared to a MiracleGro fertilizer.
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4.0 Struvite economics
4.1 Introduction
Phosphorus and nitrogen based fertilizers are pivotal to agricultural production.
Most phosphorus based fertilizers are created from phosphate rock, and what makes
phosphorus so crucial to this industry is that it has limited substitutes (Rarick et al.,
2013). Phosphate rock is mined in many areas of the world, but U.S. reserves may be
depleted in as little as 40 years. Nitrogen based fertilizers, on the other hand, use
ammonia produced through manufacturing processes as their primary feedstock
(Thomas, 2002; Apodaca, 2013). Apart from these sources, another pool of nitrogen and
phosphorus can be found in wastewater treatment plants (WWTPs) in the form of
struvite. Controlled struvite harvesting is practiced in some WWTPs and can be sold as a
fertilizer additive, or as a fertilizer itself (Ueno and Fujii, 2001; Ostara, 2013b). Some
landfill leachates are also high in nitrogen content, and applying the struvite harvesting
concept to such high‐nitrogen leachates can be another source of fertilizer. The
economics of such an undertaking must be analyzed if a fertilizer is to be produced in a
manner that is cost effective. This research evaluated the cost of producing struvite
from landfill leachate and compared experimental figures to market prices of nitrogen
and phosphorus based fertilizers.
4.2 Phosphate Production
In the U.S. it was estimated that 29.2 million tons of marketable phosphate rock
were mined in 2012 (Jasinski, 2013). Mines in Florida and North Carolina accounted for
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over 85% of this output, with the rest coming from Idaho and Utah. The vast majority of
phosphate rock was used to make phosphoric acid, a supplement used to create
phosphate fertilizers and animal feed additives. Phosphate rock was sold at an average
of $96/ton f.o.b. (free on board; i.e. the mine did not pay shipping costs) mine, and the
U.S. consumption in 2012 was estimated at 29.5 million tons, with 88% of imported
phosphate coming from the country of Morocco. It was reported that 2013 was a good
year for crop production; consequently soil nutrients were projected to be lessened, and
it was forecasted that phosphate consumption would increase (Frost, 2014). Also, as
global populations increase and food production is increasingly intensified, demand for
phosphates will rise, and it has been suggested that global phosphate demands will
increase 2‐3% each year (Borrell and Grushkin, 2010).
Global phosphate production was projected to increase in the year 2013, with
over half of the growth occurring in North Africa (Jasinski, 2013). Morocco is undergoing
large expansion efforts to increase their production capacities from 30 million tons per
year in 2012 to 50 million tons per year in 2018. A very large importer of Moroccan
phosphate is the Canadian firm PotashCorp (PCS). PotashCorp is the largest (in terms of
volume) fertilizer producer and also the third largest producer of phosphates in the
world (Rarick et al., 2013). PotashCorp expects global phosphate demand to increase in
2014, largely due to increased demand in India (Frost, 2014). As technology is becoming
increasingly applied to crops, global demand is expected to continually increase. With
key players (e.g. PCS) in the global fertilizer industry using African phosphate ores in
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production, Morocco has the potential to dominate the global market in years to come
(Borrell and Grushkin, 2010).
4.3 Nitrogen production
Ammonia nitrogen is created through the Haber‐Bosch process (Thomas, 2002).
The process, created in 1913, combines hydrogen (in the form of natural gas –CH4) and
atmospheric nitrogen (N2) to create liquid ammonia –NH3 (Thomas, 2002). The reaction
is carried out at very high pressure (200 bar) and temperature (500oC), and is followed
by rapid cooling to ‐6oC to achieve a liquid phase (Thomas, 2002). Ammonia production
is limited only by availability of natural gas, since atmospheric nitrogen is limitless in
quantity.
In the United States, an estimated 9.47 million tons of ammonia were produced
in the year 2012 (Apodaca, 2013). Over half of domestic production occurred in
Louisiana, Texas and Oklahoma, and these are areas that contain high amounts of
natural gas. In 2012, nearly 87% of total ammonia was used in fertilizer applications as:
anhydrous ammonia, urea, ammonium nitrates, and ammonium phosphates. In 2012,
ammonia was sold at an average of $575/ton, and the U.S. consumption was estimated
at 14.4 million tons, with 60% of imported ammonia coming from Trinidad and Tobago
(Apodaca, 2013). As a consequence of the high levels of crop production in 2013, soil
nutrients were projected to be lessened and fertilizer consumption was projected to
increase in 2014 (Frost, 2014).
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4.4 Struvite production
Struvite can be produced from ammonium‐containing leachates with the
addition of a phosphate source, a magnesium source, and a caustic agent to raise pH.
Using results from experiments undertaken at UWSP’s Waste Education Center (Section
2.2.3), costs to produce struvite can be generated. The prices of chemical inputs to
create struvite are presented in Table 4.1.
Table 4.1: Price of chemical inputs to create struvite. Prices are given in U.S. dollars and
based on Sigma‐Aldrich prices as of 6 November 2013.
Chemical

Molar Mass

Unit Quantity (g)

Price

Price∙mole‐1 (Mg or PO4)

*

485.65

500

78.70

15.29

MgCl2

95.21

1000

221.50

21.09

MgSO4

120.37

500

88.80

21.38

H3PO4

97.97

100

85.30

83.57

KH2PO4

136.09

500

63.10

17.17

NaOH

39.99

67.76

6.78

1L of 10N solution

*(MgCO3)4Mg(OH)2(H2O)5
To create a real‐world example, data from the LaCrosse County landfill were
used in this study (WI DNR Groundwater and Environmental Monitoring System, 2013).
Leachate from LaCrosse County Landfill is pumped directly to the City of LaCrosse
wastewater treatment plant (personal communication, Hank Koch, 2013). In 2014, the
City of LaCrosse wastewater treatment plant administered a surcharge of $0.60/0.453kg
of ammonia for any wastewater over 40 mg/L ammonia (personal communication, E.
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Schell, 2014). Leachate pumping totals, average NH3 concentrations, and NH3 surcharges
incurred for the LaCrosse County landfill from 1999‐2013 are provided (Table 4.2).
Table 4.2: LaCrosse County landfill leachate pumping totals and NH3 concentrations
(mg∙L‐1).
Year
p

Leachate
Pumped (L)

Average NH3
Concentration (mg∙L‐1)

NH3 Produced
(Kg∙yr‐1)

Surcharge
incurred (U.S.D)

2013

16,463,463

546

8,981

11,033

2012

11,728,655

227

2,662

2,904

2011

19,851,825

439

8,725

10,491

2010

15,740,123

474

7,473

9,047

2009

7,769,394

499

3,877

4,723

2008

15,747,776

124

1,953

1,752

2007

29,166,143

160

4,667

4,635

2006

13,912,585

165

2,296

2,303

2005

16,066,042

380

6,105

7,235

2004

9,759,963

395

3,855

4,589

2003

2,518,982

315

795

917

2002

6,473,308

231

1,495

1,637

2001

17,695,454

360

6,379

7,500

2000

18,369,741

384

7,063

8,369

1999

16,596,445

594

9,860

12,178

It is possible to calculate costs of chemical inputs to create struvite using data
presented in Table 4.2. Using chemical inputs from combination 9 (Section 2.2.3), Table
4.3 gives costs of chemical inputs per year and the theoretical amount of struvite
generated per year. Table 4.4 gives the monetary value of struvite fertilizer needed to
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Table 4.3: Theoretical LaCrosse County landfill chemical costs and struvite generation.
Prices are given in U.S. dollars and based on Sigma‐Aldrich prices as of 11‐6‐13.
Year

Chemical Input Cost (U.S.D∙yr‐1)

Theoretical Struvite Generation (kg∙yr‐1)

2013

18,036,075

224,269

2012

6,115,851

159,770

2011

17,943,324

270,426

2010

15,204,161

214,415

2009

7,854,387

105,836

2008

5,292,594

214,520

2007

11,691,867

397,308

2006

5,702,341

189,520

2005

12,801,194

218,855

2004

8,040,062

132,952

2003

1,712,431

34,314

2002

3,422,073

88,181

2001

13,462,587

241,051

2000

14,785,511

250,237

1999

19,618,370

226,080

break‐even on costs and remaining NH3 surcharge that would be incurred at the City of
LaCrosse WWTP, assuming 42% NH3 removal (Section 3.4.1).
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Table 4.4: Struvite chemical cost break‐even monetary value and remaining surcharge.
Prices are given in U.S. dollars and based on Sigma‐Aldrich prices as of 11‐6‐13.
Year
p

Break‐even Price for 1 Metric
Ton of Struvite Fertilizer (U.S.D.)

Surcharge Incurred from
Remaining NH3 (U.S.D)

2013

80,421

5,953

2012

38,279

1,763

2011

66,352

5,771

2010

70,909

4,940

2009

74,212

2,567

2008

24,671

1,293

2007

29,427

3,090

2006

30,088

1,520

2005

58,491

4,043

2004

60,473

2,553

2003

49,904

525

2002

38,807

990

2001

55,849

4,218

2000

59,086

4,671

1999

86,776

6,528

4.5 Discussion
The cost of chemical inputs to create struvite varies widely from year to year
(Table 4.3). The yearly change in leachate flows and leachate NH3 concentrations are
responsible for this wide variation (to calculate yearly totals for chemical combination 9
carried out at pH 8.5, see appendix 4.1). This wide variation in costs ($6.1 million in 2012
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to $18 million in 2013) would pose a huge management issue, as an increase of nearly
$13 million in budgeting for chemicals in one years’ time is difficult to accomplish. In
addition, if the pretreated leachate is to be sent to the City of LaCrosse WWTP for final
biological treatment, a surcharge will still be incurred because NH3 levels will be above
40 mg/L. Using the year 2013 as an example, the surcharge incurred from the LaCrosse
WWTP was $11,033 (Table 4.2), while the cost of chemical inputs would be over $18
million. This equates to over 1600 times the cost to pretreat with a struvite
precipitation, rather than sending the leachate directly to the LaCrosse WWTP. In order
to stay within the scope of this study, capital costs of building a struvite reactor,
chemical storage facilities, energy requirements and additional manpower needed to
perform struvite pretreatment were ignored. However, if these costs are added to the
costs of chemical inputs, it makes the struvite precipitation pretreatment seem
increasingly unjustifiable to employ.
The struvite precipitating pretreatment of landfill leachate is attractive because a
commodity is created, and could theoretically be sold in a fertilizer market. However,
the price needed to sell struvite to simply break even on chemical costs is far higher
than prices paid for nitrogen and potassium in current markets (Apodaca, 2013; Frost,
2014). The price paid for diammonium phosphate was $375∙metric ton‐1 in early 2014
(Frost, 2014). When this figure is compared to the price of over $80,000∙metric ton‐1
(Table 4.4) needed to break even on struvite, over 200 times the price of diammonium
phosphate, it makes struvite production from landfill leachate seem unrealistic.
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4.6 Conclusions
The United States produces the majority of phosphate rock and ammonia that it
consumes. North Carolina and Florida account for most domestic phosphate rock
production, with most imports from Morocco. Domestic ammonia production occurs in
areas that large reserves of natural gas, and most imports come from Trinidad and
Tobago. Fertilizer demands will increase as populations increase, and the raw materials
needed to produce fertilizers are a finite resource.
The City of LaCrosse WWTP administers a surcharge on wastewaters that contain
over 40 mg∙L‐1 NH3, and the LaCrosse County landfill produces leachate that is
consistently over this threshold. The struvite precipitation method used in this study
would not lower NH3 concentrations to a level that would be free of the surcharge
imposed by the City of LaCrosse WWTP. If employed, the costs of struvite production
from landfill leachate would greatly fluctuate from year to year, due to changing NH3
levels and changing leachate pumping totals. Struvite produced from landfill leachate
could not compete with other nitrogen and phosphorus based fertilizers from a cost of
production standpoint.
When the economics of a struvite precipitating pretreatment are analyzed, it
seems that employing such a process is unjustifiable. The current prices paid for
conventional fertilizers are hundreds of times less than the price needed to break even
on struvite production, and this figure makes struvite pretreatment for landfill leachate
appear unfeasible.
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5.0 Summary
5.1 Introduction
Landfill leachate toxicity has been well documented (Emenike et al., 2012). The
high strength of some leachates (e.g. high levels of BOD5, COD, NH4+) can pose issues in
the treatment of such leachates. With respect to NH4‐nitrogen, one method of
treatment that removes this contaminant and converts it into a reusable form is struvite
precipitation (Li and Zhao, 2003). Different methods of precipitating struvite, as well as
the fertility of the recovered struvite ant the economics behind the process, have been
analyzed in this study and this chapter will serve to review what has been investigated.
5.2 Struvite precipitation trials
Batch tests for precipitating struvite were carried out in the Waste Education
Center on the UW‐SP campus from January 2013 through August of 2013. The
experiment was set up in the following way: 9 different chemical combinations were
tested at 2 pH levels (8.5 and 9.5) and 2 temperature levels (room‐temperature and
30oC in Experiment 1 and room‐temperature and 30oC in Experiment 2) on 2 different
leachates (active landfill‐Marathon County Area B and closed landfill‐ Marathon County
Area A). Molar ratios of added chemicals were on a 1:1 basis (Section 2.2.3). This was a
(9×2×2×2) factorial experiment for a total of 72 experimental units, with each unit being
repeated 5 times, for a yield of 360 samples. Data was then gathered from the 360
samples to undergo statistical testing.
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Ammonium (NH4+) within landfill leachate from Marathon County Landfill Areas
A and B was successfully removed from solution by chemical precipitation using
combinations 1, 3, 4, 6, 7, and 9. In Experiment 1, chemical combination 4 at 20oC and
pH 8.5 yielded the greatest mean NH4+ removal at 67%. In Experiment 2, chemical
combination 4 at 30oC and pH 8.5 yielded the greatest mean NH4+ removal at 72%.
Different chemical combinations used to precipitate NH4+ as struvite did have a
significant impact on percent removal of NH4+, and it is also important to note that there
was not one treatment used in this study that was statistically better at removing NH4+
than all others. However, when analyzing the cost to remove 1 kg of NH4+, in both
Experiments 1 and 2 chemical combination 9 at 30oC and pH 8.5 was the least expensive
treatment option at $82.77 and $93.26∙kg‐1, respectively. From the standpoint of making
decisions based on cost, chemical combination 9 carried out at 30oC and pH 8.5 was
used to make a large quantity of struvite that was used as a fertilizer in a subsequent
plant trial.
5.3 Struvite fertility experiments
The primary goal of the fertility experiments was to evaluate the fertility value of
struvite precipitated from landfill leachate against a commercial fertilizer (MiracleGro
10‐10‐10). The struvite precipitation method used in this experiment was chemical
combination 9, at 30oC and pH 8.5 (Section 2.5). Results indicated that the struvite
precipitate was 3.2% nitrogen and 8.7% phosphorus, which was less than the 5.7%
nitrogen and 12.6% phosphorus reported as a standard struvite composition (Li and
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Zhao, 2003). The struvite precipitate samples were also analyzed by SEM and were quite
heterogeneous in composition, containing a mixture of short and thick crystals,
elongated rectangular crystals, and spherical needle‐like crystals.
The Kale (Brassica oleracea) plant trial experiment was carried out in an
environmental controlled growth‐chamber located in the Trainer Natural Resource
building on the UW‐SP campus. Results generated from the Kale (Brassica oleracea)
plant study indicated that plants receiving the MiracleGro treatment had significantly
greater yields and stem diameters than those plants receiving either the struvite or
control treatments. Results also indicated that those plants receiving the struvite
treatment had significantly greater yields and stem diameters than those plants
receiving the control treatment. Visual plant quality, chlorophyll content, and plant
moisture were not significantly affected by treatments, and differences observed
between these treatments were not significant.
Nutritive data in soil cores and plant tissue did show some trends in the Kale
(Brassica oleracea) plant study. Overall, C and N levels in both plant tissue and soil cores
were shown to be relatively unaffected by either fertilizing treatment (Tables 3.10 and
3.11). On the other hand, P levels in both plant tissue and soil samples showed much
significantly higher concentrations in the struvite treatment than the soil or MiracleGro
treatments (Appendices 3.3 and 3.4).
The corn (Zea mays) plant trial experiment was carried out in a greenhouse in
the Trainer Natural Resource building on the UW‐SP campus. Results generated from
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the corn plant study indicated that those plants receiving the MiracleGro treatment had
significantly greater yields, visual quality, and chlorophyll content than those plants
receiving either the struvite or the control treatments (Section 3.5.3). With regards to
stem diameter, height to tallest node, plant width, and GI 1, plants receiving the
MiracleGro treatment were significantly larger than plants receiving the control
treatment. However, with regards to these parameters there was no significant
difference between the MiracleGro and struvite treatment. Growth Index 2 showed
significant differences between treatments, with the MiracleGro treatment out‐
competing both the struvite and control treatments.
Nutritive data in soil cores and plant tissue also showed trends in the Corn (Zea
mays) plant study. Similar to the Kale (Brassica oleracea) study, C and N levels in both
plant tissue and soil cores (Tables 3.15 and 3.16) were shown to be relatively unaffected
by either fertilizing treatment. However, while P concentrations from plants were
greatest in the struvite treatment (Appendix 3.5), soil P concentrations were greatest
from plants receiving the MiracleGro treatment (Appendix 3.6).
This study showed that it is possible to remove NH4+ from landfill leachate by
struvite precipitation, but the struvite produce will contain impurities (e.g. metals, other
minerals). While the struvite did not prove to be as effective as MiracleGro as a plant
fertilizer for Kale and corn (from a physical standpoint), it can still be applied as a
nutrient amendment that will not adversely affect plant health. Results from this study
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also show that regardless of plant type, plant phosphorus uptake is greater when plants
are treated with struvite compared to a MiracleGro fertilizer.
5.4 Struvite economics
Phosphorus and nitrogen based fertilizers are pivotal to agricultural production,
and these fertilizers often use phosphate rock and liquid NH3 as primary feedstocks. The
United States produces the majority of phosphate rock and NH3 that it consumes, but
phosphate rock is a finite resource, as is the natural gas (CH4), used in the production of
liquid NH3 (Apodaca, 2013; Jasinski, 2013; Rarick et al., 2013; Thomas, 2002).
Some landfill leachates are high in NH3, and some wastewater treatment plants
(WWTPs) administer a surcharge on leachates that contain NH3 in concentrations above
a certain threshold (e.g. 40 mg∙L‐1 at the City of LaCrosse WWTP). Results from this study
showed that the struvite precipitation method using Chemical Combination 9, pH 8.5,
30oC would not lower NH3 concentrations to a level that would be free of the surcharge
imposed by the City of LaCrosse WWTP (Section 4.5). The costs of struvite production
from landfill leachate would greatly fluctuate from year to year due to changing NH3
levels and changing leachate pumping totals, and struvite produced from landfill
leachate would most likely not be able to compete with other nitrogen and phosphorus
based fertilizers from a production cost standpoint.
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APPENDICES

Appendix 2.1: Statistical output table for Holm‐Sidak multiple comparison procedure to
determine significant differences between NH4+ removal percentages using different
chemical combinations in Experiment 1. Table generated with SigmaPlot 11.2 statistical
software (p=0.05).
Combination Comparison

Difference of Means

P‐Value

7 vs. 1

9.76

0.019*

7 vs. 3

8.19

0.082

7 vs. 6

7.87

0.124

4 vs. 1

7.01

0.192

4 vs. 3

5.44

0.507

7 vs. 9

5.40

0.486

4 vs. 6

5.13

0.561

9 vs. 1

4.36

0.681

9 vs. 3

2.79

0.941

7 vs. 4

2.74

0.918

4 vs. 9

2.66

0.889

9 vs. 6

2.47

0.874

6 vs. 1

1.89

0.892

3 vs. 1

1.57

0.827

6 vs. 3

0.314

0.915

* Significant differences between experimental units
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Appendix 2.2: Statistical output table for Holm‐Sidak multiple comparison procedure to
determine significant differences between the cost to remove 1 kg of NH4+ using
different chemical combinations in Experiment 1. Table generated with SigmaPlot 11.2
statistical software (p=0.05).
Combination Comparison

Difference of Means

P‐Value

1 vs. 9

237.1

<0.001*

1 vs. 6

207.6

<0.001*

1 vs. 3

196.3

<0.001*

4 vs. 9

188.0

<0.001*

4 vs. 6

158.5

<0.001*

4 vs. 3

147.2

<0.001*

7 vs. 9

145.9

<0.001*

7 vs. 6

116.5

<0.001*

7 vs. 3

105.1

<0.001*

1 vs. 7

91.2

<0.001*

1 vs. 4

49.1

0.001*

4 vs. 7

42.1

0.006*

3 vs. 9

40.8

0.006*

6 vs. 9

29.5

0.053

3 vs. 6

11.4

0.383

* Significant differences between experimental units.
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Appendix 2.3: Statistical output table for Holm‐Sidak multiple comparison procedure of
NH4+ removal percentage means attained at different pH levels (8.5 and 9.5) within each
chemical combination in Experiment 2. Table generated with SigmaPlot 11.2 statistical
software (p=0.05).
Combination

Difference of Means

P‐Value

1

4.4

0.010*

3

2.7

0.131

4

0.9

0.574

6

3.8

0.033*

7

5.4

0.002*

9

5.3

0.002*

* Significant differences between experimental units.
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Appendix 2.4: Mean NH4+ removal percentages of each chemical combination at pH 8.5
and pH 9.5 in Experiment 2.
Chemical Combination

pH Level

Mean NH4+ removal percentage

1

8.5

71.5

1

9.5

67.1

3

8.5

68.0

3

9.5

65.4

4

8.5

72.4

4

9.5

71.5

6

8.5

68.4

6

9.5

64.5

7

8.5

65.1

7

9.5

59.7

9

8.5

61.9

9

9.5

67.3
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Appendix 2.5: Statistical output table for Holm‐Sidak multiple comparison procedure of
NH4+ removal percentage means attained with different chemical combinations at pH
8.5 in Experiment 2. Table generated with SigmaPlot 11.2 statistical software (p=0.05).
Combination Comparison

Difference of Means

P‐value

4 vs. 9

10.5

<0.001*

1 vs. 9

9.5

<0.001*

4 vs. 7

7.3

<0.001*

1 vs. 7

6.4

0.004*

6 vs. 9

6.4

0.007*

3 vs. 9

6.1

0.011*

4 vs. 3

4.4

0.130

4 vs. 6

4.0

0.182

1 vs. 3

3.5

0.319

7 vs. 9

3.1

0.327

6 vs. 7

3.3

0.286

1 vs. 6

3.1

0.285

3 vs. 7

2.9

0.264

4 vs. 1

0.9

0.818

6 vs. 3

0.3

0.853

* Significant differences between experimental units.
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Appendix 2.6: Statistical output table for Holm‐Sidak multiple comparison procedure of
NH4+ removal percentage means attained with different chemical combinations at pH
9.5 in Experiment 2. Table generated with SigmaPlot 11.2 statistical software (p=0.05).
Combination Comparison

Difference of Means

P‐value

4 vs. 7

11.8

<0.001*

9 vs. 7

7.6

<0.001*

1 vs. 7

7.4

<0.001*

4 vs. 6

6.9

0.001*

4 vs. 3

6.1

0.006*

3 vs. 7

5.6

0.013*

6 vs. 7

4.8

0.046*

4 vs. 1

4.4

0.078

4 vs. 9

4.2

0.095

9 vs. 6

2.8

0.466

1 vs. 6

2.5

0.496

9 vs. 3

1.9

0.671

1 vs. 3

1.7

0.656

3 vs. 6

0.8

0.855

9 vs. 1

0.2

0.895

* Significant differences between experimental units.
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Appendix 2.7: Statistical output table for Holm‐Sidak multiple comparison procedure of
mean costs to remove 1 kg of NH4+ at different pH levels (8.5 and 9.5) within each
chemical combination used in Experiment 2. Table generated with SigmaPlot 11.2
statistical software (p=0.05).
Combination

Difference of Means (U.S.D.)

P‐value

1

24.88

<0.001*

3

17.39

<0.001*

4

13.01

0.007*

6

11.21

0.026*

7

34.44

<0.001*

9

1.99

0.667

* Significant differences between experimental units.
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Appendix 2.8: Statistical output table for Holm‐Sidak multiple comparison procedure of
chemical cost (U.S. dollars) to remove 1 kg of NH4+ with different chemical combinations
at pH 8.5 in Experiment 2. Table generated with SigmaPlot 11.2 statistical software
(p=0.05).
Combination Comparison

Difference of Means (U.S.D.)

P‐value

7 vs. 9

172.64

<0.001*

1 vs. 9

172.49

<0.001*

4 vs. 9

167.06

<0.001*

7 vs. 3

159.52

<0.001*

1 vs. 3

159.37

<0.001*

7 vs. 6

155.57

<0.001*

1 vs. 6

155.42

<0.001*

4 vs. 3

153.94

<0.001*

4 vs. 6

149.99

<0.001*

6 vs. 9

17.07

0.006*

3 vs. 9

13.11

0.048*

7 vs. 4

5.58

0.648

1 vs. 4

5.44

0.564

6 vs. 3

3.96

0.691

7 vs. 1

0.14

0.975

* Significant differences between experimental units.
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Appendix 2.9: Statistical output table for Holm‐Sidak multiple comparison procedure of
chemical cost (U.S. dollars) to remove 1 kg of NH4+ with different chemical combinations
at pH 9.5 in Experiment 2. Table generated with SigmaPlot 11.2 statistical software
(p=0.05).
Combination Comparison

Difference of Means (U.S.D.)

P‐value

7 vs. 9

205.09

<0.001*

1 vs. 9

195.39

<0.001*

7 vs. 6

178.79

<0.001*

4 vs. 9

178.08

<0.001*

7 vs. 3

176.57

<0.001*

1 vs. 6

169.10

<0.001*

1 vs. 3

166.88

<0.001*

4 vs. 6

151.78

<0.001*

4 vs. 3

149.56

<0.001*

3 vs. 9

28.52

<0.001*

7 vs. 4

27.01

<0.001*

6 vs. 9

26.29

<0.001*

1 vs. 4

17.32

0.001*

7 vs. 1

9.69

0.078

3 vs. 6

2.22

0.631

* Significant differences between experimental units.
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Appendix 3.1: Statistical output table for NH4+ removal percentage ANOVA F test using
25%, 50%, 75%, and 100% of the required mass of KH2PO4. Table generated with
Minitab statistical software, p=0.05.
Variation
Source

Degrees of
Freedom

Sum of
Squares

Mean
Square

F‐statistic

P‐Value

3

3797.6

1265.9

501.8

<0.001

Error

11

27.8

2.5

Total

14

3825.4

NH4+ Removal %

Appendix 3.2: Statistical output table for effluent P concentration (mg∙L‐1) ANOVA F test
using 25%, 50%, 75%, and 100% of the required mass of KH2PO4. Table generated with
Minitab statistical software, p=0.05.
Variation
Source

Degrees of
Freedom

Sum of
Squares

Mean
Square

F‐statistic

3

16791.1

5597.0

859.9

Error

11

71.6

6.5

Total

14

16862.7

P concentration
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P‐Value
<0.001

Appendix 3.3: Plant tissue elemental data in Kale (Brassica oleracea) experiment. All
values are given on a mg∙kg‐1 basis. For P, different superscripts indicate significant
differences between means according to one‐way ANOVA and the Holm‐Sidak multiple
comparison procedure, p=0.05.
Treatment

Soil

MiracleGro

Struvite

Al

13.86±10.66

5.59±7.68

13.03±15.86

As

0.00±0.00

0.00±0.00

1.41±3.16

B

33.48±6.84

35.56±5.58

57.65±8.89

Ba

28.97±6.93

25.33±5.73

23.76±3.59

Ca

15015.70±1507.11

10886.39±2019.21

10980.94±2022.53

Cd

0.223±0.24

0.11±0.19

0.16±0.36

Co

0.15±0.33

0.27±0.36

0.29±0.45

Cr

0.97±0.24

0.67±0.13

0.87±0.31

Cu

4.83±0.44

7.08±5.07

9.49±8.81

Fe

78.78±19.04

42.47±12.49

K

14328.87±2888.61

15357.06±1274.55

0.00±0.00

Li

77.86±52.53
14370.89±1536.59

0.00±0.00

0.00±0.00

Mg

3254.94±426.27

Mn

69.92±17.81

130.26±51.25

74.29±16.44

Mo

2.71±0.62

2.18±1.12

6.32±2.05

Na

1097.85±687.34

2114.14±818.18

3832.91±1027.95

Ni

0.93±0.88

28.97±46.35

25.64±38.52

P

b

1801.81±478.04

b

1760.22±704.98

1923.56±263.13

5879.90±769.31

a

3404.55±787.04

Pb

0.61±1.36

6.09±9.57

2.19±3.83

Se

5.21±4.93

4.35±6.15

2.18±4.12

Sr

11.84±1.28

7.02±1.14

7.83±1.14

Zn

16.85±5.36

5.79±3.60

5.02±6.55
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Appendix 3.4: Soil core elemental content data in Kale (Brassica oleracea) experiment.
All values are given on a mg∙kg‐1 basis. For P, different superscripts indicate significant
differences between means according to one‐way ANOVA and the Holm‐Sidak multiple
comparison procedure, p=0.05.
Treatment

Soil

MiracleGro

Struvite

Al

2851.23±292.50

2902.43±638.71

2511.95±424.79

As

0.00±0.00

0.00±0.00

0.00±0.00

B

2.61±0.52

2.43±0.71

3.03±0.97

Ba

23.03±1.74

22.33±3.21

21.62±3.08

Ca

674.23±104.19

690.01±113.54

669.01±63.57

Cd

0.00±0.00

0.00±0.00

0.03±0.08

Co

0.00±0.00

0.02±0.05

0.00±0.00

Cr

6.46±1.55

5.71±1.30

5.00±0.71

Cu

3.74±0.33

3.69±0.60

3.91±0.84

Fe

4814.29±305.39

4798.52±642.13

4549.28±364.09

K

374.25±34.95

481.10±123.39

432.47±62.57

Li

2.61±0.33

2.43±0.64

2.18±0.53

Mg

749.24±97.24

782.30±67.09

956.25±85.89

Mn

164.69±17.81

152.14±23.55

147.13±25.59

Mo

0.00±0.00

0.23±0.33

0.33±0.88

Na

44.11±8.47

51.67±10.00

52.62±11.49

Ni

3.65±0.75

4.07±1.03

4.26±0.93

P

c

b

159.98±5.68

219.00±33.56

a

356.26±44.69

Pb

1.32±1.94

2.57±1.54

3.57±3.10

Se

0.08±0.18

1.27±2.85

0.00±0.00

Sr

1.96±0.45

1.71±0.64

1.68±0.38

Zn

12.63±9.18

17.01±3.81

14.98±4.24
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Appendix 3.5: Plant tissue elemental content data in corn (Zea mays) experiment. All
values are given on a mg∙kg‐1 basis. For P, different superscripts indicate significant
differences between means according to one‐way ANOVA and the Holm‐Sidak multiple
comparison procedure, p=0.05.
Treatment

Soil

MiracleGro

Struvite

Al

26.03±14.28

24.95±20.64

7.44±8.59

As

0.00±0.00

0.00±0.00

0.00±0.00

B

4.21±0.89

3.91±0.67

10.40±1.07

Ba

4.68±0.95

2.63±0.80

3.04±1.23

796.89±140.87

1039.84±163.73

Ca

1316.57±314.00

Cd

0.00±0.00

0.03±0.06

0.00±0.00

Co

0.02±0.03

0.03±0.05

0.10±0.09

Cr

1.67±0.32

1.82±0.96

1.58±0.50

Cu

22.73±21.93

7.86±1.72

9.09±2.92

Fe

65.43±16.13

54.53±15.21

48.94±21.18

K

32049.95±4967.13 24165.20±3935.53 28086.95±2319.71
0.56±0.38

0.81±0.16

0.54±0.27

Mg

2132.33±358.06

1188.20±200.44

1880.87±302.52

Mn

81.69±7.41

46.41±13.43

56.05±9.73

Mo

0.26±0.49

0.09±0.17

0.43±0.37

Na

251.64±43.67

207.04±19.93

185.28±30.65

Ni

6.27±9.22

4.03±3.26

2.85±1.18

Li

P

b

2055.87±438.71

b

1741.02±120.39

a

2857.26±300.24

Pb

0.53±1.06

0.87±0.98

5.86±10.91

Se

2.66±4.41

0.59±1.19

8.03±9.83

Sr

2.73±0.44

1.71±0.24

2.07±0.37

Zn

54.63±36.64

13.88±18.14

19.97±15.52
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Appendix 3.6: Soil core elemental content data in corn (Zea mays) experiment. All values
are given on a mg∙kg‐1 basis. For P, different superscripts indicate significant differences
between means according to one‐way ANOVA and the Holm‐Sidak multiple comparison
procedure, p =0.05.
Treatment

Soil

Al

2449.91±150.69

MiracleGro
2967.27±267.36

Struvite
2588.37±191.51

As

5.76±8.63

2.59±2.39

0.00±0.00

B

2.49±0.63

2.15±0.32

2.52±1.52

Ba

23.27±1.53

28.24±2.92

21.29±2.49

Ca

638.28±45.43

739.66±160.85

680.58±48.18

Cd

0.33±0.28

0.09±0.19

0.12±0.25

Co

0.14±0.21

0.12±0.09

0.00±0.00

Cr

6.14±0.88

7.21±0.72

6.18±0.95

Cu

4.38±1.90

4.71±0.52

6.25±2.39

Fe

4317.46±195.21

4679.29±145.15

4208.32±407.39

K

618.41±231.99

643.09±72.62

618.00±128.49

Li

1.64±0.21

2.18±0.28

2.57±0.73

Mg

1349.48±580.27

Mn

146.20±5.21

Mo

1292.07±75.69

1612.25±774.95

162.18±21.49

135.34±17.72

0.12±0.14

0.38±0.50

0.81±0.95

Na

17.83±5.09

50.02±13.27

103.71±61.92

Ni

3.81±0.44

4.49±0.20

4.63±1.39

P

b

a

177.88±8.17

289.62±56.59

a

274.88±50.66

Pb

3.87±2.34

4.08±1.84

5.85±1.62

Se

2.49±2.21

9.07±2.31

3.49±4.09

Sr

1.62±0.16

2.01±0.34

2.58±0.76

Zn

23.42±8.15

32.35±11.79

30.90±18.14
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Appendix 3.7: SEM images of struvite crystals formed using chemical combination 9 at
pH 8.5 and 20oC.

SEM image of struvite crystals formed using chemical combination 9 at pH 8.5 and 20oC.
500x magnification.
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SEM image of struvite crystals formed using chemical combination 9 at pH 8.5 and 20oC.
1000x magnification.
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SEM image of struvite crystals formed using chemical combination 9 at pH 8.5 and 20oC.
1000x magnification.
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Appendix 3.8: SEM images of struvite crystals formed using chemical combination 9 at
pH 8.5 and 30oC.

SEM image of struvite crystals formed using chemical combination 9 at pH 8.5 and 30oC.
1000x magnification.
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SEM image of struvite crystals formed using chemical combination 9 at pH 8.5 and 30oC.
1000x magnification.
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SEM image of struvite crystals formed using chemical combination 9 at pH 8.5 and 30oC.
2000x magnification.
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Appendix 3.9: SEM images of struvite crystals published by other researchers.

Irregular crystals (Rahman et al., 2011)

Cube like crystal (Cho et al., 2009)

Rod shaped crystals (Le Corre et al., 2007)

Irregular crystals (Ali, 2007)

Irregular crystal (Kim et al., 2004)

Cube like irregular crystal (Zhang et al.,
2009)
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Appendix 4.1: Explanation of yearly totals.
To calculate yearly totals for chemical equation 9 carried out at pH 8.5 the
following calculation was used: take average concentration of NH3 in one year (kg∙L‐1) X
total liters pumped in one year to obtain kg of NH3 produced in one year. Use
stoichiometric calculation to obtain amount of chemical reagent to use (use 1 L NaOH/
600 L leachate, section 2.2.3) to produce struvite from the amount of NH3 produced in
one year. Multiply required chemical reagent mass by reagent price per volume. Sum
monetary totals of each chemical to obtain yearly cost.
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